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How well can we really determine the scale of inflation?
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A detection of primordial B modes has been heralded not only as a smoking gun for the existence of
inflation, but also as a way to establish the scale at which inflation took place. In this paper we critically
reinvestigate the connection between a detection of primordial gravity waves and the scale of inflation.
We consider whether the presence of additional fields and nonadiabaticity during inflation may have
provided an additional source of primordial B modes competitive with those of the quasi—de Sitter vacuum.
In particular, we examine whether the additional sources could provide the dominant signal, which could
lead to a misinterpretation of the scale of inflation. In light of constraints on the level of non-Gaussianity
coming from Planck we find that only hidden sectors with strictly gravitationally strong couplings provide
a feasible mechanism. The required model building is somewhat elaborate, and so we discuss possible UV
completions in the context of type IIB orientifold compactifications with Ramond-Ramond axions. We find
that an embedding is possible and that dangerous sinusoidal corrections can be suppressed through the
compactification geometry. Our main result is that even when additional sources of primordial gravity
waves are competitive with the inflaton, a positive B-mode detection would still be a relatively good
indicator of the scale of inflation. This conclusion will be strengthened by future constraints on both
non-Gaussianity and cosmic microwave background polarization.
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I. INTRODUCTION

A positive detection of B-mode polarization in the
cosmic microwave background (CMB)—if identified as
being of primordial origin—has been argued to provide
smoking gun evidence for the existence of inflation [1].
It has been further argued that the signal would provide us
with the scale at which inflation took place. Given the
current and projected sensitivity of polarization experi-
ments [1], a positive detection of primordial B modes
would then imply inflation occurred near the grand uni-
fication theory scale, or slightly below. Indeed, if the results
from BICEP2 [2] are confirmed, this would be the first
direct evidence for physics beyond the standard model at a
scale nearly a billion times that probed at the Large Hadron
Collider.

In this paper we revisit the following question: Does a
detection of primordial B modes necessarily provide us
with the scale of inflation? In [3] it was argued that the
answer is no. In that paper, the authors considered addi-
tional sources of gravity waves arising from nonadiaba-
ticity and particle production during inflation and claimed
that in some cases this source of B modes could exceed
those coming from the quantum fluctuations of the quasi—
de Sitter background. Related ideas have appeared in [4—15],
although the primary focus of these papers was different. In
this paper we review both approaches and explicitly dem-
onstrate their relation for the case of on-shell particle
production. In many of these works it was also pointed
out that the same effects leading to a significant level of
gravity waves would also lead to a substantial level of
equilateral-type non-Gaussianity (NG)—a prediction that
was important for Planck. Utilizing the current Planck data
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[16] we can now revisit these models utilizing the constraints
on the level of equilateral-type NG fe" < —42 + 75. Using
this constraint, and demanding successful inflation and
self-consistent model building, in this paper we examine
these models to see if particle production can lead to a
competitive source for primordial B modes.

We first consider the case of an inflaton directly coupled
to spectator fields. This captures models with on-shell
particle production such as trapped inflation and moduli
trapping [17-19], and we also consider production of
pseudoscalar and gauge fields during inflation [12]. In
all of these models we find that the direct coupling typically
leads to a high level of NG, rendering these alternatives for
generating primordial B modes irrelevant. We next consider
the production of spectator fields with gravitational cou-
pling to the inflaton sector [4,9]. Because of the suppressed
couplings, in some cases these models can lead to a lower
level of NG and an alternative B-mode source is possible.
However, additional constraints from backreaction and
isocurvature perturbations severely restrict the parameter
space. We identify the most promising case as gauge field
production resulting from a tachyonic and time-dependent
mass term resulting from the interaction of the gauge field
with an additional spectator scalar field (not the inflaton).
Given the elaborate nature of this model, after constraining
the parameter space we turn to the question of UV
completing the model. We construct an inflationary sector
utilizing axion monodromy [20-26], and then we realize
the additional spectator fields needed within the framework
of O3/07 orientifold compactifications of type IIB string
theory. We find that a UV embedding can be realized in
the weakly coupled string theory if the compactification
volume is taken parametrically larger than the Planck
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scale and if the axion decay constant is sub-Planckian. Our
embedding also demonstrates that dangerous sinusoidal
corrections to the gauge field production models can be
suppressed through the compactification geometry.

The remainder of the paper is as follows. In the next
section we review both the classical and quantum produc-
tion of gravity waves during inflation. This section is
primarily to establish notation and to address a few subtle
points in the literature regarding the production of gravity
waves from on-shell particle production. In Sec. III, we
consider the case of particle production of fields directly
coupled to the inflationary sector. In Sec. IV, we consider
the gravitationally coupled case. Unlike the direct coupling
case, we find that some of these models do result in B
modes although the parameter space is severely restricted.
In the remainder of the paper, we consider the UV
completion of these models. First, in Sec. V we review
the relevant details of type IIB orientifold compactifications
and their role in inflationary model building. Then in
Sec. VI we present an explicit model including the particle
production and establish the model building constraints. In
the final section we conclude. In Appendix A we list a
number of concerns for string model building with moduli
stabilization and their possible resolutions.

II. GRAVITY WAVES FROM INFLATION AND
PARTICLE PRODUCTION

In this section we review the general formalism for
establishing the amount of gravity waves produced during
inflation from both quantum fluctuations of the metric and
classical sources from particle production events during
inflation. For readers familiar with these types of

|

Gi(z,7) =

k(7' —7)cos (k(7' — 7)) —
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calculations this section may be skipped; however it does
serve to set our notation and conventions.

Gravity waves produced during inflation can perturb
the homogeneous and isotropic background metric. These
tensor fluctuations are described by the metric

ds2 = a(T)z[—dfz + (6” + hij)dxidxj], (1)

where latin indices denote spatial coordinates,’ h;; is the
transverse (0;h;; = 0) and traceless (h; = 0) metric per-
turbation and we work in conformal time with a =
—1/(Hz) for quasi—de Sitter.

The mode equation for gravity waves in the cosmologi-
cal background (working in Fourier space) is

_ a// _ 2
hY; + <k2 - ;) hi; = s aTll, (2)
p

where we introduced canonical modes h a(z)h;; and
TTT is the transverse and traceless components of the stress
energy tensor for any sources which are present. The
transverse, traceless components of the stress tensor can
be obtained by 1ntr0duc1ng the projector IT;;"™ = P,/P ;™ —
1P;;P™ where P;; — kik;/k* so that TTT H Z”’T,m
(ct. 28]
We can formally solve (2) to find

,..wl

-j(%, 7) = iz/d’r’Gk(T, T/)a(T/)TI-TjT(%, 7), (3)

n,

where G, (r,7’) is the Green function satisfying the source
free version of (2) with appropriate boundary conditions.
For the quasi—de Sitter background we find

(1 + k*7'7) sin (k(7' — 7))

where ©(7 —7') = 0 for 7 < 7/ signaling that the source
only produces gravity waves after its creation. This
expression along with a source in (3) then allows us to
find the resulting gravitational radiation.

A. Quantum vacuum fluctuations and gravity waves

For inflationary vacuum fluctuations and in the absence
of sources (7, = 0) Eq. (2) can be easily solved (see e.g.
[29] or [30]) and one finds that the inflationary background

'"The authors of [27] have argued for slightly different
constraints than we find for these models. In particular, their
analysis of the behavior of the hidden sector at Hubble radius
crossing leads to stronger constraints from the curvature power
spectrum and bispectrum than those found in the existing
literature. If confirmed, this would strengthen our conclusions.
We refer the reader to their paper for details.

KBt

O(r-1), (4)

I
generates a nearly scale invariant spectrum of gravitation
waves. We can relate the correlation function to the tensor
power spectrum for each helicity as

1 - ==~ . e
2 ()R (K)) = (22)°8%) (k + k)5 Py, (5)
where s refers to the polarization. The dimensionless tensor
power spectrum resulting from quantum vacuum fluctua-
tions of the graviton is then

K3 8 (H\?2
gp—m—@) ©)

2We follow metric signature (—, +,+,+) and work with the
reduced Planck mass m, = 2.44 x 10" GeV.
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evaluated at k = aH and the tilt of the spectrum is
n, = dInP,/dIn k. In the absence of any other primordial
sources of gravity waves, a measurement of the tensor-to-
scalar ratio (along with existing measurements of the scalar
power spectrum) then allows us to determine the scale of
inflation H; through (6). In terms of the scalar power
spectrum A2 we can then define the tensor-to-scalar
ratio

_A7

r=-—
29
Aj

()
where near-term and future experiments can be optimisti-
cally expected to probe as low as r = 1073 [1]. Using the
COBE normalization A2 =2.5 x 10 this can be reex-
pressed as a determination of the scale of inflation
(cf. [30])

1/2
H, =310 (&) m,. (8)

Thus, given an observation of r and knowledge that the
only source of gravity waves resulted from primordial
|
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vacuum fluctuations, we can determine the scale of
. . 3
inflation H; ~ V'/2/m,.

B. Gravity waves from particle production
during inflation

We first consider gravity wave sources from scalar field
production during inflation and later generalize this to
vector fields. To calculate the effect of the produced
particles on gravity wave production we note that the
contribution of the particles to the spatial part of the stress
tensor will be of the form T;; = 0,70,y + 6;;(...). This
implies that in Fourier space the transverse, traceless source
is the convolution [32]

3
TT (k) = I (k) /ﬁplpmx(p,‘[))((k - P, 7).
©)

Using this result, along with (3) we can construct the two-
point, equal time correlator

(hij(k,T)hi; (K, 7)) —%/d’r’a(r’)Gk(r, T’)/dr”a(r")ka(T,’r”)(TiTjT(k,T/)TiTjT*(k’,T”))

mp

4 Gi(z, 7
=— dr’gk(r/l-) dr”

m, a(t)

where we have introduced the canonical field 7 = a(z)y.

As discussed in [32] if we now assume that the fields are
well approximated by statistically homogeneous, random
Gaussian fields then the four-point function can be written
in terms of two-point functions by Wick’s theorem." Using
that

wp. ) (p'. ") = f(p. 7, 7")é(p = '), (11)

for statistically homogeneous and isotropic fields and
keeping only the connected pieces of the correlator we have

’In [31], the issue of whether the choice of the Bunch-Davies
vacuum as the initial condition for perturbations is important or
not was discussed.

“The authors of [32] pointed out that this is a good approxi-
mation at both the beginning and end of inflationary preheating
and is in good agreement with lattice simulations. Here we
consider these events during inflation and work within the same
approximation. We see that any strong coupling of the spectator
field y will tend to generate a large level of non-Gaussianity
making this approximation justified given existing CMB con-
straints.

Gu(z.7")
a(TN)
X PiPuPuPok (P )i (k= p. )" (p". 7" )i (K = p'.7")),

d3p d3pl
Im no (/!
I (k)M (k') / (22)72 / (222

(10)

|
O?(p’ T/))?(k - D Tl))?* (p/’ T”))?* (k/ - p/’ T”»connected
=o(k—=K)f(p.7.7")f(k—p.7".7")[6(p' - p)
+8(p' =k + p)).
Using this result and the property of the projectors that
Hijlmnijnoplpmpnpo = Hlmnoplpmpnpo = p4SiIl4(9)/2

where 6 is the angle between k and p, we can perform one
of the momentum integrals in (10) and we find

<hij(k’ T)hfj(k/vT»
dt” "
X /WGH(T,T )

x /%P%in“(@)ﬂp,r’,r”)f(k -p.7,7"). (12)

Gy(z,7)

It remains to determine the functions in the two-point
correlator (11). We are interested in cases where quanta of
the 7 field become excited due to the interaction with the
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inflaton and particle production. To calculate this contri-
bution to (11) we follow the treatment in [33].
The equation of motion for the canonical field is

K"+ o (t)y =0, (13)

where we make the change of notation y — y for simplicity
and where

@*(1) = k> + a®>m2;(7) — a*A, (14)

where A ~a”/a is typically negligible compared to the
effective time-dependent mass m;. The WKB solution to
this equation

1
- v Za)k

+ﬁk( Je if’wk(;)d%)
(15)

20k 7) (ap(z)e™ ] @

is valid as long as @’ < @* and all higher order adiabatic
invariants remain small. The condition that initially there
|

- — / // _lfrlwk
.8 = 5 e { <)y
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are no quanta of the field present requires @ = 1 and f = 0,
i.e. only positive frequency modes are present. When the
adiabatic conditions fails, particle production results, and
the Bogolyubov coefficients above give the mode mixing
that occurs due to the time dependence of the system. The
creation and annihilation operators after production can be
expanded in terms of the initial creation 212 and annihilation
operators a; of the field as

bi(v) = a(z)ay + pr(0)d’ (16)

where although @, annihilates the vacuum initially, @k does
not, and if the system returns to adiabatic evolution the
number density of particles produced is n; ~ ||*. Proper
renormalization requires that one normal orders the corre-
lators with respect to the IA)k basis and then uses that a,
annihilates the vacuum to find the surviving terms (see e.g.
[4,10]). Expanding the field and performing the normal
ordering we find that the unknown function in (11) is

@)di=i [ wy(2)d 5,(2)at, ()’ [ o@dzti [ oy (3)dz

B, B e D% 1 g g (el ) “’k“)"%}- (17)

We then use this expression in (12) to find the amount of
gravitational radiation. However, as shown in [4] the
arguments of the exponentials above lead to rapidly
oscillating phases and do not give a significant contribution
to the final correlator (12). Neglecting the phases, using the
result above in (12) and keeping only the leading terms we
find

(hij(k, o)hi; (K, 7))
=6(k—K) %/%Gk(ﬁ 7)

X /%Gy(r 7")
< [ okt U SR Ly

where the missing terms are subleading and we refer the
reader to [4] for a more detailed discussion. The result (18)
will allow us in the remainder of the paper to connect
particle production and nonadabaticity during inflation
with the generation of gravitational waves. Given the
Green function (4), we simply calculate the Bogolyubov
coefficients for a given model and this gives us the
associated gravity waves produced via (18). Given this

|

contribution to the tensor power spectrum we can then
compare with the vacuum source in (6) to determine if
particle production can lead to a larger signal.

III. PARTICLE PRODUCTION MECHANISMS
WITH DIRECT INFLATION COUPLING

Any contribution to the production of gravitational
waves during inflation, if competitive to vacuum fluctua-
tions, could obstruct the use of observations to determine
both the scale of inflation and whether the waves are of
classical or quantum mechanical origin—with quasi—de
Sitter fluctuations exemplifying the latter. In this section we
consider the gravitational waves resulting from the pro-
duction of fields directly coupled to the inflaton, and
establish constraints for whether such effects can be
competitive.

Inflation models in best agreement with existing data are
necessarily sensitive to high-energy (UV) physics. Thus,
consistent model building requires these models to be
embedded in a UV complete theory, with string theories
currently providing the most developed approach. String
theories come with additional fields, strings and branes, and
the importance of these degrees of freedom on the inflation
process has been demonstrated in a number of contexts
(see [30] for a review). Among the anticipated effects, if
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these states couple to the inflaton during inflation this can
lead to particle production, which in some cases may be
expected to generate a large background of gravitational
waves.

Following [34] (see also [3]) our starting point is the
action

1 1
S = / V=g [EmﬁR ~5 (09)* = V(@) | + S, + S5 + Sines
(19)

where for particle sources we have

5, = —zp: / d'x / de5 ) (v — ()01 = 1,)m(0)

dx* dx*

X —gﬂy(f) dr di (20)

and the mass m(¢) of the particle depends on the inflaton
(and so coordinate time ?), ¢, is the time at which a particle
is created, and the argument of the square root is given by
the world line trajectory of the particle and so depends on
the proper time z. Similarly for string sources one has

s=-3% / i / o5 (x# = 24(0))0(t - 1,)T(p)

dx* dx?
X \/—det (gﬂy(d)ﬁw> (21)

where the string tension 7'(¢) can depend on the inflaton
and o = (7, 0;) are the induced coordinates on the string
world volume and ¢, is the time of string production. S;,
accounts for any interactions between the inflationary
sector and the particles and strings.

In the rest of the section, we go through several examples
of how the time dependence of the couplings (mass and
tension) in (20)—(21) can lead to particle and string pro-
duction during inflation. We follow the standard methods
presented in [17] for on-shell particle production and the
approach of [34] where string production within an effective
field theory approach was discussed. Our examples will
cover the cases of a scalar and pseudoscalar inflaton,
producing scalar or vector particles. We will then go on
to describe gravity wave production in these models, and
finally constraints from non-Gaussianity and backreaction.

A. Scalar production during inflation

The time-dependent mass and tension appearing in
(20)—(21) can lead to interesting cosmological implications.
In models of moduli trapping [17,18,35,36] the particle
production resulting from the scalar’s time dependence
was shown to lead to dynamical stabilization of moduli
(massless scalars) that would otherwise have little or no
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potential and remain unstablized. When identified as the
inflaton, it was shown in [19,37] that when accounting for
the effects of particle production one can obtain slow-roll
inflation from potentials that would otherwise not satisfy
the slow-roll conditions. Taking the scalar in (20)-(21) to
be the inflaton we can capture the dynamics of this
production through an effective interaction

Lin = 9* (9 — 90)* 2> (22)

Here ¢ is the inflaton and y the spectator field to be
produced. Although this interaction is much simpler than
what one might expect from (20)—(21), since we are
treating y as a simple scalar, it was shown in [34] that
this also provides an adequate description of string and
brane production within the low-energy effective theory.

How generic is such an interaction? Interactions captured
by (22) generically occur within the context of string theory
and M-theory model building. Common examples include
the presence of new light states (here represented as y) as
the size of a compact dimension or internal cycle (para-
metrized by ¢) shrinks and the symmetries of the theory
become enhanced [18,35]—i.e. there is an inverse string
Higgs effect. Other examples include when D branes
become coincident, as in models of brane inflation, and
new light states appear5 [17], or near locations in field space
associated with changes in topology [36]. In these and other
cases the interaction is effectively captured by (22) where
far from the location ¢ = ¢, the quanta of y can be quite
heavy and so do not affect the dynamics. However, as the
inflaton ¢ approaches ¢, quanta of the y field can become
excited leading to on-shell® particle production.7

Given this motivation we are now interested in determin-
ing the amount of gravitational waves that could be
generated during the creation process, while still allowing
for successful inflation and being consistent with a bound
on non-Gaussianity. We first emphasize that scalar field
waves do not produce an appreciable amount of gravita-
tional radiation [32]. Instead, here the expectation of
gravity waves comes from both the creation process and
the existence of the particles following creation as they
provide a classical source in (3). We emphasize that the
created particles are inhomogenously distributed, on shell,
and are not per[urbations8 [32]. Moreover, the creation

These new states correspond to open strings stretching
between the branes becoming light.

®In this paper we focus on on-shell production, whereas the
interaction (22) can also lead to important off-shell (virtual)
effects as discussed first in [38]. Which effect is dominant
depends on whether the theory is in the strong or weak coupling
reg7ime as discussed in [17].

This is analogous to Schwinger pair production in a strong
electromagnetic field.

This explains why it is consistent to use the linearized
equation for the graviton in (3), whereas we see that the sources
will be quadratic in the created fields.
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process is nonperturbative and cannot be described within
standard methods of linearized perturbation theory9 [33].
Following the formalism reviewed in Sec. II, the inter-
action (22) provides a time-dependent mass in (14) where
m2 (1) = g* (¢ — @o). As discussed there, particle pro-
duction occurs when the adiabatic condition fails,10 which
in this case implies o'/@?* ~ m’;/m2; 2 O(1). As shown
in e.g. [17] the production occurs on time scales small
compared to the Hubble time so that gravitation effects are
negligible and if we denote the time of production as 7 the
Bogolyubov coefficients above for 7 > 7, are

k2
@ = 1+ exp (—n),
‘ My (7o)

B = exp (—n "—) (23)

Mg (70)

where m/q (7)) = ggj, is the time derivative of the effective
mass evaluated at the moment of production and we set
a(t = 1y) = 1. We also note that the coefficients respect
the normalization |a|*> —|f> =1 implying that the
Bogolyubov transformation is canonical. The correspond-
ing number density of produced particles is then n, ~
[ d*kny with n; ~ |B;|* given by (23). The most interesting
case will be when a number of the locations ¢ = 400’ occur,
as this will lead to a continuous production of gravity waves
whereas a single event will lead to an isolated (but perhaps
interesting) signature [3].

The amount of gravitational radiation resulting from
both single and multiple events has been examined taking
two different approaches. In [10] the authors argued that
gravity waves will result from both the production events
themselves, as well as from the existence of y particles
following production—both sources were found to yield a
comparable amount of gravitational radiation; whereas in
[3], the authors performed estimates adapting the methods
of Weinberg [40] to the time-dependent case of interest here
and found that the production event along with gravita-
tional bremsstrahlung from the inflaton could result in
gravity waves. Here we qualitatively argue that the two
approaches yield similar results, but for the majority of
our calculations we primarily follow the approach of [10].
The key will be that in all instances—and independent of
the computational method—we find that if particle pro-
duction for fields coupled directly to the inflaton is to lead
to an observable gravity wave signal it presents a tension

°It was for many of these reasons that in [13] it was shown that
within perturbation theory the production of gravitational waves
would be negligible (see also [32]).

Within the effective theory, the adiabatic condition can fail
either because the particles become massless or simply because
the inflaton undergoes nonadiabatic evolution. In the latter case
the yield of particles depends on the dynamics of the inflaton
and the mass scale of the particles to be produced [39].
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with existing constraints from Planck on the level of
equilateral non-Gaussianity.

To calculate the gravity waves generated from the
presence of on-shell y particles following production we
can use the result for the Bogolyubov coefficients (23) and
Green function (4) in the correlator (18) and we find"'

) = L () (Y a2

270k m,) \H®
with n, ~ (ml;)¥? = (g¢')** the number density of
produced particles and
[kzo cos(kty) — sin(kz)]? n
F(kty) = x log? | £
( TO) |k1'0|3 0og H

~ 0(10-100); (25)

the first term results from the two copies of the Green
function (4) in (18) and peaks around |kzy| = 2.5 after
which it sharply drops off reflecting both the locality of the
production as well as the fact that only gravity waves
produced near the horizon have a chance of contributing
significantly to the spectrum.12 The second term in (25) is
to be evaluated at the time of production and as we will
see is typically at most O(100).

Using the definitions (5)—(6) the contribution to the
tensor power spectrum from production is then

2 2 L HN\Y
AP = A2y |1+48x 107 (25 ) (L) Flkey) |, (26)

p

where A2, = 2H?/(z*m3) is the standard vacuum con-

tribution coming from (6).
Before proceeding, let us compare the result (24) [and
so also (26)] with the estimates found in [3]. From (24) we

find
n H\*
p

where £, is the amplitude in real space and H is the Hubble
scale during inflation. Now let us compare this estimate to
the one in [3]. There it was found that

H3
n2, PV (28)
Protal Emp

"This result agrees with the correlators in both the adiabatic
and nonadiabatic cases studied in [10].

Causality requires gravity wave production to occur on near
or sub-Hubble scales and gravity waves produced on small length
scales will undergo significant redshifting reducing their signifi-
cance. Thus, production near the Hubble scale will provide the
largest contribution to the tensor spectrum.
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where pow/ P 18 the relative energy density in gravity
waves, E is the characteristic energy, and f ~ En, /poa i8
the fraction of waves resulting from the n, density of
particles. Here the frequency of produced waves was taken
as w ~ H so no redshifting occurred [as we also assumed
in (27)] and plugging in f we find

. H [ En, \[H n\(H\*
sz ~ fEm3 "\ 2 )\End) T \&3)\m,) © s
P P P P

(29)

and so we see the two approaches agree qualitatively. This
result is easily understood—the production events are
independent and so proportional to n, per Hubble volume
(H?) and the amplitude of each waves is proportional to
H?*/m? as expected.

We would now like to see if the new contribution in (26)
can be competitive with the vacuum contribution AZ;.
We define the difference as

AP, = (A2 Agtd>/A9td (30)

so that ultimately we are interested in whether AP, > 1 is
feasible. Given (26) we can already see that a large gravity
wave signal is difficult to obtain. In order that the produced
particles n, do not ruin inflation we must have at least
n, < H2m)5 Using this in (26) we find

e (2 ) (2 (2). e

where we used that F(kzy) < O(100) and we see that
unless the produced scalars remain far lighter than the
Hubble scale a competitive signal is simply not possible.
This requires that the gravity waves are produced at the
time the field is light (m, << H) and at the time particle
production is occurring. But this implies that the gravity
waves will actually be a scale-dependent feature in the
spectrum, which is manifest from the kz, dependence in
(25). Instead we are interested in the continuous generation
of gravity waves, which suggests that the multiple pro-
duction case is of more interest.

Requiring the inflaton to copiously and continuously
produce particles, while also providing an adequate number
of e-foldings of slow-roll inflation, requires a delicate
approach to model building. However, in models of trapped
inflation [19] it is precisely this type of balance (and
accounting for the backreaction of produced particles) that
permits slow-roll inflation in the presence of a steep
inflationary potential. Denoting the spacing between the
particle production events as A = ¢;, | — ¢;, the scalar
power spectrum in this model takes the form [19]
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§2Hy'\?

P ="
m

(32)

2_1_9"7 13/2.
where m 130

T
In addition, l?1e production events generate non-
Gaussianity of the equilateral type, which was estimated
in [19] to be

2
equil m
NL HE

7 $? P
2AQ27)3 H?

(33)

Using (32)—(33) we will be able to place constraints on the
level of gravity waves resulting from particle production
events [41].

As before the largest signal will come from gravity
waves produced near the Hubble scale (more precisely near
kto = 2.5) as these modes will suffer less redshifting before
freeze-out. In addition, as discussed in [19] the production
events are independent and so we can simply add the
contributions to the tensor spectrum as

Apgota.l = NeventsAP;, (34)
with AP, being the contribution from a single event and
the number of events within a Hubble time being roughly
Nevens = H™' /At = ¢/ /(HA). Using (32)~(33) to elimi-
nate ¢’ and A from the tensor spectrum given by (26)
and (34) we find

N H 47 g \3
AP ~ 3.8 events
’ x <4400 ) (1012 Gev> <0.01>
(VRSN () a5
42 34 )

where F(kzy) is again given by (25) and using the fiducial
values above and with |kzq| = 2.5 we have

2
Fl/z(kfo) = glog (n—l_)l()

(s 2ue [ () () ]). s

where we have again used the constraints (32)—(33). As
written, the level of gravity waves seems to depend
sensitively on the model parameters, particularly the
coupling g. However, again using the constraints and
noting that the number of events in (35) can also be
written as

equil |3/4
Nevens = 2.7 x 107 W [
g

0.01\3 equil |\ 3/4
:4400<7) <|f42 ') .67
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Tension with non-gaussianity
equil
4 eauil > 42

Nevenss > 1 7

log (AP;)

107 108 10° 1010 10 1012 1013 10
H (GeV)

FIG. 1. Change in the tensor power spectrum due to particle
production AP, = (A? — A2)/A%, with A2, being the contri-
bution from vacuum fluctuations during inflation for both the
single (Ngyens = 1) and multiple production cases (Neyenis > 1)-
The lightly shaded region (gray) represents a tension with the
Planck upperbound on equilateral-type non-Gaussianity
(If49| < 42), whereas in the dark shaded region particle
production is clearly not competitive with the vacuum contribu-
tion. We note that even in cases where the signal is competitive,
this does not necessarily imply a dominant contribution. Thus, we
see that in both cases (single or multiple production) non-
Gaussianity puts strong constraints on the tensor contribution.
The multiple production case is rather insensitive to the coupling,
but in both cases we have plotted results for g = 1072 and
| fequ1l| — 42,

we can reexpress (35) as

_ H o\ (AN Y (Flkno)
AP =38 x (1012 GeV) ( D) 3% ) GY

which is only sensitive to the coupling ¢ logarithmically
through the dependence in (36). The strong dependence on
the Hubble scale in (38) demonstrates the challenge of being
consistent with the level of non-Gaussianity while generating
a competitive signal. For the fiducial value H = 10'?> GeV
the standard contribution is of the same order of magnitude
and reducing to H = 10'! GeV already rules out particle
production as the primary origin. This can be seen from
Fig. 1 for both single (N yens = 1) and multiple production
(Neyents > 1) cases. We emphasize that our result (38) shows
the tension with non-Gaussianity constraints without even
invoking model building constraints within trapped inflation.
Moreover, as bounds on non-Gaussianity improve this will
strengthen confidence in vacuum fluctuations as the origin of
the primordial tensor spectrum.

B. Pseudoscalar inflaton and vector production

A promising candidate for large field inflation is when
the inflaton is realized as a pseudo-Nambu-Goldstone
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boson (PNGB) associated with the breaking of a global
symmetry at some high scale [42,43]. As discussed above,
the UV sensitivity of large field inflation emphasizes the
importance of realizing models of inflation within a high-
energy framework. Within string theory constructions,
PNGBs naturally arise from the compactification of higher
dimensional gauge fields to four dimensions [44]. Often the
higher dimensional gauge invariance of these fields leads
to an an approximate shift symmetry ¢ — ¢ -+ const in the
four-dimensional low-energy effective theory. This shift
symmetry can be lifted by a number of effects (both tree
level and nonperturbative) that depend on the details of
the compactification [44]. One promising class of PNGB
inflation models is those arising in models of axion
monodromy (see [21] and references within). In these
models a large field range for the inflaton is achieved as
branes wrapping the same extra dimensions as the gauge
fields lift the shift symmetry in a controlled way leading to
relevant terms in the inflaton potential but with naturally
suppressed coefficients. Other nonperturbative effects can
contribute (such as gauge and brane instantons), but in
particular constructions it is possible to arrange for these
effects to be parametrically small yielding a viable inflation
model. That is, these string based models realize the idea of
natural inflation proposed in [42,43] in a technically
natural way.

In addition to the inflaton sector, it is natural for PNGB
inflatons to couple to four-dimensional gauge fields. In
fact, for any PNGB of inflation it is natural to consider
interactions of the form

1 ~

ﬁint = _E(/)FMDF/AD’ (39)
where F,, = d,A, - 0,A, and F = (1/2) WMF’1 is the
dual ﬁeld strength The axion decay constant is denoted
by f. For an exactly constant field ¢ this term is a total
derivative (i.e. topological), and so it does not enter the
equations of motion. However, during inflation the inflaton
slowly evolves and this interaction leads to an effective
tachyoniclike mass term for the gauge field—thus, particle
production is possible. We are interested in whether such a
term can lead to significant gravity wave production, while
evading the bounds established for the scalar production
case in the last section.

Just as in the scalar case of the previous section, the
interaction (39) can lead to particle production of gauge
fields 6A when adiabaticity is violated."* Analogous to (13)
we have

“Here we are interested in the case that the inflaton is a
pseudoscalar and so we do not consider couplings of the type
~f(@)F, F"; see e.g. [5] for these scalar inflaton models.
However, we expect the bounds on the level of gravity waves
found in this section and the previous section to be representative
of any inflaton coupled to the fields being produced.

See [6] for a review.
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Al + @*(1)A, =0, (40)

where £ denotes the transverse polarization. The time-
dependent frequency of the field is

@?(t) = k* F m*(r, k), (41)

where the tachyoniclike mass term depends on the wave
number as

k¢p
HIzf’

= srvm ) =27 (7) )

(42)

m?(z. k) =

where in the last line we have used the normalization of the
scalar power spectrum A2 = 2.4 x 107 to eliminate' ¢.
Assuming ¢ > 0 without loss of generality, it is easy to see
from (40)—(42) that only positive helicity gauge modes A,
are amplified while A_ modes stay in the vacuum. For
¢@/(2Hf) = constant the amplification of the positive
helicity modes is given by [7,45]

Ay ~ eHIDIGS)  for Kle| < (H/F)/(2m\/A2), (43)

where the exponential dependence here is consistent with
the particle production coming from a tachyonic instability.

The essential physics is that gauge field modes with k|z| <

(H/f)/(2z+/AZ) will become violently excited by the
interaction as the tachyonic mass term (42) becomes
significant in (41) in this regime. On the other hand, this
growth saturates deep in the IR k|z| - O causing the

physical E and B fields to decay sufficiently far outside
the horizon.'® This can be seen by the scaling of the

physical fields with the expansion, i.e. B= (6 X Z) /a?

and E = —A//a2; whereas the gravity waves that result
from this process will not decay outside the Hubble radius,
but instead become “frozen in” with this process over time
leading to a late time stochastic background of gravity
waves. The question is whether this source is competitive
with that of the quasi—de Sitter vacuum fluctuations. To
answer this question, first we need to take into account the
constraints arising on non-Gaussianities and backreaction
produced from the interaction (39).

As shown in [7,45], the NG contribution to cosmological
correlators in this model arises due to the inverse decay
processes: 6A6A — ¢ associated with the interaction (39).

SWe note that for comparison with the results in [7,45], here

we have used the COBE normalization to simplify the &=
/ (2Hf) parameter of that paper where one would find
= (H/f)/(4n\/A2).

'We thank Lorenzo Sorbo for discussions related to this point.
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This new source of inflaton fluctuations leads to curvature
perturbations { ~ —(H/¢)d¢ and non-Gaussianity of the
equilateral type.

Following [7] the corrections to the scalar power
spectrum and the tensor spectrum in our notation are

AP, =295 x 10%(A2)S (i)é exp <f \F> (44)

and
AP, =~ (A2)} <mﬁp)2<£)6exp <f \I/{P> (45)

We note that in the parameter range of interest, the
correction to the scalar power spectrum is negligible;
whereas, the equilateral-type NG is [7]

| = 2.2 x 103(A2)“/2<f> ex p<2f\/—> (46)

Thus, com}‘nmng these results and utilizing the Planck
equi

result [f] | < 42 we find a bound on the tensor spectrum
H\2
AP, $5.5 x 103|f20 /3 (—) .
mp

equil |\ 2/3 H 2
<12 1078 (UL 47
~ e ( 42 > (1012 GeV) - D

and we see it is difficult for this model to account for
the gravity wave spectrum while allowing for a low-scale
inflation model.

C. Summary of direct coupling case

In this section, we have considered particle production
resulting from a direct coupling of fields to the inflaton and
the resulting production of gravitational waves. In particu-
lar, we were interested in whether the contribution to the
tensor power spectrum from production events could be the
leading contribution, since this would imply that an
observation of primordial tensors does not necessarily
imply the scale at which inflation took place.

However, in both the scalar and gauge field cases we
have seen that existing constraints on non-Gaussianity from
Planck lead to a tension for model building if the produced
tensor signal is to be competitive with the quasi—de Sitter
source. Moreover, for gauge field production additional
constraints from backreaction make it very difficult to see
how such a source could lead to an alternative origin of
gravity waves for any range of the parameters. For scalar
production we saw that multiple events can improve the
situation; however we are left with a small region of the
parameter space near the highest possible inflationary
scales. Therefore, even in this special region, if a substantial
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signal resulted it would still provide us with information on
the (high) scale at which inflation took place.

Given the direct coupling of the produced fields to the
inflaton in these models a strong level of constraint from
non-Gaussianity bounds was anticipated—our results have
quantified this. However, we have also argued that the types
of couplings and interactions above are generic expect-
ations from the UV perspective, e.g. in the context of
inflationary model building within string theory. One may
have asked, if such interactions are around, why have we
not seen their gravitational signatures? Our results imply
that these fields can exist and be produced without leading
to a large tensor contribution.

In the next section, we consider gravity wave and particle
production in models that contain fields which are only
gravitationally coupled to the inflaton.

IV. PARTICLE PRODUCTION MECHANISMS
WITH GRAVITATIONAL COUPLING

In this section we explore whether particle production in
a hidden sector which is only gravitationally coupled to the
inflaton can lead to a competitive alternative for generating
a primordial tensor spectrum. As in the previous section,
we again utilize constraints on the backreaction and on the
level of non-Gaussianity—the latter anticipated to be less
stringent since the fields are only gravitationally coupled.

The system is described by the following action [4,9]:

5= [ axy=g|gmir =3 @02 V(o
+ Lhidden[0u1 X5 F]] , (48)

where the field ¢ is the inflaton and we assume V(¢) can
support inflation. Lp;q4e, consists of a pseudoscalar field y
with potential U(y) during inflation. It is coupled gravi-
tationally to the inflaton and U(1) gauge field A, through
an axionic coupling,

1 1 . X ~
ﬁhidden:_5(8)()2_U()()_ZFWF” _EFuuFﬂ . (49)

The gauge field production is similar to the case in Sec. III,
except this time the y field is responsible for the ampli-
fication of the gauge field fluctuations. The tachyonic mass
term responsible for amplification is now m?(k,7) =
K*y/(k|t|Hf) and modes grow as

Ay~ VP for ke < /26, (%) (50)

The parameter ¢, is given by €, = 7>/(2H?m3).

Successful model building requires the following
conditions:
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(1) The field y is to be a spectator field implying that

U) < Vip). #<i  (51)

(i) The energy density of the produced gauge fields
must be subdominant to the kinetic energy of y and
this energy should not backreact on the background
evolution of y. It turns out that the former is a
stronger condition than the latter [4,46]. Therefore
we require

1 1 - >

7> (E*+ B, (52)
2 2

where from the earlier definitions for the fields and

using the mode functions one can show that this
gives [4,46]

72 >22x 1073 H* <Ij(—f> ’ exp <IJ-II_)](‘> . (53)

(iii) Non-Gaussianity constraints from Planck imply
£ < 42,

Contrary to the pseudoscalar inflation case, the inverse
decay effects (JAOA — Jy) associated with the last term in
(49) do not necessarily produce strong NG correlations.
Moreover, as shown in [4,9,46] the scalar power spectrum
P gets a negligible contribution from the gauge fields. On
the other hand, gravity waves sourced by vector fields A,
can dominate over vacuum ones and hence can contribute
significantly to the tensor power spectrum P,. The change
in the tensor power spectrum is given by [4,9,46]

H\2(Hf\® 2y
AP, =28 x 107 — — —, 54
' ) <mp> ()() eXp<Hf) 54
and the NG is

faL =2.5x10° <m£> ‘ (%) ’ exp <ZL}() ) (55)
P

Combining these we find the constraint

equil |\ 2/3 10]2 GeV) 2
AP, < 4.8 x 10° | , 56
zas (1 . (56)

which demonstrates that the tensor signal can be quite large
depending on the inflationary scale.

We note that the corrections to the scalar power spectrum
in this case are further suppressed by a factor €> compared
to (44), as shown in [4].

However, we have not yet used the backreaction con-
straint (53). This turns out to be a much more stringent
constraint compared to NG and we find
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6

Tension with
non-gaussianity

4 e > 42

Ruled out by backreaction
X% > (E* + B?)

log (AP,)

Not competitive

107 108 10° 100 10t 10%2 1048 104
H (GeV)

FIG. 2. Change in the tensor power spectrum AP, = (A? —
AZ,)/ A2, due to (gravitationally coupled) gauge field production
as discussed in the text, with A?td being the contribution from
vacuum fluctuations during inflation. The medium gray region
represents a tension with the Planck upperbound on equilateral-
type non-Gaussianity (| fﬁ{"]\ < 42), whereas in the darkest
shaded region gauge field production is not competitive with
the vacuum contribution. The light gray region corresponds to the
constraint coming from the backreaction of the produced gauge
fields on the spectator scalar y. As plotted, the above graph is
actually conservative as the real constraint requires the kinetic
energy to be much greater than the gauge field energy
P>E+ (Bz). Given this caveat, the two white regions
represent the available parameter space for the choices ¢, = ¢
and the more realistic value €, < 0.1¢ (¢, < € < 1is required for
x to remain a spectator field).

2/ H\2
AP, < 5.7x1014<€l> <—>
€ mp
€,/€\? H 2
<<1'O<o.1> (1012 GeV) ’ 57)

where € is the usual slow-roll parameter of inflaton and we
took a fiducial value for the ratio €, /¢ that is implied by the
condition (51). In Fig. 2, we summarize the constraints
obtained from (56)—(57). These constraints can also be used
to restrict the axion decay constant f. The requirement of
generating a significant tensor signal implies that the

argument of the exponential in (50) must satisfy

\/%(%) 2 3.5. Using this along with the constraint from

(51) we have

S < 1.8x% 10‘2<

mp,

e \1/2
0.008> ’ (58)

where we have chosen a fiducial value for the slow-roll
parameter corresponding to a quadratic potential with N =
60 e-foldings. On the other hand, (52) implies f/m, >
8.5 x 107*(¢/0.008)!/? and so we have
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2 f e \1/2
8.5x 1074 —— I« 18x1072 .
X (0.008) S, S (0.008)

(59)

Thus, we find that this model provides a competitive
source of gravity waves for a narrow region of the
parameter space. We now turn to the question of whether
such a model is UV completable. Studies of other UV
contexts such as braneworld inflation have recently been
undertaken in [47].

V. TOWARDS A UV COMPLETION AND
THE RESULTING CONSTRAINTS FROM
STRING THEORY

We have seen that the most promising case for observ-
able particle production arises from the gravitationally
coupled case. In this section we want to consider the
possibility of UV completing such a model and any
additional constraints on model building that this might
imply. In the next few subsections, we gather the tools that
will be required for our analysis.

A. Axions in type IIB string theory

As our starting point we focus on axions arising from
compactifications of type IIB string theory. To see how
axions arise in the theory, we consider the dimensional
reduction of the theory to four dimensions by starting from
the ten-dimensional action in the string frame given
by [48]

1

1B __
Sio = (2r) 7t
1 1 1
X /dloxv —G |:g% (R[G] —2|H3|2> +2|F3|2:|
T (60)

where Gy is the ten-dimensional string frame metric and
H; =dB, and F5 = dC, are the NS-NS and Ramond-
Ramond (RR) three-form fluxes, respectively, with B, and
C, being the corresponding gauge potentials and 1/(2za’)
the string tension. The model independent axion C, and
dilaton are combined as the axiodilaton 7 = Cy+ i/g,
where g, = exp(¢) is the string coupling and we take
Cy to be fixed and instead concentrate on the model
dependent axions arising from the compactification of the
form fields. The additional terms represented by dots will be
discussed in more detail below and include higher form
fields such as C4 (we concentrate on C, axions for now).
The zero modes of B, and C, are independent of the
coordinates of the compact dimensions and can be integrated
over chosen two cycles of the internal geometry giving rise
to axions in the four-dimensional theory. To make this
explicit, consider compactifying on a Calabi-Yau threefold
(CY3); for the form field C, we make the ansatz [44]
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G :icl(x)wlv (61)
2r

where the ¢;(x) are only functions of the four noncompact
space-time dimensions and / labels the two cycle. We have
introduced the basis forms @’ to describe the internal
geometry and they obey the normalization condition
Js, @’ = (27)*a’5] with the two cycles ¥; giving a basis
of the dual homology H,(X, Z). The normalization factors
of 2z are chosen for later convenience. Making a similar
ansatz for B, and using this in (60) we have

dOx
s= [ 2* /G
/ (27[)70/4
— 1 nm
X [gsz (R[G} gy G Glpﬁﬂblﬁl‘b]a)flla)f,,p>

- Klﬂz G”"’Glpaﬂclﬁf‘c]a),’”w{np} , (62)
where greek indices run over the four noncompact dimen-
sions and lowercase latin indices denote the compact
dimensions. At the classical level, the gauge invariance of
the higher dimensional gauge potential implies that the
axions can only be derivatively coupled and so we have a
shift-symmetric pseudoscalar in the low-energy theory. This
symmetry can be broken in a number of ways, which we
discuss shortly. Denoting both types of axions as a;, upon
dimensional reduction we find

2
o= [ axyma( R - 5 0,0,) (6

where ¢ is the four-dimensional Einstein frame metric and
the four-dimensional reduced Planck mass is

5= ﬁ (64)

m
with V = V¢/a® being the string frame volume of CY;.
Another common convention is to instead work with the
Einstein frame volume. The ten-dimensional string frame is
related to the Einstein frame by the Weyl rescaling Gyn® =
exp(¢p/2)GEinstein and working in units of the string length
I, =2nvd the two volumes are related by V=
(2m)°V/ 6.

For the RR axion the y" provide the axion decay
constants and depend on the internal geometry as [44]

1
o W/w,/\*wj, (65)

whereas for the Neveu-Schwarz (NS) axion one gets the
same result multiplied by an extra factor of g;2. However, for
the remainder of this paper we restrict our attention to the RR
axion, since (as shown in [20]) the NS axions will suffer
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an 7 problem when moduli stabilization proceeds through
nonperturbative effects.” Alternatively, one could work
in perturbative (large volume) stabilization scenarios [49].

Once the specifics of the internal geometry are known
one can calculate the ¥ to find the corresponding axion
decay constants. This is a nontrivial task, which requires a
full specification of the compactification geometry in a
Calabi-Yau manifold. Mostly, we will be interested in order-
of-magnitude estimates of this quantity. This is the project
taken up in [44], where the quantity ¥/ was calculated in a
variety of string models assuming compactifications suffi-
ciently symmetric to be amenable to estimates.

B. Orientifold compactification data
and axion decay constant

In order to proceed with concrete estimates of the axion
decay constant and the axion potential, it is best to locate
oneself within a orientifold compactification in which these
quantities can be given in terms of the compactification
data.

We consider an N =2 IIB compactification on CY3,
which has a moduli space M, x M, of exactly flat
directions. Here, M, denotes the hypermultiplet moduli
space while M, is the vector multiplet moduli space. M, is
a quaternionic manifold whereas M, is a special Kihler
manifold. The dilaton field is a hypermultiplet component,
implying that the geometry of M, receives both @ and g,
corrections. The geometry of M, on the other hand, is exact
at tree level in both @' and g,. The hypermultiplet moduli
space M, contains a subspace /\/12 which is parametrized by
vacuum expectation values of NS-NS fields, with the RR
moduli being set to zero. At string tree level ./\/l2 has a special
Kahler structure that receives nonperturbative ' corrections
which can be exactly summed using mirror symmetry.

From this N = 2 compactification, we can construct a
N =1 theory by gauging a discrete symmetry of the form
(=1)“F1 Qo where Q denotes world sheet parity, F; is the
left-moving fermion number and e takes values 0, 1
depending on the model. Note that 6: X — X is a hol-
omorphic involution of the Calabi-Yau manifold X which
preserves the holomorphic three form Qy up to sign
c*Qx = (—1)°Qy. For the purposes of this paper, we take
e = 1, which corresponds to theories with O3/07 planes.

The analysis of [50] tells us that the massless spectrum of
N =1 orientifold compactifications is naturally organized
in vector and chiral multiplets. For orientifolds with O3 /07
planes, there are 2! chiral multiplets which correspond to
invariant complex structure deformations of X, A!:' chiral
multiplets that correspond to invariant complexified Kihler
deformations of X, and hL! chiral multiplets that

"This is because the NS axion appears explicitly in the Kahler
potential and leads to a Hubble scale mass for the field in the
models we consider. For recent progress on this issue in a
different class of models we refer the reader to [21].
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parametrize the expectation values of the two-form fields
B, and C,. Moreover, there is a dilaton-axion modulus z.
The real Kihler deformations of X pair up with expectation
values of the four-form field C4, giving rise to the hil
complexified Kédhler moduli.

The moduli space of the N =1 theory is a Kéhler
manifold. In the limit of small string coupling and large
compactification radius the moduli space is a direct product
of the complex structure moduli, complexified Kihler
moduli and a dilaton-axion factor. The Kihler geometry
of the moduli is determined in this regime by KK reduction
of ten-dimensional supergravity [50]. For more general
values of parameters, however, the geometry receives both
a and g, corrections, which does not preserve the direct
product structure. In particular, significant & corrections
are expected in nongeometric regions of the Kihler moduli
space such as the Landau-Ginzburg phase [51,52].

In this paper, we stay in the geometric phase. The moduli
space of the theory has a direct product structure

MxK (66)

where M and K are the complex structure and Kihler

moduli space respectively of the IIB orientifold (X, o).
To further discuss the geometry of /C, it is necessary to

introduce certain geometric data. The Kéhler potential is

given as Ky = —2InVg in terms of the dimensionless
volume Vg in the Einstein frame. The Kahler form is given

B o
by J=wv,0* and the volume by V= § vy —
1,1,J,K

sV v vt ¢k, where the triple intersection numbers are
given by

1
g =——— | o Ao A0k 67
1JK (2n\/(7)6/ IN\D AWK (67)

The w; are the basis of the cohomology of H?(X, Z) with
normalization [y @; = (27)2a'8%. The two-cycle volumes
v' are functions of the appropriately defined Kéhler
coordinates T; = (3i/2)p; + (3/4)c;v/v* = (3/2)¢; and
G' = (1/2x)(c" = i(b'/gy)). Here, {; = —(i/2(z = 7))c;j
G/(G — G)* and the c¢; have been defined in (61), with
similar expressions for b,.

The axion decay constant can now be extracted in terms
of the orientifold data by noticing that y;; given in (65) is
the Kiéhler metric Kz along the axion direction. For an
axion wrapped on the two cycle £ we have [22,50]

1 2

I—G/wl/\*wj = gcazzv“ (68)

where v* is the dimensionless volume of the two cycle in
string units, the a index runs over the number of two cycles
surviving the orientifold projection, and X is the two cycle
wrapped by the axion. Using this and (65) the axion decay
constants are then
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2 c v
(f_E) _ gs2 < aXZ ) (69)
mp 8 VE

As a simple example, if we consider an internal geometry
that is highly symmetric with all two cycles of equal size
LI, then using (64) we have (f/m,)? ~ gsVEZ/3. Thus, we
see that requiring the string theory completion of the axion
model explicitly connects the compactification scale Vg,
the string coupling g,, and the axion decay constant to
the Planck scale. As we will see, theoretical consistency
will lead to requirements such as Vg > 1 and g, < 1 (for
validity of the geometric regime) leading to additional
constraints on model building.

C. Stable 5-brane-antibrane systems
and axion potentials

Given the axion decay constants (69), we now turn to the
question of their potential energy. Classically the axions
descending from the compactification enjoy a shift sym-
metry; however there are a number of ways the symmetry
can be broken.

Crucial to our construction will be the presence of either
D5 branes or NS5 branes in the geometry. In this
subsection, we discuss various aspects of such geometric
constructions.

The D-brane configuration will consist of a 5 brane
wrapping a holomorphic curve ¥ and an anti-5 brane
wrapping the image curve ¥’ under the orientifold projec-
tion. We take X and X' to be rigid cycles that do not intersect
each other. Under the orientifold action, the modulus 7', of
the even combination X, and the modulus G_ of the odd
combination X_ are projected in. The sizes of the cycles are
equal in the covering space: vy = vy = % v, while the odd
volume modulus v_ is projected out. By abuse of notation,
we continue to use vy to denote the even volume modulus.

In general, one has to be careful about open string fields
in the brane/antibrane sector which may destabilize the
system. In flat space one would expect the system to decay
and give a supersymmetric configuration of space-filling
D3 branes. On a CY3, the curves X and ¥’ can be chosen to
be rigid, meaning that the corresponding wrapped branes
have no moduli. For branes that are sufficiently far apart,
the open string spectrum is not expected to contain
tachyons. The attractive force will be weak, resulting in
a metasltglble state which can only decay through tunnelling
effects.

®There is an added layer of complication for branes with
magnetic fluxes. There is a tachyonic contribution to the mass of
the lightest open string modes that is proportional to the super-
symmetry breaking parameter, which is given by the relative phase
between the central charges of the D5 and the induced D3 [53].
However, this tachyonic contribution is usually small. We explore
these issues soon for the brane construction of the y sector.
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The situation is best studied by taking a simple
potential for the system. We will be interested in the
case where X and X' are part of a one-parameter family
of holomorphic curves £. The effective dynamics of the
brane system can be described by a single chiral super-
field ¢, which corresponds to normal deformations of
the brane wrapping X. This can also be identified as the
normal deformations of the antibrane wrapping X'. The
effective dynamics of the system can be described by a
potential of the form

ro

V(r) = m(r—ro)® +cln <i> (70)

where r is the distance between the two branes. The first
term is a quadratic mass term corresponding to normal
deformations of the brane in the ambient CY;3. The
second term is a typical two-dimensional brane/antibrane
attractive potential. We expect m, r, to be approximately
the string scale. Then, if ¢ ~ 1072 the attractive force will
be negligible. The well-known logarithmic attractive
potential has been previously pointed out in the case
of axion monodromy inflation in [54].

We will not aim for a greater degree of precision than the
above arguments, and assume that there is a region in
configuration space where the destabilization is small.
From the perspective of the string landscape, this makes
sense; by scanning over fluxes, one can explore all regions
of configuration space, and the vacuum solutions which are
in the regime of instability are discarded.

Branes wrapping the corresponding cycle of the axions
can induce monodromies, which leads to a mechanism
realizing theoretically self-consistent, large field, slow-roll
inflation (see [21] and references within). Let us consider
the potential generated by axion monodromy, again focus-
ing on RR axions descending from C,. For these axions the
symmetry can be broken by considering a NS5 brane with
two directions wrapping the two cycle  associated with the
axion. The resulting potential is given by the Born-Infeld
action [20]

€warp

M

Ft (age, P (T)

where €y,,, captures the possible effects of warping, / Vd is
the size of the two cycle and we see for ¢, > I>/(2rg,) the
potential is linear in c,: the shift symmetry has been broken
by the presence of the wrapped brane leading to a linear
potential for the axion.

In addition to the monodromy effect, D-brane and world
sheet instantons can break the shift symmetry of the axion.
Such corrections should be generically expected and imply
a contribution to the potential

AV()(a) = ZA? COS(Za/fa)v (72)
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where we introduce the canonically normalized field
Xa = C.f, and we must sum over all such contributions
that give a significant contribution to the potential. These
contributions break the continuous shift symmetries to
discrete ones with y, — y, + 2xf,, and such terms can
lead to additional important contributions to the potential
and so must be checked against (71) and the slow-roll
conditions.

We now turn to the question of D3 charge and tadpole
cancellation in these models. The induced D3 charge on the
NS5 brane is given by

1
N3 induced = (27T)20//z Cs. (73)

This quantity turns out to be given by Npj3induced = %,
where ¢ denotes a generic field that may be the inflaton.
Thus, N p3 inducea €an be quite large in the case when ¢ is the
inflaton and £ >> 1.

Suppressing the energy density of the wrapped brane to
match observations will force us to place the branes in
warped throats. Thus, there is a D3 charge contribution
coming from the warping. We denote the D3 charge of the
throat by Np;3 goa The total D3 charge of the system is
then given by

Np3 ol = Np3induced + N D3 throat- (74)

This will be canceled by the orientifold action that wraps an
anti-5 brane on the cycle ¥’ in a throat with anti-D3 charge
given by _ND3,thr0at'

VI. A STRING MODEL OF GAUGE FIELD
PRODUCTION

In the last section, we have gathered all the tools required
for our construction. In this section, we give a string
construction that realizes the model of gravity wave
production discussed in Sec. IV.

We begin by sketching how such a setup is achieved
within the string compactification and the model building
constraints that result. Crucial to gauge field production
(for the purposes of our model, and more generally for
realistic reheating in these classes of models) will be the
introduction of magnetized 5 branes in the CY5; geometry.
In the next subsection, we will discuss this topic. We will
then describe the inflaton and spectator field dynamics in
terms of UV data, and give the UV constraints that appear
in our construction.

Recall from Sec. IV that we are interested in an infla-
tionary sector that successfully provides at least 60 e-folds
of inflation, coupled only gravitationally to spectator fields.
The action was
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1 1
§= / d*x\/=g {5 myR =2 (09)* = V(e)
+ Lhidden[01 - X+ F]] ) (75)
1 1 -
Lhidden = —5(8)()2 -U(y) _ZF””FW - f—fF,wF”",
(76)

where ¢ was the inflaton and y and F,, were spectator
fields.

Given both the axion decay constant (69) and potential
energy (71) and ensuring that the oscillating contribution
(72) is subdominant, we can construct a slow-roll inflation
model as done in [20,22].

A sketch of our construction is provided in Fig. 3.
We will be interested in a compactification with

ALl > 2. (77)

The inflaton sector is engineered by wrapping an NS5
brane on a cycle X; that supports the axion ¢. Under the
orientifold action, an anti-NS5 brane wraps a cycle X} for
tadpole cancellation.

We note that placing the cycles X; and X} in warped
throats is necessary to suppress the inflationary potential
energy coming from the wrapped NS5 brane and match the
COBE normalization. The curves X; and X| are thus
members of a one-parameter family of holomorphic curves
&, which extends down a warped throat (we denote this
throat by T1).

Similarly, the sector y responsible for gauge field
production is engineered on cycles X, and X/ that are
members of a one-parameter family of holomorphic curves
&,. This family extends down a different warped throat T2,
and we assume that £; and &, do not intersect. This enables
our system to satisfy the requirement that the two sectors
are only gravitationally coupled. One can ask how generic

[}
anti-NS5 inflaton sector ¢
FIG. 3 (color online). A cartoon of the model for gauge field
production from a sector y that is gravitationally coupled to the
inflaton ¢.
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such a setup is. Such multiaxion models that are coupled
only gravitationally can be generically anticipated given the
large number of two cycles within a typical CY3 geometry.
Indeed, this fact helps motivate the notion that monodromy
inflation could proceed via two or more axions—an idea
first pursued in [55].

We need to couple the y field to gauge fields in our low-
energy Lagrangian. Given a gauge field F on the brane, the
desired operator descends from a Chern-Simon’s term

/ CoNFAF (78)

upon compactification to four dimensions [44]. In the
context of axion monodromy model building such a term
has already been considered for the following: gauge field
production associated with the inflaton sector’”’ [6], as a
way to reheat at the end of inflation [56], and as a possible
constraint from CMB rotation when the axion corre-
sponds to a quintessence field [57].

We note that phenomenological requirements such as a
visible sector with chiral matter (and/or obtaining accept-
able reheating into visible sector fields) will in general
require us to turn on fluxes on the branes supporting the
inflaton and the gravitationally coupled field y. To illustrate
this, we consider an example where y couples to an
appropriately constructed visible sector, and turn on mag-
netic flux on the 5 branes wrapping %, and X). We will
prefer to turn on an effective D3-brane charge p:

1
— | F=p-1
b

It is important to perform a number of checks when
introducing brane fluxes into the system. We now turn
to a discussion of the subtleties that arise.

A. Magnetized 5 branes in orientifold
compactifications

Magnetized branes in type IIB have a long history in the
context of building semirealistic string vacua with chiral
matter. These models are 7' dual to models of intersecting
D6 branes in type IIA. Chiral matter is vital in any
phenomenological construction of low-energy physics, as
well as any realistic reheating model based on axion
monodromy inflation. We refer the reader to [58] for a
review of the T-dual intersecting brane models, and to [59]
for the type IIB picture in toroidal models.*

In [6] the authors considered gauge field production in the
directly-coupled-to-inflaton case, which as discussed in Sec-
tion IIT is in tension with existing bounds on non-Gaussianity
from Planck.

We also refer the reader to [60-63] for a sample of the
literature on toroidal magnetized brane models.
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For our purposes, we require magnetized 5 branes in
CY3, going beyond the simple toroidal picture. We mainly
follow [53] in our treatment. Although we describe every-
thing in the language of D5 branes, it can be adapted to the
case of NS branes as well.

Starting with the N = 2 theory, it is clear that the system
breaks tree level supersymmetry since the brane and
antibrane preserve different fractions of the bulk N = 2.
The N = 1 supersymmetry preserved is determined by the
central charge of a brane. For the brane and antibrane, the
central charges are respectively

Zy =Zps + pZp;,
Z_=—Zps+ pZp;. (79)

The phases of Z, and Z_ are not aligned for any
deformation of the bulk Kahler structure away from the
Zps = 0 locus, leading to breaking of brane world-volume
supersymmetry. This breaking can be described by super-
gravity D terms at weak string coupling and in a small
neighborhood of the marginal stability locus Zps = 0 in the
Kahler moduli space.21 The Fayet-Iliopoulos couplings in
the low-energy gauge theory have been used to construct de
Sitter vacua in for example [64], where background fluxes
and nonperturbative superpotential contributions fix moduli,
followed by an uplift utilizing D terms from D7-brane
fluxes.

We note that the supersymmetry breaking is best para-
metrized by the parameter € given by the relative phase
between the charge Z, = Zps + pZp; and Zp;s,

1
0=—(ImInZ, —ImlnZp;3). (80)
p3

The parameter € has a minimum at the Landau-Ginzburg
point in the nongeometric phase [53].

In our case, we will not be interested in studying
supersymmetry breaking effects. We remain strictly in
the geometric phase for our model for the gauge field
production mechanism we are interested in. The super-
symmetry breaking induced by the inflaton sector will in
any case be more dominant than D-term contributions from
brane flux. However, in a detailed reheating model after the
end of inflation based on this class of models, it would be
necessary to take into account any supersymmetry breaking
effects carefully. It may be useful then to stay near the large
complex structure limit in the complex structure moduli
space, and utilize mirror symmetry to situate the calcu-
lations in the supergravity limit of the mirror type IIA. We
leave these considerations for future work.

*'For large deformations from the locus of marginal stability,
string field theory computations are required to accurately
calculate the brane dynamics.

PHYSICAL REVIEW D 91, 103509 (2015)

As noted before, there is a small subtlety in the brane-
antibrane stability issues we studied earlier. The dynam-
ics of the brane are encoded by fluctuations of the
embedding map i:X <> X, which are described by
sections ¢ of the normal bundle Ny/x of X, . As described
in (70), a stable system can generally be obtained.
However, according to the Il-stability analysis of [53],
there is a tachyonic contribution to the mass of the
lightest open string modes between the brane-antibrane
pair that is proportional to 6. Since the curves X, and X
are isolated, the positive contribution to the mass of the
open strings should be typically much larger than the
tachyonic contribution 6.

We now turn to the issue of moduli stabilization and
superpotential terms in the presence of branes with fluxes.
In the bulk CY;, we will be utilizing a usual background
RR flux compactification [65-66]. However, we now have to
take into account the superpotential contribution from the
magnetized brane. Brane-flux superpotentials have been
studied in [67,68], and in the context of F theory in [69].
For D5 branes, we refer the reader to the detailed work of
[70] and references therein. Here, we summarize the
essential points that are relevant for us. The main point is
that at the level of the superpotential, one should use a
combined brane-RR flux superpotential given by

W_/F3/\Q+WD5, (81)
X

where Wps is in general a function of the deformation
moduli £, the complex structure moduli of the CY3, and the
brane flux F.** For our purposes, we assume that tuning
the background RR fluxes and brane flux appropriately in
the combined superpotential W will stabilize the complex
structure moduli.

Before moving on, we mention several other caveats to
this analysis. We have not explicitly discussed the case
of turning on flux on the cycles X; supporting the inflaton,
as would ostensibly be required for reheating. It would be
interesting to compute the effect of brane flux on the
slow-roll conditions. Moreover, our inflaton sector is
present in a warped throat with background D3 charge.
Generally, the magnetized D5 and background D3 should
attract each other and the system should decay to a state
where the D3 has been converted to magnetic flux on
the DS5. It would be interesting to compute the relevant
stability conditions.

In the next subsection, we discuss the microscopic
parameters in the inflaton and y sector potentials. We then
go on to a discussion of the consistency of the construction.

ZWe note that the superpotential is not generally separable in
the form given in (81). This is possible in special cases, for
example if X contains a connected family of holomorphic curves
interpolating between X and X'. For simplicity, we assume that
this is the case, and refer the reader to [67] for more details.
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B. Microscopic parameters in the inflaton
and hidden sector

In this subsection, we write down the potential for the
inflaton and y sectors using the microscopic data we have
developed till now.

The action of the inflationary sector is

/ d4x\/§<; (0g)? — uS,(p) + corrections, (82)

where we have labeled the canonical inflaton arising from
the RR axion as ¢ = f,c with the corresponding decay
constant following from (69),

(f_w> : — gs2 (Cazlzl Ua> ’ (83)
mp 8 VE
with the sum running over the remaining two cycles of the

compactification. Expressing (71) in terms of the canonical
field ¢ the parameter y is then

3 € (warp.p)
Uy = ———2 (84)
" gV,

As shown in [20] adequate inflation and accounting for the
COBE normalization requires u = 6.4 x 10~*. Warping in
the throat T1 can enable enough suppression of the infla-
tionary energy to match observations.

Given the inflationary sector, we now turn to the
spectator field (y) responsible for the gauge field produc-
tion. Recall from Sec. IV that we require this field to be
slow rolling as well. In our construction, we achieve this by
introducing an additional axion wrapped around a cycle X,
belonging to the nonintersecting family &£,. The mono-
dromy term, in conjunction with an appropriate choice of
the warping in throat T2, can then be used to ensure that this
field is (a) slow rolling meeting the model building
requirement that ¢, < e <1 and (b) subdominant in
energy density to the inflaton sector.”?

Denoting the warp factor of the spectator by €(yarp ), and
keeping in mind that we require €(yarmpy) < €(warp.g)» the
spectator sector is then specified by the decay constant

<f_)() 2 _ gs2 <Ca2222 U“) ’ (85)
mp 8 VE

with the sum running over the remaining two cycles of the
compactification, and the potential from (71) is

3 Strong warping can lead to additional corrections to the
monodromy potential [57], as well as altering expressions like the
Planck mass in (64). Here we will be interested in mild warping
and work in the approximation utilized in [71], where it was
shown that in the region of interest warping effects can be safely
ignored.
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3 €(

W= (86)

0,V f,

The low-energy description is completed once the brane
flux F is turned on. The Chern-Simon’s term connects y
and F, with an action given by

1 1 -
Sgauge = /d4x\/ ) |:_ZF2 - Zabrane)(FﬂvF” . (87)

The coupling « is given by

Cog?

= —, 88

aNSS (27[)2‘}(1 ( )
2ﬂg1/2

= S 89

aps szf)( ( )

depending on whether we use D5 or NS5 branes.

We note that the coupling matches the notation of [44] up
to factors of 2z coming from how the four-dimensional
gauge kinetic term is defined.

C. Consistency conditions

In this subsection, we take the most important conditions
on the microscopic data required to build the specific model
in Sec. IV. We must ensure that the low-energy constraints
outlined in Sec. IV are satisfied, and also that the string
construction is under control.

The microscopic data that determine the model by fixing
the values of the quantities (f,.f,.u,.4,) in the low-
energy Lagrangian are given by

. . L »
’ 2 B P
Microscopic data: (°a2121 Caz,5, > €(warp.)+ € (warpy)s ¥ V).

(90)

In the appendix, we list the possible corrections to slow
roll and backreaction effects on moduli stabilization, and
the methods employed in the literature to build consistent
inflationary models in these scenarios. These conditions are
not particularly specific to the model we are building;
rather, they must generally hold in axion monodromy
models in type IIB compactifications. Before we proceed,
lacking a full-fledged CY; construction, we make the
simplifying assumption that all intersection numbers satisfy
C(IE]Z] ’ 6(12222 ~ O(l) (91)
A statistical analysis following the work of Kreuzer-Skarke
is also possible (we refer the reader to [72] for an accessible
recent review).
The first condition we require is that the y sector energy
density is subdominant to the inflaton sector. This can be
satisfied by choosing
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€( < €(warp.gp). (92)

warp.y)
The second condition that we found in Sec. IV is that the
axion decay constant f, should lie in the range given by
(59). As it turns out, the condition on the axion decay
constant is intimately connected to the question of keeping
o corrections under control, so that we remain in the
supergravity regime as outlined in Sec. V B. This condition
reduces to keeping the volume of the CY3, and in particular,
the volumes of the two cycles, large enough to remain in the
geometric regime.

The issue is not only one of computability in the geometric
regime. In principle, one has to check whether D5 and D3
branes are stable Bogomol'nyi-Prasad-Sommerfield states in
the nongeometric regime. The stability of Bogomolnyi-
Prasad-Sommerfield states in noncompact CY5; has been
studied in [73-75]. The situation is less clear in compact
CY 5 manifolds. We avoid this problem by remaining close to
the large radius limit. This condition can be placed in a
number of ways. For example, following the classic work of
[76], the & corrections to the volume in the Einstein frame
can be obtained in terms of the Hodge numbers of the
CY3, which will translate into a condition on f,. We find it
more useful to use the approximation outlined in [22].
Controlling world sheet instanton corrections, the limit
obtained is

v \;g_s . (93)
This will give a lower bound on f,, thus giving us
o't
WVE < f,/my <1 (94)

We note that there is a constraint on f, coming from
requiring that the induced D3-brane charge Npj3induced
[which depends on f, through (73)] be small enough to
keep our model local and not distort the throat geometry.
This is outlined in the appendix. However, this condition is
milder than (94).

To agree with the lower bound in (59), we require from
(94) that

12
gx/

VE > 106 X (27[)3 .

(95)

Taking g, ~ 0.1, one obtains Vg Z 1000. Even without
going into the details of moduli stabilization, it is clear that
this is a sensible condition which should be easy to satisfy
in a typical compactification. We thus reach the conclusion
that there is no general obstacle to realizing the model in a
string construction.
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VII. CONCLUSIONS

In this paper we have considered whether particle
production and nonadiabaticity during inflation can lead
to a competitive source of primordial gravity waves during
inflation. In all of the examples we considered, we found
that even when these events lead to a detectable level of B
modes the scale of inflation must be quite high. Stated
another way, polarization observations would still be
teaching us about the scale of inflation. We identified
the most promising case as models where the spectator
fields are gravitationally coupled. We then considered the
UV completion of these models in the context of type IIB
flux compactifications with axion monodromy. The embed-
ding served two purposes. First, although we saw that the
range in which the axion decay constant leads to phenom-
enologically interesting results is quite narrow, there seems
to be no obvious obstruction to realizing the setup in string
theory. Indeed, for weakly coupled constructions the
primary model building requirements are mild warping
and requiring the overall volume to be about 1000 times
the string scale—both conditions easily accommodated
in typical compactifications. Second, through the UV
completion we have argued that it is possible to suppress
dangerous sinusoidal terms that are known to spoil the
gauge field production. Although a more detailed inves-
tigation is needed, this provides further support for the
gauge production models that have been considered in the
literature. As we note in the text, these models could also
provide an interesting approach to reheating at the end of
inflation in models of axion monodromy.

In summary, we find that although there can be com-
petitive sources to the quasi—de Sitter background for the
origin of primordial B modes, it seems challenging to vastly
separate the scale of inflation from that implied by CMB
polarization measurements. In other words, we can really
determine the scale of inflation.
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APPENDIX: MICROSOPIC CONDITIONS FOR
SLOW ROLL AND BACKREACTION

In this section, we list the conditions for making sure that
the slow-roll potential is not ruined during inflation, or that
moduli stabilization is not lost due to backreaction effects.
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We also list the methods in which these issues are solved in
the literature.

benign—this is not the case for the NS axion b,
which suffers an # problem.

(i) Possible correction: Destabilization of moduli dur-
ing inflation.

Resolution: For the RR axion the shift in the
moduli potential during inflation was shown to be
negligible as long as one requires 1> v, > cg;,
where v, is the two-cycle volume, c is the axion and
gy is the string coupling [20].

(i1) Possible correction: Backreaction of the NS5 brane
on the geometry and renormalization of Planck mass
by new light species.

Resolution: Wrapped NS5 on a two cycle induces
an effect D3-brane charge Np;. To avoid back-
reaction we require N3 << R4 /(4zg,a’®) where R |
is the smallest curvature radius transverse to the
brane—this is easily satisfied [20].

(iii) Possible correction: Moduli stabilizing fluxes can
generate potential for the axions.

Resolution: Giddings Kachru Polchinski [65]
orientifold stabilization in warped type IIB use
imaginary self-dual flux, which does not contribute
to the axion potential.

(iv) Possible correction: Inflation could destabilize
moduli resulting in runaway to weak coupling or
large volume (Kallosh-Linde problem [77]).

Resolution: Focusing on the RR axion allows for
Viot < Vinodui Where Vo qui sets the height of the
barrier for escape. Also, in [20] it was demonstrated
that shifts in the moduli from inflation are also

(v) Possible correction: Nonperturbative stabilization of
Kahler moduli implies an # problem for b-type
axions since they mix with each other due to the
appearance of b in the Kahler potential.

Resolution: One can focus on c-type axions
which do not mix with the volume; alternatively
one could use perturbative methods to stabilized the
volume [20].

(vi) Possible correction: Moduli stabilization and Euclid-
ean D-brane instanton corrections to the Kahler
potential.

Resolution: Exponentially suppressed by the
size of the two cycles v, if taken larger than string
scale.

(vii) Possible correction: Moduli stabilization and Euclid-
ean D-brane instanton corrections to the superpotential.

Resolution: One can focus on stabilization of the
volume using gaugino condensation on D7 branes.
The combined holomorphy of the gauge coupling and
the superpotential implies that the instanton corrections
are exponentially suppressed by the four-cycle volume.

(viii) Possible correction: NS5 brane wrapped on a two
cycle induces a tadpole through an effective D3-brane
charge.

Resolution: Introduce D3 on a nearby two cycle to
cancel (where nearby means at a distance that is small
compared to the D7 used to stabilize the volume via
Kachru Kallosh Linde Trivedi).
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