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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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The Lyth Bound

assumes single field, slow-roll, vacuum fluctuations, … 

Particle production during inflation can be a source of GWs
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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
parameters are chosen to be ✏ = 2.3 · 10�3, ⇠c = 3.6, and
↵ = 0.11 for illustration. The horizontal axis is ( ̄� c)/� c

and the vertical axis is (U � Uc)/�Uc.

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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vector particle production due to
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✤ A poster child inflation model 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

� 7! �+ const.

Le↵ [�] =
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2
(@�)2 � 1

2
m2�2 +

1X

i=1

ci �
2i⇤4�2i
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figure taken from Baumann & McAllister ‘14



✤ 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



✤ 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 

✦ However, these axions 
have sub-Planckian 
decay constants

Banks et al.’03     Svrcek & Witten ‘06

� =

Z

⇡p

Cp
Fp+1 = dCp

Cp ! Cp + d⇤p�1
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Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:

The axion periodicity is lifted, allowing for super-Planckian 
displacements. The UV corrections to the potential should 
still be constrained by the underlying symmetry.

Siverstein & Westphal ’08

2⇡f�
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Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:

Siverstein & Westphal ’08

2⇡f�

The axion periodicity is lifted, allowing for super-Planckian 
displacements. The UV corrections to the potential should 
still be constrained by the underlying symmetry
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Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-

cycles ⌃
1

, drawn as spheres, extending into warped regions of the Calabi-Yau. Red: We have

placed a fivebrane in a local minimum of the warp factor, and an anti-fivebrane at a distant

local minimum of the warp factor. In the lower figure, ⌃
1

is drawn as the cycle threaded by

C(2), and global tadpole cancellation is manifest.

Moduli stabilization is essential for any realization of inflation in string theory, and we

must check its compatibility with inflation in each class of examples. In type IIB compactifi-

cations on Calabi-Yau threefolds, inclusion of generic three-form fluxes stabilizes the complex

structure moduli and dilaton [19]. A subset of these three-form fluxes – imaginary self-dual

fluxes – respect a no scale structure [19, 18]. This su�ces to cancel the otherwise dangerous

flux couplings described in §3.2.1.

4.2 An Eta Problem for B

In this class of compactifications, however, the stabilization of the Kähler moduli leads to an

⌘ problem in the b direction. This problem arises because the nonperturbative e↵ects (e.g.

19

Axion Monodromy Inflation

Idea:

Siverstein & Westphal ’08

Early developments:

see Siverstein’s talk

taken from McAllister, Silverstein, Westphal ‘08
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✦ McAllister, Silverstein, Westphal → String scenarios


✦ Kaloper, Lawrence, Sorbo → 4d framework


Combine chaotic inflation and 
natural inflation
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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~

figure taken from Ibañez & Uranga ‘12

Use same techniques to 
generate an inflation potentialIdea:
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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


✤ 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 


✦ 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
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x |dC3|2 +

µ

2

k

2
|db2 � kC3|2
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⇒ suppressed corrections up to the scale where V(φ) ~ Λ4

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

• Shift sym in φ

• Gauge sym in F4 

⇒ flattening effects are of this form; spectrum of r constrained.



Effective 4d theory
✤ Effective 4d Lagrangian


✤ Gauge symmetry ⇒ UV corrections only depend on F4
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✤ 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 stabilized


• 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



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


✤ 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
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✤ F-term axion monodromy inflation provides a new, concrete 
way of implementing monodromy into inflation, in a way 
compatible with spontaneous supersymmetry breaking.


✤ Hidden gauge invariance tames dangerous UV corrections. 
Discrete symmetries classified by K-theory torsion groups.


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


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

�0.013 0.089+0.012
�0.014

ln
⇣

1010As

⌘

3.133+0.032
�0.028 3.137+0.027

�0.028 3.143+0.027
�0.026 3.089+0.024

�0.027
ns — — — 0.9603 ± 0.0073
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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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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