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Features
• Graceful exit for old inflation (No Rolling field). 

• TeV Scale Inflation-Searchable at colliders

• Relate cosmological parameters with particle 
parameters: mass, branching ratios, etc...

• Technically Natural in the same way as QCD 

• Can easily avoid eternal inflation

• Generate interesting levels of Non-Gaussianities 
and isocurvature perturbations



Basic Scenario

• The Universe starts off hot 
and radiation dominated 
sitting in the symmetric 
minima of a scalar potential

• The true vacuum appears as 
the Universe Cools.  The 
universe continues to sit in 
the symmetric minima 
stabilized by the finite 
temperature.
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• The Universe starts off hot 
and radiation dominated 
sitting in the symmetric 
minima of a scalar potential

• The true vacuum appears as 
the Universe Cools.  The 
universe continues to sit in 
the symmetric minima 
stabilized by the finite 
temperature.

In our toy model: scale of inflation 1 TeV



• The Universe then 
supercools generating a 
sufficient number of 
effolds to solve the 
standard cosmological 
problems: flatness and 
horizon Problem.

Solving Cosmological 
problems



• Graceful exit 

• We note as the Universe inflates, the temperature falls 
exponential 

• At a critical temperature a non-Abelian gauge group 
becomes strongly coupled which generates a tadpole 
term in the inflaton potential due to  a Yukawa coupling 
to quark like fermions 

φ ∗ qRq̄L → φ ∗ �qRq̄L�
Mechanism used by Witten to drive the Electro-Weak phase transition 1981

a ∼ T−1



• The tadpole (linear term 
in   ) removes the barrier 
trapping the field.  

• The universe then 
rapidly transitions to the 
true vacuum converting 
the vacuum energy into 
radiation.

φ



• Finally, a spectator field generates adiabatic 
density perturbations consistent with the CMB 
(similar to a Curvaton) 

• Can also generate interesting levels of non-
Gaussianities and isocurvature perturbations

0 Π
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Outline

• Old inflation vs new inflation

• Particle physics model- SM redux

• Stability of false vacuum

• Ending inflation

• Reheating

• Perturbations

• Take Away



Old Inflation

Universe sits in a false vacuum, inflates,
and solves the Flatness and Horizon problem

then tunnels.

Guth 81



Old Inflation

Universe sits in a false vacuum, inflates,
and solves the Flatness and Horizon problem

then tunnels.

Guth 81

But model fails
No Graceful Exit

due to the Swiss Cheese Problem 



Solution to Graceful exit: 
New Inflation
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Generate a graceful exit 
scalar dynamics

Double Field (Freese,Adams,Linde)
Extended Inflaton (Steinhardt)

Chain Inflation (Freese,Spolyar, Liu)



Solution to Graceful exit: 
New Inflation OR

Generate a graceful exit 
scalar dynamics

Double Field (Freese,Adams,Linde)
Extended Inflaton (Steinhardt)

Chain Inflation (Freese,Spolyar, Liu)

Instead use a thermal effect

Thermal Inflation (Lyth,Stewart)-does not solve cosmological problems

Supercool inflation does



SuperCool inflation
-SM Redux

• Lagrangian is the SM without SU(2) 
weak and EM

•  Chiral QCD like fermions 
charged under a hidden sector  
U(1)x and a QCD like           
non-Abelian gauge group.

• Higgs sector (our inflaton) is an 
abelian Higgs model charged 
under U(1)x with a 
Coleman-Weinberg 
potential.
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In SuperCool Inflation (SCI), a technically natural and thermal effect gives a graceful exit to old inflation. The

Universe starts off hot and trapped in a false vacuum. The Universe supercools and inflates solving the horizon

and flatness problems. The inflaton couples to a set of QCD like fermions. When the fermions’ non-Abelian

gauge group freezes, the Yukawa terms generate a tadpole for the inflaton, which removes the barrier. Inflation

ends, and the Universe rapidly reheats. The thermal effect is technically natural in the same way that the QCD

scale is technically natural. In fact, Witten used a similar mechanism to drive the Electro-Weak (EW) phase

transition; critically, no scalar field drives inflation, which allows SCI to avoid eternal inflation and the measure

problem. SCI also works at scales, which can be probed in the lab, and could be connected to EW symmetry

breaking. Finally, we introduce a light spectator field to generate density perturbations, which match the CMB.

The light field does not affect the inflationary dynamics and can potentially generate non-Gaussianities and

isocurvature perturbations observable with Planck.

PACS numbers: 98.80.Cq;98.80.Bp;11.30.Qc;12.60.Cn;12.60.Fr FERMILAB-PUB-11-569-A

I. INTRODUCTION

In 1981, Guth [1] introduced an inflationary phase (old in-

flation) to explain the horizon, flatness, and monopole prob-

lems. The Universe begins hot, cools, and becomes stuck in

a false vacuum and begins to inflate. Eventually, the Universe

transitions to the true vacuum and reheats. Unfortunately,

Guth’s model failed due to the Swiss cheese problem or lack

of a graceful exit. The tunneling rate to the true vacuum must

be small to generate a sufficient amount of inflation, but then

inflation never ends.

New inflation [2, 3] sidestepped the Swiss cheese prob-

lem by introducing a slowly rolling scalar field to drive in-

flation. Slow roll not only solves the standard cosmological

problems but can also generate adiabatic density perturbations

consistent with the CMB. Regardless, slow roll has two seri-

ous generic drawbacks beyond the fine-tuning problem [4];

first, the high scale of inflation (which prevents testing infla-

tion in the lab) leads to problems from trans-Planckian physics

to overclosure from moduli and gravitinos; second (a much

worst problem), eternal inflation (which leads to the mea-

sure problem) undermines the predictive power of inflation.

Hence, one is interested in alternatives to slow roll such as

cyclic models and ekpyrotic Universes [6], but these models

must contend with a singular bounce, which introduces a dif-

ferent can of worms.

Instead, we do away with any scalar dynamics to control in-

flation. A thermal bath (present during old inflation) regulates

inflation. We introduce a new thermal and technically natu-

ral mechanism to generate a graceful exit. We have dubbed

the model SuperCool (SC) inflation since the Universe super-

cools during inflation and then rapidly transitions to the true

vacuum due to a small perturbation, in much the same that a

supercooled liquid almost instantaneously freezes if slightly

disturbed. The model in spirit is similar to thermal infla-

tion [7] except unlike thermal inflation our model success-

fully solves the cosmological problems and generates adia-

Stuck in False Vacuum

Barrier Goes Away

FIG. 1: top– The Universe is stuck in a false vacuum and supercools.

bottom– At Tc, a Yukawa term generates a tadpole term; the barrier

goes away. The Universe then rapidly transitions to the true vacuum.

batic density perturbations. SuperCool Inflation (SCI) works

at the TeV scale and below and avoids eternal inflation.

For simplicity, SuperCool (SC) field is a complex scalar

with a Coleman-Weinberg potential

V (φ) = (1/8) T
2 φ2 +

3g4
X

32π2
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�
ln

�
|φ|
�|φ|�

�
− 1

4

�

+
�

yiφ ∗ (qRq̄L)i + h.c. + Λ4 + non-renormalizable

(1)

charged under a U(1)X gauge group with a charge gx, where

Λ4
is the standard cosmological tuning, which tunes the cos-

mological constant of the true vacuum to zero. Finite tem-

perature effects generate an effective mass term (T
2φ2

). The

SC field couples to a set of QCD like fermions qRq̄L with a

Effective  Scalar Potential
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4

�
S3(T, φ)

2π T

�3/2

exp[−S3

T
] (5)

where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2

V(T, φ) =
T2

8
|φ|2 − 3g4

X

32π4
|φ|4

�
ln

�
MX

T

�
+ O(1)

�
(6)

where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
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where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion

Linde 82



Stable false Vacuum
Tunneling is  dominated by 

O(3) thermal instanton. 

4

be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential
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lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
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With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.
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where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
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shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T
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X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion

Other instantons are subdominant
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.
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3
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where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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larger or smaller than 1 TeV; we will comment later. So far,
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potential with
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([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
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must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
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in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4

�
S3(T, φ)

2π T

�3/2

exp[−S3

T
] (5)

where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2

V(T, φ) =
T2
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|φ|2 − 3g4
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32π4
|φ|4
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ln

�
MX

T
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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|φ|2 − 3g4

X

32π4
|φ|4

�
ln

�
MX

T

�
+ O(1)

�
(6)

where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4

�
S3(T, φ)

2π T

�3/2

exp[−S3

T
] (5)

where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)
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where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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|φ|2 − 3g4
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion

Guth, Weinberg 1983

β � βc

Hence, No Tunneling

Check the tunneling 
rate of the field 



Inflation (Toy Model)
•With TeV scale inflation, inflation begins: T � 300 GeV

After 30 effolds of inflation, 
the temperature of the 

Universe falls to 10-2 ev.  We 
have solved the standard 
cosmological problems

T � Tc = 10−2 ev

And 

Universe Reaches the critical 
Temperature 



Ending Inflation

We can write an effective inflationary potential near the 
origin as

At the critical temperature Tc, the hidden QCD (HQCD) gauge 
group  becomes strongly coupled 

|qRq̄L ∗ φ| → |�qRq̄L� ∗ φ| = � ∗ |φ|

4

be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.

Γ ∼ T4

�
S3(T, φ)

2π T

�3/2

exp[−S3

T
] (5)

where T is the temperature of the Universe. Near the origin
and the barrier (the part of the potential relevant for tunneling),
we can transform Eq. 3 with a trick invented by Witten [9] 2

V(T, φ) =
T2

8
|φ|2 − 3g4

X

32π4
|φ|4
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ln

�
MX

T

�
+ O(1)
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.

S3 =
4π2

3
T

g3
X ln(MX/T)

19 (7)

where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have

2 Witten shows that near the origin and the barrier, which is the relevant part
of the potential for tunneling that ln(φ/�φ�) − 1/4 −→ − ln(M/T) +
O(1).

shown that the tunneling rate (per unit time per unit volume)
Γ compared to the Hubble 4-Volume

β = Γ/H4 >∼ 9/4π = βc, (8)

must be larger than βc for the Universe to transition from the
false to the true vacuum. We show that β for the SC field is
much smaller than βc during inflation. Hence, the Universe
is stuck in the false vacuum state. Rapid tunneling to the true
vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).

Second as the temperature drops, the logarithm ln(T/MX)
in Eq. 7 blows up. Regardless β (for the inflaton potential) is
much less than βc during inflation, since the pre-factor in Eq. 5
(which scales like T4) goes to zero sufficiently fast to counter-
act the Log factor in the exponential. Furthermore, β is suffi-
ciently small to avoid constraints from BBN and CMB [37].

In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�

yiφ∗(qRq̄L)i+ h.c. where yi is the Yukawa coupling for re-
spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion

� ∗ |φ|+
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In addition, a technical concern could lead to a much larger
tunneling rate. At the origin of the SC potential, the one loop
perturbative calculation given in Eq. 3 becomes no perturba-
tive. In principle, the actual potential could be very different
leading to a much larger tunneling rate. The worry is un-
founded. Subsequently, a non-perturbative calculation [38]
has been preformed which verifies that Eq. 3 is still correct.
Hence, the Universe is safe from transitioning from the false
vacuum to the true vacuum during inflation. In fact, the Uni-
verse never tunnels for even arbitrarily low temperatures. For
inflation to end, we will need to introduce new physics.

B. Ending Inflation (Witten Mechanism):

Witten’s mechanism generates a graceful exit and ends in-
flation. We implement the Witten mechanism by introduc-
ing a set of QCD like fermions charged under a non-Abelian
gauge group with a Yukawa coupling to the SC field Vy(φ) =�
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spectively the right and left-handed fermions qR and qL. The
SC field φ is a singlet under the non-Abelian gauge group.
Only some of the right handed quarks and left handed quarks
are charged under the U(1)X such that the Yukawa terms are
gauge invariant. We also must be careful how we assign
U(1)X charges to the quark like fermions to ensure that the
theory is anomaly free. As with QCD, we can pick a suffi-
ciently small coupling constant such that the theory will only
become strongly coupled at a low scale. Finally, the fermion
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FIG. 3: The effective potential at different temperatures: a–At high temperatures, only one vacuum state exist. b–Eventually, other vacuum

states appear. c–At the transition temperature, the Universe will be in the symmetric minima. d–As the temperature drops, the symmetric

vacuum remains metastable.

loop corrections have not been included in Eq. 3. Qualita-

tively the evolution of the aulos field remains unchanged un-

less there are a large number of fermions with large Yukawa

couplings.
3

When the temperature of the Universe drops below the

strong coupling scale ΛS of the non-Abelian gauge group,

the vacuum of the non-Abelian gauge group freezes, and the

fermions gain a vev

Vy(φ) →
� �

yi�qRq̄L�i
�
∗ φ + h.c. = � ∗ φ + h.c.. (9)

The vacuum seizes, which dynamically breaks any global

symmetries possessed by the quark like fermions qRqL, and

the U(1)X gauge symmetry.
4

If some of the yi � 1, then

� � Λ3
S � T

3
c , where Tc is the temperature at which the vac-

uum of non-Abelian gauge group freezes. As we show below,

the barrier trapping the SC field in the false vacuum goes away

once the non-Abelian gauge group freezes.

Concrete Example

We now work through a concrete case of SCI with Λ �
1TeV and �|φ|� � 10 TeV. Initially, the Universe is radiation

dominated. The Universe then cools and becomes stuck in

the false vacuum. The energy density of Universe becomes

3
Witten used the same approximation and found a similar conclusion [9].

4
As Witten [9] pointed out, a more rigorous analysis would replace

�qRq̄L�(x) =Q(x) with an order parameter to describe symmetry break-

ing in order to more carefully account for gauge invariance, but the under-

lying analysis would not change.

dominated by vacuum energy. The Universe begins superlu-

minal expansion once the temperature falls below a few hun-

dred GeV (N.B. The precise temperature when superluminal

growth begins depends upon the number of relativistic degrees

of freedom. At temperatures between 100GeV to 1 TeV, there

are O(100) relativistic degrees of freedom from the standard

model. In which case, superluminal expansion begins once

the temperature falls to ∼ 300 GeV). As a conservative esti-

mate, we will assume that inflation really only starts once the

temperature of the Universe is a 100 GeV. Inflation must last

for at least 30 efolds to solve the horizon and flatness problems

(See Eq. 16). After 30 efolds, the temperature of the Universe

drops to∼ 10−2
eV and the non-Abelian gauge group freezes.

See Eq. 9.

Once the non-Abelian gauge group freezes, the barrier goes

away. Near the origin, Eq.6 together with Eq.9 has the form

(�φ + h.c.) +
1
2

m̃2
|φ|2 − 1

4
λ̃|φ|4 (10)

(See Fig. 1). We note that the linear term will destabilize the

meta-stable vacuum state (φ � 0 ) by eliminating the barrier

if

|�| ≥ 2
33/2

m̃3

λ̃1/2
. (11)

Upon substituting in values for �, m̃, and λ̃, we see that as

the temperature drops so does m; while, λ̃ increases. In Fig.1,

the barrier trapping the inflaton at the origin goes away once

T � Tc ∼ 10−2
eV, with gX = 0.4, Mχ � 4 TeV and

Tc � ΛS � 10−2
eV. In sum, the Universe goes through 30

efolds of inflation solving the flatness and horizon problems,

the barrier goes away, and the SC field goes rapidly to the true

vacuum. The Universe then reheats as discussed below.
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be concrete. Clearly, the vev �φ� and the scale of inflation are
connected for a given gX . The scale of inflation i.e. Λ can be
larger or smaller than 1 TeV; we will comment later. So far,
we have neglected temperature effects.

A. Stabilized Potential

At a nonzero temperature, finite temperature effects stabi-
lize the false vacuum of the SC potential. Near the origin of φ,
we can approximate the finite temperature part of the effective
potential with

V (T, φ) = O(1)T4 + (1/8) T2 φ2 + O(φ4) (4)

([9, 30, 31]). At very high temperatures (Fig.3-a), the sym-
metric minimum is the only vacuum state and the Universe sits
at φ = 0. As the temperature of the Universe drops (Fig.3-b),
the true vacuum appears near φ = �φ�. The potential evolves
only gradually from high temperatures. As the Universe con-
tinues to cool reaching the transition temperature (Fig.3-c),
the Universe will still be in the symmetric minima [9, 32]. At
temperatures below the transition temperature (Fig.3-d), ther-
mal tunneling can allow the field to transition to the true vac-
uum, but the rate is exponentially small. We will follow an
argument first given by Witten [9].

The tunneling rate Γ will be dominated by the O(3) ther-
mal instanton S3 [33]. We have also considered an O(4) in-
stanton [33] and a Hawking-Moss instanton [34], which are
subdominant.
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where T is the temperature of the Universe. Near the origin
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where MX = gX�φ� is the mass of the U(1)X gauge boson.
With Eq. 3 now in the form of Eq. 6, we have an exact solution
of the O(3) instanton.
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where the factor of 19 is a geometric factor.
In SCI, the Universe is stable against tunneling to the true

vacuum. At most, only some small part of the Universe can
transition to the true vacuum. Guth and Weinberg [35] have
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much smaller than βc during inflation. Hence, the Universe
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vacuum can only occur when S3 → 0. Upon inspection, only
as gX becomes large or T goes to zero does S3 → 0, but
we show that in either case tunneling will still be extremely
small. Hence, a new mechanism will be needed to generate a
graceful exit.

First, gX never becomes large and stays perturbatively
small as the temperature drops from the TeV scale down to
a fraction of an electron volt (T≤ 10−2eV). At which point
in the next section, we show that the Witten mechanism can
generate a graceful exit. More generally if the SC field was
charged under a non-Abelian gauge group, we would need to
be more careful (See [36]).
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much less than βc during inflation, since the pre-factor in Eq. 5
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perturbative calculation given in Eq. 3 becomes no perturba-
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leading to a much larger tunneling rate. The worry is un-
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verse never tunnels for even arbitrarily low temperatures. For
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C. Reheating

Once the barrier goes away, the field quickly goes to the
true minimum, where it may oscillate and decay into standard
model particles. Reheating can be virtually instantaneous for
the decay rate Γφ �H. We might have a complicated decay
process into standard model particles. For instance, the SC
field might decay into particles charged under U(1)X which
subsequently decay into standard model particles. If the infla-
ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.

In the case of kinetic mixing between hypercharge U(1)Y
Bµν and the X boson U(1)X Xµν , the kinetic energy terms
go like

L
BX
KE = −1

4
BµνBµν − 1

4
XµνXµν +

χ

2
BµνXµν (12)

where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then

Γφ→ZZ =
π

6
Mφ(gX sin θwη∆z)4

√
1− x

x2
(3x2 − 4x + 4)

(13)
where Mφ (∼ 300 GeV) is the mass of the SC inflaton, sin θw

is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
Z/M2

φ ,
η = χ/

�
1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.



Reheating
• In general, 3 renormalizable and gauge 

invariant couplings to SM: Scalar, Vector 
(Kinetic Mixing), and scalar-fermion.

• focus on Kinetic Mixing

6

C. Reheating

Once the barrier goes away, the field quickly goes to the
true minimum, where it may oscillate and decay into standard
model particles. Reheating can be virtually instantaneous for
the decay rate Γφ �H. We might have a complicated decay
process into standard model particles. For instance, the SC
field might decay into particles charged under U(1)X which
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field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
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izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.
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eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then
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is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
Z/M2

φ ,
η = χ/

�
1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.

Hypercharge



Reheating
• In general, 3 renormalizable and gauge 

invariant couplings to SM: Scalar, Vector 
(Kinetic Mixing), and scalar-fermion.

• focus on Kinetic Mixing

6

C. Reheating

Once the barrier goes away, the field quickly goes to the
true minimum, where it may oscillate and decay into standard
model particles. Reheating can be virtually instantaneous for
the decay rate Γφ �H. We might have a complicated decay
process into standard model particles. For instance, the SC
field might decay into particles charged under U(1)X which
subsequently decay into standard model particles. If the infla-
ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.

In the case of kinetic mixing between hypercharge U(1)Y
Bµν and the X boson U(1)X Xµν , the kinetic energy terms
go like

L
BX
KE = −1

4
BµνBµν − 1

4
XµνXµν +

χ

2
BµνXµν (12)

where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then

Γφ→ZZ =
π

6
Mφ(gX sin θwη∆z)4

√
1− x

x2
(3x2 − 4x + 4)

(13)
where Mφ (∼ 300 GeV) is the mass of the SC inflaton, sin θw

is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
Z/M2

φ ,
η = χ/

�
1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.

Hypercharge Hidden U(1)x



Reheating
• In general, 3 renormalizable and gauge 

invariant couplings to SM: Scalar, Vector 
(Kinetic Mixing), and scalar-fermion.

• focus on Kinetic Mixing

6

C. Reheating

Once the barrier goes away, the field quickly goes to the
true minimum, where it may oscillate and decay into standard
model particles. Reheating can be virtually instantaneous for
the decay rate Γφ �H. We might have a complicated decay
process into standard model particles. For instance, the SC
field might decay into particles charged under U(1)X which
subsequently decay into standard model particles. If the infla-
ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.

In the case of kinetic mixing between hypercharge U(1)Y
Bµν and the X boson U(1)X Xµν , the kinetic energy terms
go like
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then

Γφ→ZZ =
π
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Mφ(gX sin θwη∆z)4
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where Mφ (∼ 300 GeV) is the mass of the SC inflaton, sin θw

is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
Z/M2

φ ,
η = χ/

�
1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.

In the case of kinetic mixing between hypercharge U(1)Y
Bµν and the X boson U(1)X Xµν , the kinetic energy terms
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then
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where Mφ (∼ 300 GeV) is the mass of the SC inflaton, sin θw

is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
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1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
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malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then
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where Mφ (∼ 300 GeV) is the mass of the SC inflaton, sin θw

is the Weinberg angle, ∆z = (MZ0/MX)2, x = 4M2
Z/M2
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1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
condition.

In the case of kinetic mixing between hypercharge U(1)Y
Bµν and the X boson U(1)X Xµν , the kinetic energy terms
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then
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0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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subsequently decay into standard model particles. If the infla-
ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])
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1− χ2 and gX = 0.4. We find that Γφ→ZZ =

0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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subsequently decay into standard model particles. If the infla-
ton only partially decays into standard model particles, then
the SC sector might be related to dark matter. We will instead
treat the case where φ decays only into standard model parti-
cles and in particular Z bosons. The choice is idiosyncratic;
many other reasonable decay routes exist (for instance, the SC
field could decay into Higgs bosons).

In general, there are only 3 couplings between a hid-
den sector and the standard model which are renormal-
izable and gauge invariant: a vector coupling to hyper-
charge Bµν (kinetic mixing), a scalar coupling to the Higgs
HH† , and a spinor coupling with a Higgs-neutrino oper-
ator HL [39]. We will focus on the kinetic mixing [40]
between hypercharge Bµν and the U(1)X SC gauge bo-
son Xµν . We have, thus, expanded the standard model →
SU(3)×SU(2)L×U(1)Y×U(1)X . In which case, the standard
model will contribute to the CW potential Eq. 3. If the EW
phase transition occurs during inflation, then there will be a
threshold correction to the CW potential. The renormaliza-
tion condition Eq. 2 can be maintained by matching the renor-
malization group flow equations as it runs from the IR up to
the threshold and from the UV down to the threshold. The
IR and UV are then necessarily sensitive to each other, which
only highlights the mysterious nature of the “no bare mass”
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In the case of kinetic mixing between hypercharge U(1)Y
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where χ (at an effective level) is an arbitrary mixing param-
eter and can take any value (which is how we treat χ for the
remainder of the paper). N.B. in some top down approaches
the parameter χ can arise from integrating out vector like
fermions charged under both the hidden U(1)X and hyper-
charge [40], which gives χ ∼ 10−2.

Upon diagonalizing the kinetic term Eq. 12 with a GL(2,R)
rotation and then diagonalizing the gauge boson mass matrix
with an O(3) rotation, we can write Xµ in terms of the mass
eigenstates of the standard model Z boson and a Z� [39]. We
now have the coupling of the SC field φ to the Z boson.

We can, then, determine the decay rate of the SC field into
Z bosons. When the mass of the U(1)X gauge boson MX

is large compared to the unmixed Z boson mass MZ0 (the 0
refers to the field before mixing) or χ is small, the decay rate
of the SC inflaton into a pair of Z bosons ([41], [42], and [43])

is then
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0.03 eV� H � 10−4 eV, where we have taken χ = .9 and
MZ� � MX (∼ 4 TeV). The field will predominantly decay
into Z bosons, if the masses of all other particles which couple
to φ are more massive than Mφ. For instance the QCD like
fermions have Yukawa couplings which are O(1) and have a
mass ∼10 TeV.

We have assumed a large mixing χ between the Z0 and X
boson but the large difference in the masses suppresses the de-
cay rate. One could imagine a slightly less massive X particle
which would lead to a much larger decay rate. Regardless, the
Universe rapidly reheats converting the vacuum energy into
radiation. With 100 relativistic degrees of freedom, the Uni-
verse then reheats to a temperature� 500 GeV, which is suffi-
ciently high to do EW baryogenesis [44]. If we had a smaller
mixing parameter, we could then have a smaller decay con-
stant and a lower reheat temperature.

The SC field can avoid collider constraints. The Z� is heavy
enough to avoid present collider bounds [45, 46]. The cou-
pling of φ to the standard model is strongly suppressed in this
case due to large mass ratio of Z to Z�. Hence, the toy model
is consistent with collider bounds. In a future paper, we will
consider collider searches for the SC inflaton [27].

D. Scale of Inflation

Cosmological considerations can place an upper and lower
limit on the scale of SCI. On the low end, any inflation model
must satisfy Big Bang Nucleosynthesis (BBN) constraints. In
which case, the Universe then reheats to at least a few MeV.
Baryogenesis could potentially, also, place constraints on the
minimal scale of inflation. If the scale of inflation and reheat
temperature is above 100 GeV, then one can use EW baryo-
genesis or leptogenesis to generate a baryon asymmetry [44].
At present, we know of no published models of baryogenesis
which work with the scale of inflation below 100 GeV. Thus,
our present lack of imagination with regards to baryogenesis
will require that inflation occurs above 100 GeV.

An aulos field might get around the above argument. As de-
fined in the introduction, an aulos field is any field which has
a small mass during inflation and a large mass at the end of
inflation. Later in the paper, we will use the aulos mechanism
to generate density perturbations. In a different direction, the
aulos mechanism in conjunction with the Affleck-Dine Mech-
anism (ADM) [47] could also be used to generate a baryon
asymmetry even if the scale of inflation is below 100 GeV.
We would like to emphasize that the field generating a baryon
asymmetry and the field generating density perturbations are
not necessarily one and the same.
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Aulos Mechanism
During inflation the mass ma and decay constant

fa  are small and become large at the end of inflation
since we couple the inflaton field with the psuedo-scalar
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
λs

4
((χa)4 + (χ�

a)4)

=
λs(ν + σ)4

2

�
cos

�
4a

ν
+ π

�
+ 1

� (25)

where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
m2

af2
aθ2

0 =
λs

3
ν4θ2

0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
λs

4
((χa)4 + (χ�
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=
λs(ν + σ)4
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where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
m2

af2
aθ2

0 =
λs

3
ν4θ2

0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
λs
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((χa)4 + (χ�
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where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
m2

af2
aθ2

0 =
λs

3
ν4θ2

0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
λs
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((χa)4 + (χ�
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where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
m2

af2
aθ2

0 =
λs

3
ν4θ2

0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
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where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
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aθ2

0 =
λs
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0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and
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SC field, we need to solve the coupled differential equations
of motion for the aulos and SC field. We leave this problem
for a future paper. Regardless in our toy model, we show that
the decay rate of the SC field Γφ is a factor of 10 larger than
the decay rate for the aulos field Γa and can be made much
larger with a lighter Z� (See Eq. 13). In addition, in the case
of parametric resonance the inflaton will only oscillate once
or twice before decaying. We can in fact treat fa as constant
during most of the evolution of the aulos field.

The aulos field in our model will predominantly decay into
photons (One could also consider a different decay route but
leave that for future work). We introduce a set of new chiral
fermions charged under the global U(1)a axial symmetry such
that we can write down a Yukawa coupling between the new
chiral fermions and χa. In addition, the new chiral fermions
are charged under EM, then due to the QED anomaly the aulos
field can decay directly into photons with

Γa→γγ =
α�2

64π3

m3
a

f2
a

(29)

where α� = g�2/4π × N �. g� is the coupling constant of the
aulos fermions under U(1)EM and N � is a numerical factor
which depends upon the number of fermions and their charge
under EM. We will take α� � 10−2α (which is reasonable if
the fermions have a fractional charge under EM or couple due
to kinetic mixing). As long as the fermions are not charged
under QCD and are heavy, we can avoid constraints from rare
decays and collider physics with fa ≥ 100 GeV and ma ≥ 1
GeV (See [61] and references within). We also require the
fermions to be sufficiently heavy to avoid LEP constraints.
The fermion’s mass should be greater than roughly 100 GeV.
When χa acquires a vev, the new chiral fermions become very
massive TeV scale for O(1) Yukawa couplings.

D. Observational Signatures

Quantum fluctuations during inflation cause spatial varia-
tion of the misalignment angle θ0 of the aulos field across the
Universe. At the end of inflation, the aulos field begins to os-
cillate, once the mass of the aulos field becomes larger than
the Hubble parameter. At which point, variations in the mis-
alignment angle during inflation induce an isocurvature per-
turbation [62].

Isocurvature are also induced in the QCD axion [62] and the
curvaton model but in a different manner from the aulos field.
The QCD axion and curvaton are Hubble damped during infla-
tion and experience fluctuations in their misalignment angle.
Inflation ends; the Universe reheats and then cools. Eventu-
ally, the Hubble parameter becomes smaller than the mass of
the axion or curvaton. The QCD axion and curvaton then be-
gin to oscillate which generate isocurvature perturbations. In
contrast, the aulos field begins to oscillate and generate isocur-
vature perturbations immediately at the end of inflation when
the mass of the aulos field grows and becomes larger than the
Hubble parameter.

When the aulos field decays, the isocurvature perturbation
becomes a real curvature perturbation [24]. We can now give
an expression for the normalization of the primordial power
law spectrum [26]

∆ξ(k0) =
r × q

3π

�
H

faθ0

�����
Hor

(30)

where r = ρa/ρ is the ratio of energy density of the aulos field
ρa over the total energy density of the Universe ρ when the
aulos field decays. The ratio of (H/faθ0) is to be evaluated
during inflation, where H is the Hubble constant, fa is the
aulos decay constant, and θ0 is the misalignment angle of the
aulos field. We will take q = 1,6 for the remainder of the
paper.

The power-law index ns of the primordial power spectrum
(following [26]) is

ns � 1±
2
3

m2
a

H2 + 2
ρr

Λ4
(31)

where respectively (−) holds if during inflation the aulos field
is near the top of the potential in Eq. 25 and conversely (+)
holds if the aulos field is near the bottom of the potential in
Eq. 25 ( WMAP 7 gives that ns = 0.967 [63]. We will assume
that the aulos field is stuck near the top of the potential and the
(−) case holds). In the second term of Eq. 31, ρr is the energy
density of radiation during inflation over the vacuum energy
Λ4. During inflation the second term in Eq. 31 can be safely
ignored.

The aulos mechanism can also generate non-
Gaussianities [26] with

fNL =
5
4r

. (32)

WMAP 7 constrains fNL � 100 which requires that r �
10−2. We will take r = 3 × 10−2, which gives an fNL = 42.
We can reasonably have a much smaller fNL but picked a
value which would be observable. In the near term, Planck
and 21-cm experiment can detect (fNL � 5 to 10) [64].

In addition, the aulos field can isocurvature perturbations.
At present, the size of isocurvature perturbations must be less
than about a tenth of the size of adiabatic density perturba-
tions [63]. The isocurvature constraints for the aulos field are
the same as with the curvaton (See [26] for more details). We
will just summarize the effects. Isocurvature constraints re-
quire baryogenesis and dark matter (DM) genesis to occur af-
ter the decay of the aulos. In which case, there will be no
isocurvature perturbations.

Instead, if the aulos field can decay directly into baryons
or DM, then the aulos field could generate interesting levels
of isocurvature perturbations, which future experiments could

6 q parameterizes nonlinear effect in the oscillation of the aulos field Eq. 25.
See [25] [26] for more details.
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SC field, we need to solve the coupled differential equations
of motion for the aulos and SC field. We leave this problem
for a future paper. Regardless in our toy model, we show that
the decay rate of the SC field Γφ is a factor of 10 larger than
the decay rate for the aulos field Γa and can be made much
larger with a lighter Z� (See Eq. 13). In addition, in the case
of parametric resonance the inflaton will only oscillate once
or twice before decaying. We can in fact treat fa as constant
during most of the evolution of the aulos field.

The aulos field in our model will predominantly decay into
photons (One could also consider a different decay route but
leave that for future work). We introduce a set of new chiral
fermions charged under the global U(1)a axial symmetry such
that we can write down a Yukawa coupling between the new
chiral fermions and χa. In addition, the new chiral fermions
are charged under EM, then due to the QED anomaly the aulos
field can decay directly into photons with
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where α� = g�2/4π × N �. g� is the coupling constant of the
aulos fermions under U(1)EM and N � is a numerical factor
which depends upon the number of fermions and their charge
under EM. We will take α� � 10−2α (which is reasonable if
the fermions have a fractional charge under EM or couple due
to kinetic mixing). As long as the fermions are not charged
under QCD and are heavy, we can avoid constraints from rare
decays and collider physics with fa ≥ 100 GeV and ma ≥ 1
GeV (See [61] and references within). We also require the
fermions to be sufficiently heavy to avoid LEP constraints.
The fermion’s mass should be greater than roughly 100 GeV.
When χa acquires a vev, the new chiral fermions become very
massive TeV scale for O(1) Yukawa couplings.

D. Observational Signatures

Quantum fluctuations during inflation cause spatial varia-
tion of the misalignment angle θ0 of the aulos field across the
Universe. At the end of inflation, the aulos field begins to os-
cillate, once the mass of the aulos field becomes larger than
the Hubble parameter. At which point, variations in the mis-
alignment angle during inflation induce an isocurvature per-
turbation [62].

Isocurvature are also induced in the QCD axion [62] and the
curvaton model but in a different manner from the aulos field.
The QCD axion and curvaton are Hubble damped during infla-
tion and experience fluctuations in their misalignment angle.
Inflation ends; the Universe reheats and then cools. Eventu-
ally, the Hubble parameter becomes smaller than the mass of
the axion or curvaton. The QCD axion and curvaton then be-
gin to oscillate which generate isocurvature perturbations. In
contrast, the aulos field begins to oscillate and generate isocur-
vature perturbations immediately at the end of inflation when
the mass of the aulos field grows and becomes larger than the
Hubble parameter.

When the aulos field decays, the isocurvature perturbation
becomes a real curvature perturbation [24]. We can now give
an expression for the normalization of the primordial power
law spectrum [26]

∆ξ(k0) =
r × q
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where r = ρa/ρ is the ratio of energy density of the aulos field
ρa over the total energy density of the Universe ρ when the
aulos field decays. The ratio of (H/faθ0) is to be evaluated
during inflation, where H is the Hubble constant, fa is the
aulos decay constant, and θ0 is the misalignment angle of the
aulos field. We will take q = 1,6 for the remainder of the
paper.

The power-law index ns of the primordial power spectrum
(following [26]) is

ns � 1±
2
3

m2
a

H2 + 2
ρr

Λ4
(31)

where respectively (−) holds if during inflation the aulos field
is near the top of the potential in Eq. 25 and conversely (+)
holds if the aulos field is near the bottom of the potential in
Eq. 25 ( WMAP 7 gives that ns = 0.967 [63]. We will assume
that the aulos field is stuck near the top of the potential and the
(−) case holds). In the second term of Eq. 31, ρr is the energy
density of radiation during inflation over the vacuum energy
Λ4. During inflation the second term in Eq. 31 can be safely
ignored.

The aulos mechanism can also generate non-
Gaussianities [26] with

fNL =
5
4r

. (32)

WMAP 7 constrains fNL � 100 which requires that r �
10−2. We will take r = 3 × 10−2, which gives an fNL = 42.
We can reasonably have a much smaller fNL but picked a
value which would be observable. In the near term, Planck
and 21-cm experiment can detect (fNL � 5 to 10) [64].

In addition, the aulos field can isocurvature perturbations.
At present, the size of isocurvature perturbations must be less
than about a tenth of the size of adiabatic density perturba-
tions [63]. The isocurvature constraints for the aulos field are
the same as with the curvaton (See [26] for more details). We
will just summarize the effects. Isocurvature constraints re-
quire baryogenesis and dark matter (DM) genesis to occur af-
ter the decay of the aulos. In which case, there will be no
isocurvature perturbations.

Instead, if the aulos field can decay directly into baryons
or DM, then the aulos field could generate interesting levels
of isocurvature perturbations, which future experiments could

6 q parameterizes nonlinear effect in the oscillation of the aulos field Eq. 25.
See [25] [26] for more details.
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SC field, we need to solve the coupled differential equations
of motion for the aulos and SC field. We leave this problem
for a future paper. Regardless in our toy model, we show that
the decay rate of the SC field Γφ is a factor of 10 larger than
the decay rate for the aulos field Γa and can be made much
larger with a lighter Z� (See Eq. 13). In addition, in the case
of parametric resonance the inflaton will only oscillate once
or twice before decaying. We can in fact treat fa as constant
during most of the evolution of the aulos field.

The aulos field in our model will predominantly decay into
photons (One could also consider a different decay route but
leave that for future work). We introduce a set of new chiral
fermions charged under the global U(1)a axial symmetry such
that we can write down a Yukawa coupling between the new
chiral fermions and χa. In addition, the new chiral fermions
are charged under EM, then due to the QED anomaly the aulos
field can decay directly into photons with

Γa→γγ =
α�2

64π3

m3
a

f2
a

(29)

where α� = g�2/4π × N �. g� is the coupling constant of the
aulos fermions under U(1)EM and N � is a numerical factor
which depends upon the number of fermions and their charge
under EM. We will take α� � 10−2α (which is reasonable if
the fermions have a fractional charge under EM or couple due
to kinetic mixing). As long as the fermions are not charged
under QCD and are heavy, we can avoid constraints from rare
decays and collider physics with fa ≥ 100 GeV and ma ≥ 1
GeV (See [61] and references within). We also require the
fermions to be sufficiently heavy to avoid LEP constraints.
The fermion’s mass should be greater than roughly 100 GeV.
When χa acquires a vev, the new chiral fermions become very
massive TeV scale for O(1) Yukawa couplings.

D. Observational Signatures

Quantum fluctuations during inflation cause spatial varia-
tion of the misalignment angle θ0 of the aulos field across the
Universe. At the end of inflation, the aulos field begins to os-
cillate, once the mass of the aulos field becomes larger than
the Hubble parameter. At which point, variations in the mis-
alignment angle during inflation induce an isocurvature per-
turbation [62].

Isocurvature are also induced in the QCD axion [62] and the
curvaton model but in a different manner from the aulos field.
The QCD axion and curvaton are Hubble damped during infla-
tion and experience fluctuations in their misalignment angle.
Inflation ends; the Universe reheats and then cools. Eventu-
ally, the Hubble parameter becomes smaller than the mass of
the axion or curvaton. The QCD axion and curvaton then be-
gin to oscillate which generate isocurvature perturbations. In
contrast, the aulos field begins to oscillate and generate isocur-
vature perturbations immediately at the end of inflation when
the mass of the aulos field grows and becomes larger than the
Hubble parameter.

When the aulos field decays, the isocurvature perturbation
becomes a real curvature perturbation [24]. We can now give
an expression for the normalization of the primordial power
law spectrum [26]
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where r = ρa/ρ is the ratio of energy density of the aulos field
ρa over the total energy density of the Universe ρ when the
aulos field decays. The ratio of (H/faθ0) is to be evaluated
during inflation, where H is the Hubble constant, fa is the
aulos decay constant, and θ0 is the misalignment angle of the
aulos field. We will take q = 1,6 for the remainder of the
paper.

The power-law index ns of the primordial power spectrum
(following [26]) is
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where respectively (−) holds if during inflation the aulos field
is near the top of the potential in Eq. 25 and conversely (+)
holds if the aulos field is near the bottom of the potential in
Eq. 25 ( WMAP 7 gives that ns = 0.967 [63]. We will assume
that the aulos field is stuck near the top of the potential and the
(−) case holds). In the second term of Eq. 31, ρr is the energy
density of radiation during inflation over the vacuum energy
Λ4. During inflation the second term in Eq. 31 can be safely
ignored.

The aulos mechanism can also generate non-
Gaussianities [26] with

fNL =
5
4r

. (32)

WMAP 7 constrains fNL � 100 which requires that r �
10−2. We will take r = 3 × 10−2, which gives an fNL = 42.
We can reasonably have a much smaller fNL but picked a
value which would be observable. In the near term, Planck
and 21-cm experiment can detect (fNL � 5 to 10) [64].

In addition, the aulos field can isocurvature perturbations.
At present, the size of isocurvature perturbations must be less
than about a tenth of the size of adiabatic density perturba-
tions [63]. The isocurvature constraints for the aulos field are
the same as with the curvaton (See [26] for more details). We
will just summarize the effects. Isocurvature constraints re-
quire baryogenesis and dark matter (DM) genesis to occur af-
ter the decay of the aulos. In which case, there will be no
isocurvature perturbations.

Instead, if the aulos field can decay directly into baryons
or DM, then the aulos field could generate interesting levels
of isocurvature perturbations, which future experiments could

6 q parameterizes nonlinear effect in the oscillation of the aulos field Eq. 25.
See [25] [26] for more details.
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SC field, we need to solve the coupled differential equations
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for a future paper. Regardless in our toy model, we show that
the decay rate of the SC field Γφ is a factor of 10 larger than
the decay rate for the aulos field Γa and can be made much
larger with a lighter Z� (See Eq. 13). In addition, in the case
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photons (One could also consider a different decay route but
leave that for future work). We introduce a set of new chiral
fermions charged under the global U(1)a axial symmetry such
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where α� = g�2/4π × N �. g� is the coupling constant of the
aulos fermions under U(1)EM and N � is a numerical factor
which depends upon the number of fermions and their charge
under EM. We will take α� � 10−2α (which is reasonable if
the fermions have a fractional charge under EM or couple due
to kinetic mixing). As long as the fermions are not charged
under QCD and are heavy, we can avoid constraints from rare
decays and collider physics with fa ≥ 100 GeV and ma ≥ 1
GeV (See [61] and references within). We also require the
fermions to be sufficiently heavy to avoid LEP constraints.
The fermion’s mass should be greater than roughly 100 GeV.
When χa acquires a vev, the new chiral fermions become very
massive TeV scale for O(1) Yukawa couplings.

D. Observational Signatures

Quantum fluctuations during inflation cause spatial varia-
tion of the misalignment angle θ0 of the aulos field across the
Universe. At the end of inflation, the aulos field begins to os-
cillate, once the mass of the aulos field becomes larger than
the Hubble parameter. At which point, variations in the mis-
alignment angle during inflation induce an isocurvature per-
turbation [62].

Isocurvature are also induced in the QCD axion [62] and the
curvaton model but in a different manner from the aulos field.
The QCD axion and curvaton are Hubble damped during infla-
tion and experience fluctuations in their misalignment angle.
Inflation ends; the Universe reheats and then cools. Eventu-
ally, the Hubble parameter becomes smaller than the mass of
the axion or curvaton. The QCD axion and curvaton then be-
gin to oscillate which generate isocurvature perturbations. In
contrast, the aulos field begins to oscillate and generate isocur-
vature perturbations immediately at the end of inflation when
the mass of the aulos field grows and becomes larger than the
Hubble parameter.

When the aulos field decays, the isocurvature perturbation
becomes a real curvature perturbation [24]. We can now give
an expression for the normalization of the primordial power
law spectrum [26]
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where r = ρa/ρ is the ratio of energy density of the aulos field
ρa over the total energy density of the Universe ρ when the
aulos field decays. The ratio of (H/faθ0) is to be evaluated
during inflation, where H is the Hubble constant, fa is the
aulos decay constant, and θ0 is the misalignment angle of the
aulos field. We will take q = 1,6 for the remainder of the
paper.

The power-law index ns of the primordial power spectrum
(following [26]) is

ns � 1±
2
3

m2
a

H2 + 2
ρr

Λ4
(31)

where respectively (−) holds if during inflation the aulos field
is near the top of the potential in Eq. 25 and conversely (+)
holds if the aulos field is near the bottom of the potential in
Eq. 25 ( WMAP 7 gives that ns = 0.967 [63]. We will assume
that the aulos field is stuck near the top of the potential and the
(−) case holds). In the second term of Eq. 31, ρr is the energy
density of radiation during inflation over the vacuum energy
Λ4. During inflation the second term in Eq. 31 can be safely
ignored.

The aulos mechanism can also generate non-
Gaussianities [26] with

fNL =
5
4r

. (32)

WMAP 7 constrains fNL � 100 which requires that r �
10−2. We will take r = 3 × 10−2, which gives an fNL = 42.
We can reasonably have a much smaller fNL but picked a
value which would be observable. In the near term, Planck
and 21-cm experiment can detect (fNL � 5 to 10) [64].

In addition, the aulos field can isocurvature perturbations.
At present, the size of isocurvature perturbations must be less
than about a tenth of the size of adiabatic density perturba-
tions [63]. The isocurvature constraints for the aulos field are
the same as with the curvaton (See [26] for more details). We
will just summarize the effects. Isocurvature constraints re-
quire baryogenesis and dark matter (DM) genesis to occur af-
ter the decay of the aulos. In which case, there will be no
isocurvature perturbations.

Instead, if the aulos field can decay directly into baryons
or DM, then the aulos field could generate interesting levels
of isocurvature perturbations, which future experiments could

6 q parameterizes nonlinear effect in the oscillation of the aulos field Eq. 25.
See [25] [26] for more details.
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FIG. 6: Aulos potential Eq. 25 in units of ν. During inflation, the
aulos vev and mass are small. At the end of inflation, the vev and
mass become large.

which requires a careful selection of the matter coupled to
χa, χb, and χc given (λb/λ). The coefficients αi in Eq. 23
depends upon the matter content coupled to χi. We will re-
quire that χb and χc have different couplings to fermions i.e.
αc �= αb. The different couplings to matter will then break the
O(2) symmetry of Eq. 23 and potentially induce a different λ
for χb and χc due to quantum corrections. One can insure that
χb and χc do have the same λ by again carefully choosing the
matter content which couples to χb andχc such that the loop
corrections will be the same for χb and χc. In addition, we
will require that λb/λ is a rational number to allow for the
cancellation of (αaT2|χa|2). This will require a fair amount
of model building. In a more fundamental theory one might
be able to find such a scenario. Otherwise naively, Eq. 24 re-
quires severe tuning. We do not address the naturalness of
such a scenario at this time.

Regardless, the interaction term, now, cancels the αaT2χ2
a

term; χa has a Coleman Weinberg potential and then under-
goes dimensional transmutation which spontaneously breaks
U(1)a i.e. (χa acquires a vev ν). With the vev of χa (ν �= 0),
we redefine χa in terms of a radial field (σ) and an angular
field (a) which corresponds to the pseudo Nambu-Goldstone
boson of χa = (ν + σ)eia/ν . We will associate the pseudo
Nambu-Goldstone boson (a) with the aulos field. As one final
note, we can avoid eternal inflation in the aulos sector in much
the same way that we avoided eternal inflation in the inflaton
sector.

B. Aulos Mass

We introduce a mass term for the aulos field (a), by softly
breaking the U(1)a symmetry. The potential of the aulos field
is then,

V (χa)S =
λs

4
((χa)4 + (χ�

a)4)

=
λs(ν + σ)4

2

�
cos

�
4a

ν
+ π

�
+ 1

� (25)

where λs is a dimensionless parameter which gives the size
of the symmetry breaking and χ�

a is the complex conjugate of

χa. A soft breaking term such as Eq. 25 can arise from a con-
strained instanton first introduced by t’Hooft [59] and more
fully developed by Affleck [60]. We will leave a more careful
analysis for the future and treat Eq. 25 at an effective level.
In Eq. 25, we have shifted the aulos field such that the mini-
mum of the potential is given when 4a/ν → 0 (See Fig. 6).
We might worry about the formation of domain walls. With
the given breaking term there are 4 degenerate vacua. But the
worry is unfounded. χa and the aulos field never reheat at the
end of inflation. In which case, the Kibble mechanism will
not generate domain walls.

Expanding the cosine at the minimum gives that

m2
a = 16λsν

2 = 128λsf
2
a (26)

where ma is the mass of the aulos field and fa = ν/4 is the
decay constant for the aulos field. The mass is proportion-
ate to the spontaneous symmetry breaking scale. Hence, the
mass will vary if the spontaneously symmetry breaking scale
changes.

C. Aulos Evolution

In our toy model during inflation, the aulos field is Hubble
damped with 3H � 10−3 eV ≥ ma. The vev of the SC field
is zero and does not contribute to the vev of χa. The vev
of χa is initially small. At the end of inflation, the SC field
gets a large vev �φ� which will generate a large and negative
effective mass term for χa. Then from Eq. 23, χa gets a new
large vev (ν)

ν2 → λaφ�φ�2

λχ
. (27)

The aulos mass and decay constant become large. See Eq. 26.
When ma ≥3H, the aulos field begins to oscillate and gen-

erates a condensate with an energy density

ρa =
1
3
m2

af2
aθ2

0 =
λs

3
ν4θ2

0 (28)

where (θ0 = 4a/ν) is the misalignment angle of the field
when it begins to oscillate. We assume that the field begins
to oscillate near the top of the cosine potential in Eq.25, in
which case (θ0 � π). We also evaluate ρa with the enlarged
values of fa and ma. We have assumed that the aulos field
barely evolves as fa and ma grow to their maximum size.

At the moment, we have assumed that when the aulos field
begins to oscillate that fa is large and constant, but in fact, fa

is not necessarily initially constant. As the barrier trapping the
SC field in the false vacuum goes away, it is unclear how the
phase transition proceeds. If the transition is first order and
the SC field tunnels to the true vacuum of the theory, then fa

will in fact be constant. Otherwise, the SC field will experi-
ence a period of rolling and potentially oscillating around the
minimum of the potential Eq. 3. In this later case, if we want
to determine precisely the energy density in the aulos field and

ma and fa are Large  
AFTER inflation
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Take Away message
• Generate a successful period of inflation solves standard 

cosmological problems and matches cosmological data

• Inflation does not need to take place at high scale and 
could take place the TeV scale and below.  These scales 
are accessible at present and future colliders

• Second a hidden sector which is very similar to the SM 
can drive a successful period of inflation.  There can in 
fact be a connection between model building and 
inflation.

• The model avoids fine tuning generally found in rolling 
models since the end of inflation is due to the 
logarithmic running of a non-Abelian gauge group 
coupling constant.



• Not attempted to connect to a more 
fundamental theory but one could see a 
framework in Brane World such as    
ArXiv: 1104.4791




