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Is it Primordial?

BICEP2 Collaboration  



Dust is not entirely settled …

[Mortonson & Seljak]

[Flauger, Hill & Spergel]

B-modes:

See McAllister’s review talk



BICEP2 and Inflation

If the BICEP2 results are confirmed to be primordial, natural 
interpretations:


✦ Inflation took place


✦ The energy scale of inflation is the GUT scale


✦ The inflaton field excursion was super-Planckian


✦ Great news for string theory due to strong UV sensitivity!
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We discuss a mechanism of particle production during inflation that can result in a blue gravity
wave (GW) spectrum, compatible with the BICEP2 result and with the r < 0.11 limit on the tensor-
to-scalar ratio at the Planck pivot scale. The mechanism is based on the production of vector quanta
from a rolling pseudo-scalar field. Both the vector and the pseudo-scalar are only gravitationally
coupled to the inflaton, to keep the production of inflaton quanta at an unobservable level (the
overproduction of non-gaussian scalar perturbations is a generic di�culty for mechanisms that aim
to generate a visible GW signal from particle production during inflation). This mechanism can
produce a detectable amount of GWs for any inflationary energy scale. The produced GWs are chiral
and non-gaussian; both these aspects can be tested with large-scale polarization data (starting from
Planck). We study how to reconstruct the pseudo-scalar potential from the GW spectrum.

PACS numbers:

I. INTRODUCTION

Cosmic inflation in the early universe is arguably the
most promising candidate for the origin of primordial
fluctuations, from which the rich structures of our uni-
verse such as galaxies and clusters of galaxies emerged
due to gravitational instability.

One of the most important and robust predictions of
inflationary cosmology is that it generates quantum fluc-
tuations of the graviton, a spin-2 degree of freedom that
mediates gravity, leading to a tensor-type perturbation,
a.k.a. gravitational waves (GWs). In general relativity,
the power spectrum of tensor perturbation from vacuum
fluctuations during inflation is given by

PGW(k) =
2H2

⇡2M2
Pl

����
k=aH

. (1)

This depends only on the Hubble expansion rate H and,
for this reason, the tensor power spectrum is usually con-
sidered as a direct probe of the scale of inflation. For
the same reason, it is commonly believed that the ten-
sor spectrum from inflation is always red: the Hubble
expansion rate gradually decreases during inflation and
thus modes with shorter wavelengths have lower ampli-
tudes than those with longer wavelengths.

With this interpretation of tensor spectrum, detection
of primordial GWs within the current observational reach
would suggest that cosmic inflation actually occured in
our universe at rather high energy scale, potentially rul-
ing out many low-scale models of inflation. Moreover, it
would provide a strong evidence that the graviton indeed
exists and follows the laws of quantum mechasnics. For
this reason, the recent detection of B-mode polarization
by BICEP2 collaboration [1], if confirmed, would be a
strong motivation for further studies of inflationary sce-

narios in the context of quantum gravity such as string
theory 1. However, these considerations are only relevant
if the formula (1) is valid. It is thus important to identify
the regime of validity of this standard result, and explore
novel ways to evade it.
The purpose of the present paper is to point out a

possibility to enhance the tensor power spectrum from
the standard formula (1) in a scale-dependent way. The
standard result is the power spectrum of tensor modes
obeying the free field equation


@2
⌧ + k2 � a00

a

�
(a �gij) = Sij , Sij = 0 , (2)

where a is the scale factor of the universe, ⌧ is the con-
formal time, k is the comoving momentum, and �gij are
the tensor perturbations of the metric. Due to the ex-
pansion of the universe, the graviton wave function is
“dragged out” from the empty vacuum state to the power
(1). Strictly speaking, the right-hand side of eq. (2) never
vanishes, as the graviton is nonlinearly coupled to itself
and to any other field. However the coupling is of grav-
itational strength, and the source term Sij is second or-
der in perturbation theory, and for these reasons Sij is
typically negligible. Recently, the works [10–13] have in-
vestigated the possibility that a substantial particle pro-
duction can take place during inflation, with the aim of
obtaining a source Sij for the GWs that can dominate

1 Inflation models in string theory are so far mostly low scale ones
[2]. An exception is axion monodromy inflation [3–5]. The new
class of monodromy inflation models with F-term potentials [5]
naturally evades the eta problem and several microphysical con-
straints. See also [6–8] for field theoretical descriptions and [9]
for some recent model building e↵orts.
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FIG. 6: Reconstructed pseudo-scalar potential for the ansatz
(34), corresponding to the red dashed curve in FIG. 4. The
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VI. SUMMARY AND DISCUSSIONS

We have studied gravitational waves sourced by par-
ticles produced during inflation. Our model consists of
a pseudo-scalar field that is subdominant during and af-
ter inflation, and a U(1) gauge field in a hidden sector.
Gauge field particles are produced through an axial cou-
pling as the pseudo-scalar rolls its potential. The stress
energy tensor of produced particles then acts as a source
term for the Einstein equation and generates gravita-
tional waves. We have shown that gravitational waves
generated in this way can acquire a blue spectrum, while
the scalar spectrum is kept standard, and can be respon-
sible for reconciling the (apparent) tension between the
recent BICEP2 result and the Planck constraints.

The standard relation r = 16✏ and the consistency
relation nT = �r/8 hold in any single-field slow-roll in-
flationary models. However, both relations do not neces-
sarily hold in more general setups. In the model studied
in the present paper, as shown in Figure 1, the amount of
deviation from the standard relation is parameterized by
the quantity ⇠ that roughly measures the change of the
pseudo-scalar in one Hubble time, weighted with the ax-
ial coupling constant. This is what makes it possible for
the model under consideration to generate a blue tensor
spectrum (see eq. (21)).

This mechanism can be combined with any inflation-
ary models, provided that an inflaton (or another field,
such as a curvaton) can produce an observationally vi-
able spectrum of scalar perturbations and that the am-
plitude of tensor perturbations from vacuum fluctuation
is not too large. This would help reconcile many low-
scale inflationary models with observational data if the
large tensor-to-scalar ratio reported by the BICEP2 is
confirmed in the future.

Our scenario can be discussed generally in a field-
theoretical context though it also finds a natural home
in string theory. Axion-like particles are ubiquitous in
string compactifications as they arise from Kaluza-Klein
reduction of various antisymmetric fields on cycles of the
internal space. Interestingly, the backreaction constraint
of our scenario (see eq. (13)) requires the axion decay con-
stant to satisfy f/MP � 10�4 which falls into the typical
range one finds in string theory models, especially those
with Grand Unified Theories like phenomenology [58–60].
The hidden nature of the axion and U(1) gauge field can
be ensured by imposing some topological constraints on
the underlying string construction. For example, if the
inflaton and the hidden U(1) are realized on the world-
volume of di↵erent D-branes, these constraints amount
to requiring that the axion does not serve as a portal
between the two sectors (unlike the Stückelberg portal
recently investigated in [63, 64]). It would be interesting
to find concrete string models realizing our scenario.
One of the robust predictions of the model is parity

violation in tensor perturbations. If the sourced gravita-
tional waves are dominant over those from vacuum fluc-
tuations, the tensor spectrum is almost maximally parity
violating. It is thus expected that Planck (with upcom-
ing B mode polarization data) and Spider will be able to
observe parity violation in the sky at the 1� level. An-
other important prediction is non-Gaussianity in the ten-
sor perturbations. While the predicted non-Gaussianity
is consistent with constraints to date, the Planck exper-
iment (with upcoming B mode polarization data) can
start probing this mechanism by the non-Gaussianities
in tensor perturbations.
We have argued that gravitational waves sourced by

particle production can save some low-scale inflationary
models that would otherwise be in conflict with the high
tensor-to-scalar ratio. Similarly, some early universe sce-
narios alternative to inflation appear to be in conflict
with the high tensor-to-scalar ratio and such a situation
may also be ameliorated by particle production followed
by generation of gravitational waves. Detailed investi-
gation in concrete setups seems worthwhile as a future
work.
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✤ A poster child inflation model (also seems favored) is V = m2φ2:


✦ Coupling to UV degrees of freedom in quantum gravity a 
priori breaks this shift symmetry and lead to corrections that 
spoil inflation, because of the large field excursions

Chaotic Inflation Linde ’86

✦ Loop corrections 
involving inflaton and 
gravitons are small due 
to approximate shift 
symmetry
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✤ String models where the inflaton is an axion in principle can 
avoid this problem


Natural Inflation Freese, Frieman, Olinto ’90

2⇡f�

✦ Shift symmetry broken 
by non-perturbative 
effects+UV completion, 
but periodicity is exact

✦ In string theory axions 
generically come from 
p-forms, so above the 
KK scale the shift 
symmetry becomes a 
gauge symmetry � =

Z

⇡p

Cp
Fp+1 = dCp

Cp ! Cp + d⇤p�1

Dimopoulos et al.’ 05
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✦ Shift symmetry broken 
by non-perturbative 
effects+UV completion, 
but periodicity is exact

✦ In string theory axions 
generically come from 
p-forms, so above the 
KK scale the shift 
symmetry becomes a 
gauge symmetry 

✦ However, these axions 
have sub-Planckian 
decay constants

Banks et al.’03     Svrcek & Witten ‘06
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Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:
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McAllister,Silverstein, Westphal, Wrase; ….  
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✦ Done in string theory within the moduli stabilization 
program: adding ingredients like background fluxes 
generate superpotentials in the effective 4d theory

F-term Axion Monodromy Inflation

Obs: Axion Monodromy
Giving a mass to an 

axion~

Use same techniques to 
generate an inflation potentialIdea:

• Simpler models, all sectors understood at weak coupling


• Spontaneous SUSY breaking, no need for brane-anti-brane


• Clear endpoint of inflation, allows to address reheating



Toy Example: Massive Wilson line
✤ Simple example of axion: (4+d)-dimensional gauge field 

integrated over a circle in a compact space Πd 


✦ φ massless if ∆η1 = 0 ⇒ S1 is a non-trivial circle in Πd     
exact periodicity and (pert.) shift symmetry


✦  φ massive if ∆η1 = -μ2 η1 ⇒ kS1 homologically trivial in Πd 
(non-trivial fibration)

� =

Z

S1

A1 or A1 = �(x) ⌘1(y)



Toy Example: Massive Wilson line
✤ Simple example of axion: (4+d)-dimensional gauge field 

integrated over a circle in a compact space Πd 


✦ φ massless if ∆η1 = 0 ⇒ S1 is a non-trivial circle in Πd     
exact periodicity and (pert.) shift symmetry


✦  φ massive if ∆η1 = -μ2 η1 ⇒ kS1 homologically trivial in Πd 
(non-trivial fibration)

� =

Z

S1

A1 or A1 = �(x) ⌘1(y)

F2 = dA1 = � d⌘1 ⇠ µ�!2 ⇒  shifts in φ increase energy

     via the induced flux F2

⇒ periodicity is broken and shift symmetry approximate



MWL and twisted tori
✤ Simple way to construct massive Wilson lines: consider 

compact extra dimensions Πd with circles fibered over a base, 
like the twisted tori that appear in flux compactifications 


✤ There are circles that are not contractible but do not 
correspond to any harmonic 1-form. Instead, they correspond 
to torsional elements in homology and cohomology groups


TorH1(⇧d,Z) = TorH2
(⇧d,Z) = Zk



MWL and twisted tori
✤ Simple way to construct massive Wilson lines: consider 

compact extra dimensions Πd with circles fibered over a base, 
like the twisted tori that appear in flux compactifications 


✤ There are circles that are not contractible but do not 
correspond to any harmonic 1-form. Instead, they correspond 
to torsional elements in homology and cohomology groups


✤ Simplest example: twisted 3-torus 

TorH1(⇧d,Z) = TorH2
(⇧d,Z) = Zk

H1(T̃3,Z) = Z⇥ Z⇥ Zk

two normal


 1-cycles

one torsional 


1-cycle

d⌘1 = kdx

2 ^ dx

3
F = � k dx

2 ^ dx

3

µ =
kR1

R2R3

  under a shift φ → φ +1  
F2 increases by k units

T̃3



MWL and monodromy
V (�) ⇠ |F |2

Fk 2k 3k 4k 5k

How does monodromy and 
approximate shift symmetry help 

prevent wild UV corrections?
Question:



Torsion and gauge invariance
✤ Twisted tori torsional invariants are not just a fancy way of 

detecting non-harmonic forms, but are related to a hidden 
gauge invariance of these axion-monodromy models


✤ Let us again consider a 7d gauge theory on M1,3 x 


✦ Instead of A1 we consider its magnetic dual V4 

dV4 = dC3 ^ ⌘1 + (db2 � kC3) ^ �2V4 = C3 ^ ⌘1 + b2 ^ �2

d⌘1 = k �2

T̃3



Torsion and gauge invariance
✤ Twisted tori torsional invariants are not just a fancy way of 

detecting non-harmonic forms, but are related to a hidden 
gauge invariance of these axion-monodromy models


✤ Let us again consider a 7d gauge theory on M1,3 x 


✦ Instead of A1 we consider its magnetic dual V4 


✦ From dimensional reduction of the kinetic term:


• Gauge invariance 


• Generalization of the Stückelberg Lagrangian 

dV4 = dC3 ^ ⌘1 + (db2 � kC3) ^ �2V4 = C3 ^ ⌘1 + b2 ^ �2

d⌘1 = k �2

T̃3

Z
d

7
x |dV4|2

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

C3 ! C3 + d⇤2 b2 ! b2 + k⇤2

Quevedo & Trugenberger ’96



Effective 4d theory
✤ The effective 4d Lagrangian


describes a massive axion, has been applied to                       
QCD axion ⇒ generalized to arbitrary V(φ)


✤ Reproduces the axion-four-form Lagrangian proposed by 
Kaloper and Sorbo as 4d model of axion-monodromy inflation 
with mild UV corrections


✤ It is related to an F-term generated mass term  

Kallosh et al.’95 
Dvali, Jackiw, Pi ’05 

Dvali, Folkerts, Franca ‘13

Kaloper & Sorbo ‘08

Groh, Louis, Sommerfeld ’12

F4 = dC3

d� = ⇤4db2

Z
d

4
x |F4|2 + |d�|2 + �F4

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2



Effective 4d theory
✤ Effective 4d Lagrangian


✤ Gauge symmetry ⇒ UV corrections only depend on F4


F4 = dC3

d� = ⇤4db2

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

Le↵ [�] =
1

2
(@�)2 � 1

2
µ2�2 + ⇤4

1X

i=1

ci
�2i

⇤2i

X

n

cn
F 2n

⇤4n µ2�2
X

n

cn

✓
µ2�2

⇤4

◆n

⇒ suppressed corrections up to the scale where V(φ) ~ Λ4

⇒ effective scale for corrections Λ → Λeff  = Λ2/μ



Effective 4d theory
✤ Effective 4d Lagrangian


✤ Gauge symmetry ⇒ UV corrections only depend on F4


F4 = dC3

d� = ⇤4db2

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

⇤ ! ⇤e↵ = ⇤

✓
⇤

µ

◆



✤ The integer k in the Lagrangian


corresponds to a discrete symmetry of the theory broken 
spontaneously once a choice of four-form flux is made.     
This amounts to choose a branch of the scalar potential

Discrete symmetries and domain walls

Z
d

4
x |F4|2 +

µ

2

k

2
|db2 � kC3|2

figure taken from Kaloper & Lawrence ‘142⇡f�

k=4



✤ The integer k in the Lagrangian


corresponds to a discrete symmetry of the theory broken 
spontaneously once a choice of four-form flux is made.     
This amounts to choose a branch of the scalar potential


✤ Branch jumps are made via nucleation of domain walls that 
couple to C3, and this puts a maximum to the inflaton range


✤ Domain walls analysed in string constructions:


• They correspond to discrete symmetries of the superpotential/
landscape of vacua, and appear whenever axions are stabilised


• k domain walls decay in a cosmic string implementing φ → φ+1

Discrete symmetries and domain walls

Z
d

4
x |F4|2 +

µ

2

k

2
|db2 � kC3|2

Berasaluce-­Gonzalez, Camara, Marchesano, Uranga ’12



Massive Wilson lines in string theory
✤ Simple example of MWL in string theory: D6-brane on M1,3 x


✤ An inflaton vev induces a non-trivial flux F2 proportional to φ 
but now this flux enters the DBI action 


p
det (G+ 2⇡↵0F2) = dvolM1,3

�
|F2|2 + corrections

�

T̃3
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✤ An inflaton vev induces a non-trivial flux F2 proportional to φ 
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✤ For small values of φ we recover chaotic inflation, but for 
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potential of the form
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Massive Wilson lines and flattening
✤ The DBI modification


can be interpreted as corrections due to UV completion


✤ E.g., integrating out moduli such that H < mmod < MGUT will 
correct the potential, although not destabilise it 


✤ In the DBI case the potential is flattened: argued general effect 
due to couplings to heavy fields 


✤ Large vev flattening also observed in examples of confining 
gauge theories whose gravity dual is known [Witten’98]


✤ α’ corrections are important for inflation even w/ a symmetry

h�i2 !
p
L4 + h�i2 � L2

Dong, Horn, Silverstein, Westphal ‘10

Kaloper, Lawrence, Sorbo ‘11

Dubovsky, Lawrence, Roberts ’11

Garcia-­Etxebarria, Hayashi, Savelli, GS ’12, Junghans, GS ’14 and next 2 talks.



Other string examples
✤ We can integrate a bulk p-form potential Cp over a p-cycle to 

get an axion


✤ If the p-cycle is torsional we will get the same effective action


Fp+1 = dCp, Cp ! Cp + d⇤p�1 c =

Z

⇡p

Cp

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

Z
d
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x|F9�p|2



Other string examples
✤ We can integrate a bulk p-form potential Cp over a p-cycle to 

get an axion


✤ If the p-cycle is torsional we will get the same effective action


✤ The topological groups that detect this possibility are


one should make sure that the corresponding axion mass is 
well below the compactification scale (e.g., using warping)

Fp+1 = dCp, Cp ! Cp + d⇤p�1 c =

Z

⇡p

Cp

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

Z
d

10
x|F9�p|2

TorHp(X6,Z) = TorHp+1
(X6,Z) = TorH6�p

(X6,Z) = TorH5�p(X6,Z)

Franco, Galloni, Retolaza, Uranga ’14



Other string examples
✤ Axions also obtain a mass with background fluxes


✤ Simplest example: φ = C0 in the presence of NSNS flux H3 


✤ We also recover the axion-four-form potential


W =

Z

X6

(F3 � ⌧H3) ^ ⌦ ⌧ = C0 + i/gs

Z

M1,3⇥X6

C0H3 ^ F7 =

Z

M1,3

C0F4 F4 =

Z

PD[H3]
F7



Other string examples
✤ Axions also obtain a mass with background fluxes


✤ Simplest example: φ = C0 in the presence of NSNS flux H3 


✤ We also recover the axion-four-form potential


✤ M-theory version:


✤ A rich set of superpotentials obtained with type IIA fluxes


✤ Massive axions detected by torsion groups in K-theory

W =

Z

X6

(F3 � ⌧H3) ^ ⌦ ⌧ = C0 + i/gs

Z

M1,3⇥X6

C0H3 ^ F7 =

Z

M1,3

C0F4 F4 =

Z

PD[H3]
F7

Z

X6

eJc ^ (F0 + F2 + F4) Jc = J + iB

Beasley, Witten ’02

potentials higher than quadratic



✤ Axion monodromy is an elegant idea that combines chaotic 
and natural inflation, aiming to prevent disastrous UV 
corrections to the inflaton potential.


✤ We have discussed its concrete implementation in a new 
framework, dubbed F-term axion monodromy inflation 
compatible with spontaneous supersymmetry breaking.


✤ In a simple set of models the inflaton is a massive Wilson line. 
They show the mild UV corrections for large inflaton vev.


✤ Effective action reproduces the axion-four-form action 
proposed by Kaloper and Sorbo. Discrete symmetries 
classified by K-theory torsion groups.


✤ α’ corrections to EFT [See D. Junghans, GS, 1407.0019 & 
next 2 talks] are important for inflation & moduli stabilization.

Conclusions



✤ A broad class of large field inflationary scenarios that can be 
implemented in any limit of string theory w/ rich pheno:


✤ Moduli stabilization needs to be addressed in detailed models 
[See Hebecker’s talk and references therein]

Conclusions

10 Planck Collaboration: Constraints on inflation

HZ HZ + YP HZ + Ne↵ ⇤CDM
105⌦bh2 2296 ± 24 2296 ± 23 2285 ± 23 2205 ± 28
104⌦ch2 1088 ± 13 1158 ± 20 1298 ± 43 1199 ± 27
100 ✓MC 1.04292 ± 0.00054 1.04439 ± 0.00063 1.04052 ± 0.00067 1.04131 ± 0.00063
⌧ 0.125+0.016

�0.014 0.109+0.013
�0.014 0.105+0.014
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�0.028 3.143+0.027
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�0.027
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Ne↵ — — 3.98 ± 0.19 —
YP — 0.3194 ± 0.013 — —
�2� ln(Lmax) 27.9 2.2 2.8 0

Table 3. Constraints on cosmological parameters and best fit �2� ln(L) with respect to the standard ⇤CDM model, using
Planck+WP data, testing the significance of the deviation from the HZ model.

Model Parameter Planck+WP Planck+WP+lensing Planck + WP+high-` Planck+WP+BAO

⇤CDM + tensor ns 0.9624 ± 0.0075 0.9653 ± 0.0069 0.9600 ± 0.0071 0.9643 + 0.0059
r0.002 < 0.12 < 0.13 < 0.11 < 0.12

�2� lnLmax 0 0 0 -0.31

Table 4. Constraints on the primordial perturbation parameters in the ⇤CDM+tensor model from Planck combined with other data
sets. The constraints are given at the pivot scale k⇤ = 0.002 Mpc�1.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.
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Fig. 1. Marginalized joint 68% and 95% CL regions for ns and r0.002 from Planck in combination with other data sets compared to
the theoretical predictions of selected inflationary models.

CL for the WMAP 9-year data and is further excluded by CMB
data at smaller scales.

The model with a quadratic potential, n = 2 (Linde, 1983),
often considered the simplest example for inflation, now lies
outside the joint 95% CL for the Planck+WP+high-` data for
N⇤ . 60 e-folds, as shown in Fig. 1.

A linear potential with n = 1 (McAllister et al., 2010), mo-
tivated by axion monodromy, has ⌘V = 0 and lies within the

95% CL region. Inflation with n = 2/3 (Silverstein & Westphal,
2008), however, also motivated by axion monodromy, now lies
on the boundary of the joint 95% CL region. More permissive
entropy generation priors allowing N⇤ < 50 could reconcile this
model with the Planck data.
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We discuss a mechanism of particle production during inflation that can result in a blue gravity
wave (GW) spectrum, compatible with the BICEP2 result and with the r < 0.11 limit on the tensor-
to-scalar ratio at the Planck pivot scale. The mechanism is based on the production of vector quanta
from a rolling pseudo-scalar field. Both the vector and the pseudo-scalar are only gravitationally
coupled to the inflaton, to keep the production of inflaton quanta at an unobservable level (the
overproduction of non-gaussian scalar perturbations is a generic di�culty for mechanisms that aim
to generate a visible GW signal from particle production during inflation). This mechanism can
produce a detectable amount of GWs for any inflationary energy scale. The produced GWs are chiral
and non-gaussian; both these aspects can be tested with large-scale polarization data (starting from
Planck). We study how to reconstruct the pseudo-scalar potential from the GW spectrum.

PACS numbers:

I. INTRODUCTION

Cosmic inflation in the early universe is arguably the
most promising candidate for the origin of primordial
fluctuations, from which the rich structures of our uni-
verse such as galaxies and clusters of galaxies emerged
due to gravitational instability.

One of the most important and robust predictions of
inflationary cosmology is that it generates quantum fluc-
tuations of the graviton, a spin-2 degree of freedom that
mediates gravity, leading to a tensor-type perturbation,
a.k.a. gravitational waves (GWs). In general relativity,
the power spectrum of tensor perturbation from vacuum
fluctuations during inflation is given by

PGW(k) =
2H2

⇡2M2
Pl

����
k=aH

. (1)

This depends only on the Hubble expansion rate H and,
for this reason, the tensor power spectrum is usually con-
sidered as a direct probe of the scale of inflation. For
the same reason, it is commonly believed that the ten-
sor spectrum from inflation is always red: the Hubble
expansion rate gradually decreases during inflation and
thus modes with shorter wavelengths have lower ampli-
tudes than those with longer wavelengths.

With this interpretation of tensor spectrum, detection
of primordial GWs within the current observational reach
would suggest that cosmic inflation actually occured in
our universe at rather high energy scale, potentially rul-
ing out many low-scale models of inflation. Moreover, it
would provide a strong evidence that the graviton indeed
exists and follows the laws of quantum mechasnics. For
this reason, the recent detection of B-mode polarization
by BICEP2 collaboration [1], if confirmed, would be a
strong motivation for further studies of inflationary sce-

narios in the context of quantum gravity such as string
theory 1. However, these considerations are only relevant
if the formula (1) is valid. It is thus important to identify
the regime of validity of this standard result, and explore
novel ways to evade it.
The purpose of the present paper is to point out a

possibility to enhance the tensor power spectrum from
the standard formula (1) in a scale-dependent way. The
standard result is the power spectrum of tensor modes
obeying the free field equation


@2
⌧ + k2 � a00

a

�
(a �gij) = Sij , Sij = 0 , (2)

where a is the scale factor of the universe, ⌧ is the con-
formal time, k is the comoving momentum, and �gij are
the tensor perturbations of the metric. Due to the ex-
pansion of the universe, the graviton wave function is
“dragged out” from the empty vacuum state to the power
(1). Strictly speaking, the right-hand side of eq. (2) never
vanishes, as the graviton is nonlinearly coupled to itself
and to any other field. However the coupling is of grav-
itational strength, and the source term Sij is second or-
der in perturbation theory, and for these reasons Sij is
typically negligible. Recently, the works [10–13] have in-
vestigated the possibility that a substantial particle pro-
duction can take place during inflation, with the aim of
obtaining a source Sij for the GWs that can dominate

1 Inflation models in string theory are so far mostly low scale ones
[2]. An exception is axion monodromy inflation [3–5]. The new
class of monodromy inflation models with F-term potentials [5]
naturally evades the eta problem and several microphysical con-
straints. See also [6–8] for field theoretical descriptions and [9]
for some recent model building e↵orts.

Usual assumption:

Particle production can provide a source of Sij

M� = M(�)

M� = 0 at � = �⇤

[Chung, Kolb, Riotto and Tkachev];[Cook, Sorbo]; [Senatore, Silverstein and Zaldarriaga]; 

[N. Barnaby, J. Moxon, R. Namba, M. Peloso, G. Shiu and P. Zhou]

Simplest model: an additional scalar field 𝝌

𝝌 particles quickly become non-relativistic, quadrupole moment (source of GWs) is suppressed.

Source highly non-Gaussian scalar perturbations not suppressed by the small quadrupole moment. 



Particle Production - Axion Model

A workable model: [N. Barnaby, J. Moxon, R. Namba, M. Peloso, G. Shiu and P. Zhou]

Continuous production of relativistic vector quanta.


Only known model of particle production during inflation that 

1. produces significant amount of GWs,

2. avoids strong non-Gaussianity of scalar perturbations.


Interesting signatures:

1. Parity violation in GWs

2. Non-Gaussian tensor fluctuations

3. Can accommodate blue tilt in tensor spectrum

…
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D. Comparison with GW sourced by modes of di↵erent spins

In Subsection III B, we have computed the power in gravity waves sourced by vector fields produced in the model
(26). Schematically, the sourced part of the power spectrum is P� /

R
d3p hTT i, where T is the traceless-transverse

spatial part of the energy-momentum tensor of source (the gauge fields, in this case) with appropriate contraction.
The spatial part of the energy momentum tensor contain dominant terms that scale as Tij ⇠ M2AiAj in the M � p
limit (we recall that p and M are, respectively, the momentum and mass of the quanta sourcing the gravity waves).
One could therefore conclude that P� /

R
dp p2 M4. However, we showed that the dominant terms cancel against each

other. Also the next to leading term in a p2

M2 Taylor expansion of the integral cancel, and one is left with P� /
R
dp p6,

see eq. (70).
In Appendix D we performed the analogous computation using fermion fields rather than vector fields as sources.

In this case the spatial part of the energy-momentum tensor has terms of the type Tij ⇠ �̄�ipj�, and one may
conclude that P� /

R
dp p4 M2 (the factor M2 coming from the di↵erent normalization of the fermion wave function

with respect to the vector one, compare the function f in (28) and in (D6)). Also in this case there is however a
cancellation, resulting in h�2i / p2, see eq. (D15), and in P� /

R
dp p6, see eq. (D16).

These two scalings agree with that obtained if the source is a scalar particle. In this case, Tij / pipj�2, and one
immediately has P� /

R
dp p6 without any cancellation. In fact, from our results (70) and (D16), and from the result

for the analogous computation with a scalar source given in [21], we obtain a very general expression for the power
spectrum:

P�,s '
2 gs k3

15⇡4a2M4

p

T̃ 2

k

Z
dp p6|�p|2

⇣
|↵p|2 + (�1)2s |�p|2

⌘
(86)

where s is the spin of the sourcing field, and gs is the number of degrees of freedom of that field: gs = 1 for a scalar,
gs = 2 for a vector if the longitudinal mode is produced in a negligible amount (gs = 3 if it is produced in the same
amount as each transverse mode), and gs = 4 for a Dirac fermion.

We see that, apart from the di↵erence in the number of degrees of freedom, and a small di↵erence due to the spin
statistics, the di↵erent fields in the nonrelativistic regime M � p have a comparable quadrupole moment (transverse
and traceless projection of Tij) and generate a comparable amount of gravity waves.

IV. MODEL II: VECTOR PRODUCED BY A PSEUDO-SCALAR INTERACTION

In this section we consider the following model

S =

Z
d4x

p
�g


M2

p

2
R� 1

2
(@')2 � V (')

| {z }
inflaton sector

� 1

2
(@ )2 � U( )� 1

4
F 2 �  

4f
F F̃

| {z }
hidden sector

�
. (87)

In addition to a standard inflationary sector, we have introduced a “hidden” sector consisting of a light pseudoscalar,
 , and a U(1) gauge field, Aµ, whose energy density is small as compared to that of the inflaton (so that the Friedmann
equation takes the usual form 3H2M2

p ⇡ V (�)). As in section III, the hidden sector in (87) has been introduced so that
the production of gauge field fluctuations can provide a new source of inflationary gravitational waves, complementary
to the usual quantum vacuum fluctuations of the tensor part of the metric. Unlike the model of section III, however,
we will see that particle production in the theory (87) occurs continuously during inflation, leading to broad-band
signatures rather than localized features in the scalar and tensor n-point correlation functions.

The coupling  (0)(t)FF̃ of the gauge field to the time-dependent pseudoscalar condensate leads to an exponential
production of fluctuations Aµ. This e↵ect has already been discussed at length in the literature – see Refs. [43–45],
for example – and here we only review the key features that will be necessary for our analysis. Employing the
decomposition (1) we find the following linearized equation of motion of the gauge field mode functions


@2⌧ + k2 ± 2k⇠

⌧

�
A±(⌧, k) = 0 , ⇠ ⌘  ̇(0)

2Hf
. (88)

If the pseudoscalar is in an overdamped regime then the parameter ⇠ can be treated as a constant. Moreover, we
assume that  ̇(0) > 0 so that the “+” helicity state of the gauge field gets copiously produced while the “�” state
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One helicity mode is copiously produced:


Effects on scalar and tensor spectrum:
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that given by the formula (1). As examples, we study
two di↵erent cases, one characterized by a continuously
growing particle production, and consequently continu-
ous growth in the tensor power (under the assumption
that this continuous growth takes place for the scales rel-
evant for CMB observations), and one by a sudden but
momentary acceleration of the pseudo-scalar motion, re-
sulting in a localized burst of particle production and a
localized growth of r.

This work is organized as follows. In Section II we
summarize the model, first introduced in ref. [13]. In
Section III we discuss the gauge field production in this
model, and the several consequent observational impli-
cations of the resulting GW background for the CMB
observations. In section IV we emphasize that the GW
can be blue in this model. In section V we show how, at
least in principle, the potential of the pseudo-scalar field
can be reconstructed from the GW spectrum. Finally, in
Section VI we conclude the paper.

II. MODEL DESCRIPTION

We consider the model introduced in [13], in which
an inflaton ' and a pseudo-scalar field  are minimally
coupled to the Einstein gravity. The pseudo-scalar field
also couples to a U(1) gauge field in a way consistent
with symmetries. Assuming canonical kinetic terms for
' and  , the action is

S =

Z
d4x

p�g


M2

Pl

2
R� 1

2
(@')2 � V (')

�1

2
(@ )2 � U( )� 1

4
F 2 �  

4f
F F̃

�
, (3)

where F and F̃µ⌫ ⌘ 1
2✏

µ⌫↵�F↵� are the field-strength ten-
sor of the gauge field and its dual, respectively, and f is a
pseudo-scalar decay constant 3. We assume that ' and  
take homogeneous vacuum expectation values (vev), '̄(t)
and  ̄(t), respectively, and that the background space-
time is of the flat FLRW form with the metric

ds2 = �dt2 + a(t)2 (dx2 + dy2 + dz2) , (4)

where a(t) is the scale factor. We assume that the gauge
field carries no vev.

The equations of motion for '̄ and  ̄ are

¨̄'+ 3H ˙̄'+ V 0('̄) = 0 , (5)
¨̄ + 3H ˙̄ + U 0( ̄) = 0 . (6)

where H ⌘ ȧ/a is the Hubble parameter, and an over-
dot and a prime denote the derivatives with respect to t

3 Note our normalization for f is 4⇡2 times larger than the con-
ventional normalization used e.g. in [58–60].

and to the argument, respectively. We assume that the
contribution of the pseudo-scalar  to the background
evolution is negligible compared to that of the inflaton
', requiring

|U | ⌧ V , ˙̄ 2 ⌧ ˙̄'2 . (7)

Under this condition, the Einstein equations for the back-
ground are approximated as

3M2
PlH

2 ' 1

2
˙̄'2 + V ('̄) ' V ('̄) , (8)

2M2
PlḢ ' � ˙̄'2 , (9)

where the last approximate equality in the first line as-
sumes the slow roll of the inflaton.

III. GAUGE-FIELD PRODUCTION AND ITS
EFFECTS

The coupling of the gauge field Aµ to the time-
dependent pseudo-scalar vev  ̄ leads to a copious pro-
duction of the gauge quanta. The linearized equation of
motion for the Fourier modes of the gauge field is [15]


@2⌧ + k2 ± 2k⇠

⌧

�
A±(⌧, k) ' 0 , ⇠ ⌘

˙̄ 

2Hf
, (10)

where ⌧ is the conformal time d⌧ = dt/a, and ± cor-
responds to the circular polarization states of the gauge
field. We assume that the motion of the pseudo-scalar
vev is over-damped and thus treat ⇠ as nearly constant.
This condition reads 4

|�⇠| ⌧ 1 , �⇠ ⌘ ⇠̇

⇠H
. (11)

Also we assume that ˙̄ > 0 so that ⇠ is positive, and the
“+” state experiences a tachyonic growth near the hori-
zon crossing while the “�” state stays in the vacuum (the

opposite happens if ˙̄ is negative, and our study can be
immediately applied also to this case). The production
of the “+” helicity modes can be well quantified by the
approximate solution [15]

A+ '
✓�⌧
8⇠k

◆1/4

e⇡⇠�2
p
�2⇠k⌧ , @⌧A+ '

r
2⇠k

�⌧ A+ .

(12)
We restrict our consideration to ⇠ & 1, for which each
mode experiences a significant exponential growth e⇡⇠ �
1.

4 Violation of the condition (11) does not necessarily mean that
the particle production and the subsequent generation of gravi-
tational waves are ine�cient. In fact it would be interesting to
extend this computation outside the regime (11). We hope to
come back to this issue in a future publication.
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In order to avoid a significant backreaction of the pro-
duced gauge quanta to the background dynamics, we
must simultaneously require (i) that the energy density
of the produced gauge field be smaller than the kinetic
energy of  ̄ and (ii) that the backreaction to the equation
of motion for  ̄, (6), be negligible. It has turned out that
(i) is more stringent a constraint than (ii) and requires
[13]

e⇡⇠

⇠5/2
⌧ 13.5p

✏P
f

Mp
. (13)

Under this condition, the produced gauge field does not
alter the background dynamics.

The gauge field is gravitationally coupled both to the
inflaton perturbations and to the GWs, as can be seen
from (3). Thus the produced gauge quanta (12) in turn
source the scalar and tensor perturbations through the
Einstein equations. This sourcing e↵ect induces a contri-
bution to their spectra that is uncorrelated to that from
the standard vacuum fluctuations. The total spectrum
of the scalar perturbation was found in [13] to be

P⇣ ' P
✓
1 + 2.5 · 10�6 ✏2 P e4⇡⇠

⇠6

◆
, (14)

where ✏ ⌘ �Ḣ/H2 is the slow-roll parameter, and P ⌘
H2/

�
8⇡2✏M2

Pl

�
corresponds to the result for P⇣ without

source. The second term in the parenthesis is the contri-
bution sourced by the gauge field while the first is that
from the vacuum fluctuations. On the other hand, the
GW power spectrum was computed in [16, 61],

PGW ' 16 ✏P
✓
1 + 3.4 · 10�5 ✏P e4⇡⇠

⇠6

◆
, (15)

where again the first and second terms in the parenthesis
correspond to the contributions from the vacuum fluctu-
ations and from the source, respectively.

Combining (14) and (15) we obtain

P⇣ ' P 1� 0.0735✏

1� 0.0046r
, (16)

showing that the sourced scalar perturbations, P⇣�P , are
much smaller than the vacuum ones, P, in this model. On
the contrary, the sourced GWs dominate over the vacuum
ones for ⇠ >⇠ 3.4 when r ' 0.2. This is visible from Fig-
ure 1, which indicates the value of the ✏ and ⇠ parameters
that result in the observed amplitude of the scalar pertur-
bations and in r = 0.2 (red solid curve), r = 0.15 (green
dashed curve), or r = 0.1 (blue dot-dashed curve). The
vacuum modes dominate at the smaller values of ⇠ shown
in the plot, and the standard slow roll result ✏ = r/16 is
obtained there. As ⇠ increases, the sourced GW signal
dominates, and ✏ needs to decrease exponentially.

The scalar and tensor modes sourced by the vec-
tor field are highly non-gaussian. As studied in [13]
the sourced scalar modes are so small in comparison

r ⇥ 0.20
r ⇥ 0.15
r ⇥ 0.10

2.5 3.0 3.5 4.0 4.5

5 ⇧ 10�5
1 ⇧ 10�4

5 ⇧ 10�4
0.001

0.005

0.010

⌅

⇤

FIG. 1: Slow roll parameter ✏ vs particle production param-
eter ⇠, when P⇣ is fixed to the measured amplitude, and for
three di↵erent values of r. At the smallest ⇠ shown, particle
production is negligible, and ✏ = r/16. As ⇠ increases the
source GWs become dominant, and ✏ needs to decrease to
keep r at the given value.

to the vacuum one that they do not lead to any ob-
servable non-gaussianity. On the other hand, as noted
in [10], the sourced tensor modes could leave a siz-
able non-gaussianity of nearly equilateral shape on the
CMB anisotropies and polarization. The amount of non-
gaussianity is controlled by the parameter [10]
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scalar spectrum is normalized to the observed value, and
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In order to avoid a significant backreaction of the pro-
duced gauge quanta to the background dynamics, we
must simultaneously require (i) that the energy density
of the produced gauge field be smaller than the kinetic
energy of  ̄ and (ii) that the backreaction to the equation
of motion for  ̄, (6), be negligible. It has turned out that
(i) is more stringent a constraint than (ii) and requires
[13]
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Under this condition, the produced gauge field does not
alter the background dynamics.

The gauge field is gravitationally coupled both to the
inflaton perturbations and to the GWs, as can be seen
from (3). Thus the produced gauge quanta (12) in turn
source the scalar and tensor perturbations through the
Einstein equations. This sourcing e↵ect induces a contri-
bution to their spectra that is uncorrelated to that from
the standard vacuum fluctuations. The total spectrum
of the scalar perturbation was found in [13] to be
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where again the first and second terms in the parenthesis
correspond to the contributions from the vacuum fluctu-
ations and from the source, respectively.

Combining (14) and (15) we obtain

P⇣ ' P 1� 0.0735✏

1� 0.0046r
, (16)

showing that the sourced scalar perturbations, P⇣�P , are
much smaller than the vacuum ones, P, in this model. On
the contrary, the sourced GWs dominate over the vacuum
ones for ⇠ >⇠ 3.4 when r ' 0.2. This is visible from Fig-
ure 1, which indicates the value of the ✏ and ⇠ parameters
that result in the observed amplitude of the scalar pertur-
bations and in r = 0.2 (red solid curve), r = 0.15 (green
dashed curve), or r = 0.1 (blue dot-dashed curve). The
vacuum modes dominate at the smaller values of ⇠ shown
in the plot, and the standard slow roll result ✏ = r/16 is
obtained there. As ⇠ increases, the sourced GW signal
dominates, and ✏ needs to decrease exponentially.

The scalar and tensor modes sourced by the vec-
tor field are highly non-gaussian. As studied in [13]
the sourced scalar modes are so small in comparison
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Negligible effects on scalar spectrum  

Sourced GWs dominate over vacuum 
fluctuations in tensor spectrum for ξ≧ 3.4



Tensor Non-Gaussianity

Sourced tensor modes can leave sizable non-Gaussianity of nearly 
equilateral shape on CMB temperature anisotropies & polarization.


Decisive parameter:

4

In order to avoid a significant backreaction of the pro-
duced gauge quanta to the background dynamics, we
must simultaneously require (i) that the energy density
of the produced gauge field be smaller than the kinetic
energy of  ̄ and (ii) that the backreaction to the equation
of motion for  ̄, (6), be negligible. It has turned out that
(i) is more stringent a constraint than (ii) and requires
[13]

e⇡⇠

⇠5/2
⌧ 13.5p

✏P
f

Mp
. (13)

Under this condition, the produced gauge field does not
alter the background dynamics.

The gauge field is gravitationally coupled both to the
inflaton perturbations and to the GWs, as can be seen
from (3). Thus the produced gauge quanta (12) in turn
source the scalar and tensor perturbations through the
Einstein equations. This sourcing e↵ect induces a contri-
bution to their spectra that is uncorrelated to that from
the standard vacuum fluctuations. The total spectrum
of the scalar perturbation was found in [13] to be

P⇣ ' P
✓
1 + 2.5 · 10�6 ✏2 P e4⇡⇠

⇠6

◆
, (14)
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in the plot, and the standard slow roll result ✏ = r/16 is
obtained there. As ⇠ increases, the sourced GW signal
dominates, and ✏ needs to decrease exponentially.
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the amount of sourced GWs, and it saturates to
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Ref. [10] provided an estimate on how large X can be
based on the 2� Planck temperature limit fNL

<⇠ 150
[62]. They obtained X <⇠ 2.1 · 105. Ref. [10] however
cautioned that this estimate is likely too strong, as the
contribution to the tensor modes to the temperature
anisotropies scales with ` di↵erently than the scalar con-
tribution (which the Planck limit assumes) and, in par-
ticular, it becomes negligible at ` >⇠ 100. This is visible
in Figure 1 of [19], which also studied non-gaussianity in
this model. According to [19], a dedicated analysis with
the Planck temperature data can detect X ' 5 · 105 at
one sigma. This is above the values obtained in the model
(see Figure 2). The inclusion of E-mode polarization data
can improve the one sigma limit to ' 3.8 · 105 and to
' 2.9 · 105 under the Planck and PRISM experiments,
respectively. Adding the B mode polarization may allow
to probe all the range of X in which the source signal
dominates, provided the instrumental error is su�ciently
small [19].

Another interesting feature of the model is that the vev
of the pseudo-scalar breaks parity in the gauge sector. As
described right above (12), only one of the polarization
states of the gauge field (we take the “+” state here)
is produced. The sourcing e↵ect can be understood as
the interaction A+ + A+ ! hR, with only the right-
handed state of the GWs being e�ciently generated from
the gauge sourcing. The contribution from the vacuum
fluctuations of course does not discriminate between the
two helical states. We can quantify the level of chirality
using a parameter [13, 20]
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where P
R/L
GW is the power spectrum of each state.

In Figure 3 we show the amount of chirality as a func-
tion of ⇠, for the same choice of parameters as the pre-
vious two figures. The possible detection of this parity
violation in the tensor sector has been studied in [20, 21].
In particular, ref. [21] presented the forecast for detect-
ing this signal with Planck, Spider, CMBPol, and an hy-
pothetical cosmic variance limited experiment. Such a
violation may be observed at the 1� level in Planck and
Spider, provided the sourced signal is dominant. A more
significant detection can be expected from CMBPol and
from a cosmic variance limited experiment See Figure 4
of [13] for the 1� contours in the ��� r plane. As men-
tioned in [21] the forecasted constraints (or signals) come
from low multipoles ` <⇠ 10, so that we do not expect that
the BICEP2 signal provide constrains on this parity vio-
lation (and indeed their jackknife hTBi and hEBi signals
appear to be consistent with zero).
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FIG. 3: Chirality of the observed GWs ��, defined in (19),
as a function of the particle production parameter ⇠, when
P⇣ is fixed to the measured amplitude, and for three di↵erent
values of r. The value of �� interpolates from 0 at small ⇠
(negligible sourced GWs) to 1 at large ⇠ (dominant sourced
GWs).

IV. BLUE TENSOR SPECTRUM

In the previous sections, the parameter ⇠ has been
treated as a constant to obtain (14) and (15); however, in
reality it is a reasonable assumption that ⇠ is an increas-
ing function of time for some duration during inflation.
As long as �⇠ ⌧ 1, where �⇠ was defined in (11), the rate
of change is small enough for (14) and (15) to be valid,
up to undetectable corrections. However, as we now dis-
cuss, the increase of ⇠ can result in a growth of the tensor
power at increasingly smaller scales.
We can readily compute the tensor spectral tilt from

(15). Using

d lnH

d ln k
' �✏ , d ln ⇠

d ln k
' �⇠ , (20)

up to the first order in slow roll, one finds the tensor
spectral tilt as

nT ⌘ d lnPGW

d ln k
' (4⇡⇠ � 6) �⇠ � 4 ✏ . (21)

Note that this relation is valid when the sourced con-
tribution dominates PGW. Recall that in order for our
calculation to be valid, |�⇠| ⌧ 1 and ✏ ⌧ 1 are required.
For modestly large values of ⇠, there is room to have
0 < nT . O(1) while these requirements are satisfied.

V. FROM TENSOR SPECTRUM TO AXION
POTENTIAL

In this section, we explicitly show that once the data of
the GW spectrum is given, the potential of the pseudo-
scalar field  can be reconstructed within the framework
of the model. The tensor spectrum is given by (15), which

X saturates to:

PLANCK temperature data can detect X≈ 5 ×105 at 1σ.


Inclusion of E-mode polarization data can improve the 1σ limit to 

X≈ 3.8 ×105 (PLANCK) and 2.9×105 (PRISM)


Inclusion of B-mode polarization data can probe the full range of this model.
[Shiraishi, Ricciardone and Saga]



Parity Violating Effects

Only one helicity of GWs is efficiently generated since


Level of Chirality:
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described right above (12), only one of the polarization
states of the gauge field (we take the “+” state here)
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treated as a constant to obtain (14) and (15); however, in
reality it is a reasonable assumption that ⇠ is an increas-
ing function of time for some duration during inflation.
As long as �⇠ ⌧ 1, where �⇠ was defined in (11), the rate
of change is small enough for (14) and (15) to be valid,
up to undetectable corrections. However, as we now dis-
cuss, the increase of ⇠ can result in a growth of the tensor
power at increasingly smaller scales.
We can readily compute the tensor spectral tilt from
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Note that this relation is valid when the sourced con-
tribution dominates PGW. Recall that in order for our
calculation to be valid, |�⇠| ⌧ 1 and ✏ ⌧ 1 are required.
For modestly large values of ⇠, there is room to have
0 < nT . O(1) while these requirements are satisfied.
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Ref. [10] provided an estimate on how large X can be
based on the 2� Planck temperature limit fNL

<⇠ 150
[62]. They obtained X <⇠ 2.1 · 105. Ref. [10] however
cautioned that this estimate is likely too strong, as the
contribution to the tensor modes to the temperature
anisotropies scales with ` di↵erently than the scalar con-
tribution (which the Planck limit assumes) and, in par-
ticular, it becomes negligible at ` >⇠ 100. This is visible
in Figure 1 of [19], which also studied non-gaussianity in
this model. According to [19], a dedicated analysis with
the Planck temperature data can detect X ' 5 · 105 at
one sigma. This is above the values obtained in the model
(see Figure 2). The inclusion of E-mode polarization data
can improve the one sigma limit to ' 3.8 · 105 and to
' 2.9 · 105 under the Planck and PRISM experiments,
respectively. Adding the B mode polarization may allow
to probe all the range of X in which the source signal
dominates, provided the instrumental error is su�ciently
small [19].

Another interesting feature of the model is that the vev
of the pseudo-scalar breaks parity in the gauge sector. As
described right above (12), only one of the polarization
states of the gauge field (we take the “+” state here)
is produced. The sourcing e↵ect can be understood as
the interaction A+ + A+ ! hR, with only the right-
handed state of the GWs being e�ciently generated from
the gauge sourcing. The contribution from the vacuum
fluctuations of course does not discriminate between the
two helical states. We can quantify the level of chirality
using a parameter [13, 20]

�� ⌘ PR
GW � PL

GW

PR
GW + PL

GW

'
3.4 · 10�5 ✏P e4⇡⇠

⇠6

1 + 3.4 · 10�5 ✏P e4⇡⇠

⇠6

, (19)

where P
R/L
GW is the power spectrum of each state.

In Figure 3 we show the amount of chirality as a func-
tion of ⇠, for the same choice of parameters as the pre-
vious two figures. The possible detection of this parity
violation in the tensor sector has been studied in [20, 21].
In particular, ref. [21] presented the forecast for detect-
ing this signal with Planck, Spider, CMBPol, and an hy-
pothetical cosmic variance limited experiment. Such a
violation may be observed at the 1� level in Planck and
Spider, provided the sourced signal is dominant. A more
significant detection can be expected from CMBPol and
from a cosmic variance limited experiment See Figure 4
of [13] for the 1� contours in the ��� r plane. As men-
tioned in [21] the forecasted constraints (or signals) come
from low multipoles ` <⇠ 10, so that we do not expect that
the BICEP2 signal provide constrains on this parity vio-
lation (and indeed their jackknife hTBi and hEBi signals
appear to be consistent with zero).
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FIG. 3: Chirality of the observed GWs ��, defined in (19),
as a function of the particle production parameter ⇠, when
P⇣ is fixed to the measured amplitude, and for three di↵erent
values of r. The value of �� interpolates from 0 at small ⇠
(negligible sourced GWs) to 1 at large ⇠ (dominant sourced
GWs).

IV. BLUE TENSOR SPECTRUM

In the previous sections, the parameter ⇠ has been
treated as a constant to obtain (14) and (15); however, in
reality it is a reasonable assumption that ⇠ is an increas-
ing function of time for some duration during inflation.
As long as �⇠ ⌧ 1, where �⇠ was defined in (11), the rate
of change is small enough for (14) and (15) to be valid,
up to undetectable corrections. However, as we now dis-
cuss, the increase of ⇠ can result in a growth of the tensor
power at increasingly smaller scales.
We can readily compute the tensor spectral tilt from

(15). Using

d lnH

d ln k
' �✏ , d ln ⇠

d ln k
' �⇠ , (20)

up to the first order in slow roll, one finds the tensor
spectral tilt as

nT ⌘ d lnPGW

d ln k
' (4⇡⇠ � 6) �⇠ � 4 ✏ . (21)

Note that this relation is valid when the sourced con-
tribution dominates PGW. Recall that in order for our
calculation to be valid, |�⇠| ⌧ 1 and ✏ ⌧ 1 are required.
For modestly large values of ⇠, there is room to have
0 < nT . O(1) while these requirements are satisfied.

V. FROM TENSOR SPECTRUM TO AXION
POTENTIAL

In this section, we explicitly show that once the data of
the GW spectrum is given, the potential of the pseudo-
scalar field  can be reconstructed within the framework
of the model. The tensor spectrum is given by (15), which

Forecasted constraints (or signals) come from l≲ 10 [Gluscevic, Kamionkowski]; do not expect 


constraints from BICEP2 (their jackknifed <TB> & <EB> signals appears consistent with zero).
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