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Suppose we achieve super-Planckian axion scale 
through alignment mechanism

What would be the observational consequences of this model?

Choi, HK, Shin, in preparation



Natural Inflation

The amplitude can determined by observed temperature fluctuation

The axion scale is required to be super-Planckian



Axion scale

Axion scale is normally sub-Planckian in weak coupling limit

Banks et. al ’03
Choi, Kim ’85

Svrcek, Witten ’06

Especially in string theory,



Proposals

Let’s introduce extra axions!

N-flation

Axion alignment

Dimopolous ’05

Kim, Nilles, Peloso ’04

Other variations Choi, HK, Yun ’14
Higaki, Takahashi ’14
Tye, Wong ’14
Ben-Dayan, Pedro, Westphal ’14
Harigaya, Ibe ’14
… … … …
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Weak gravity conjecture on axions

Consider a theory of U(1) gauge boson + gravity

Arkani-Hamed et. al. ’06

Consider a theory of axion + gravity

axion scale is bounded from above!



Weak gravity conjecture on axions

Brown et. al. ’15

Rudelius ’15
Montero et. al. ’15
…

Cheung et. al. ’14
How about N axions?

Convex Hull condition

Figure 1: The convex hull condition as applied to two U(1) groups. Vectors corresponding to

extremal black holes lie on the unit circle, while non-extremal black holes lie inside the unit disc.

On the left (right) hand side, the convex hull defined by the ~z vectors of two (three) charged

particles and their antiparticles (blue arrows) ensure the WGC is satisfied.

~Q =
P

ni~qi and M � nimi. Define the mass fractions �i = nimi/M . Energy and charge

conservation imply
P

i �i  1 and ~Z =
P

i �i~zi. In other words, ~Z is a subunitary weighted

average of ~zi. Since extremal black holes can be created along any direction on charge space,

the condition implies that the unit ball should be contained in the convex hull spanned by

the vectors ±~zi of the system (see figure 1).

The mild-WGC states that along any given direction in charge space, there is some

combination of particles with total mass m and total charge ~q whose vector ~z = ~q Mp

m
lies

outside of the unit ball. It is natural to generalize the strong-WGC by requiring that the

lightest (possibly multi-particle) state in any given direction in charge space satisfies the

same condition, that is, |~zlightest| � 1. Unless otherwise stated (see section 4.2) our discussion

applies to the mild-WGC, and hence automatically to the strong-WGC as well.

In figure 2 we show several examples that fail to satisfy the convex hull condition in some

direction of charge space, even if there are several states for which |~z| � 1.

2.3 Generaliztion to p-form symmetries

It was suggested in [15] that the WGC could be generalized to the case in which p-dimensional

objects (e.g. Dp�1 branes in string theory) couple to p-form gauge fields. The conjecture

would imply that in theories of quantum gravity, there should exist in the spectrum at least
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Convex Hull condition

Figure 2: Two situations in which the convex hull condition is not satisfied. Black holes within

the unit disk but outside of the convex hull of the two particles (blue areas) are stable and lead to

an infinite number of remnants.

one charged object whose tension to charge ratio satisfies

T

gMp

 1 (2.2)

where g is the charge density and “1” should be defined in terms of an extremal (p � 1)

brane.

If such a generalization holds, it would have extremely important consequences for ax-

ions and the instantons which couple to them, which corresponds to the case p = 0. The

WGC would imply that axions with large (trans-Planckian) decay constants do not arise in

perturbative regimes of theories of quantum gravity.

Although this generalization seems reasonable, and there is convincing circumstantial

evidence that axions with large decay constant do not arise in string theory [4, 21], it is

hard to establish a direct connection between axions and the standard form of the WGC

in terms of black holes and the CEB. This connection would prove even more useful in the

application of the convex hull condition to the case in which several axions mix with each

other to generate a large e↵ective decay constant. In the following sections, using T-duality,

we will provide such a connection for axions that arise in the closed string sector type II

theories, and show how the WGC can be used to constrain a large class of models of inflation.

2.4 Discrete symmetries and the WGC

Before doing that, we would like to suggest a possible further generalization of the standard

WGC to the case in which the symmetries are discrete. As we will see, if such a generalization
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Brown et. al. ’15

One way of circumventing this is to add extra instanton!



Back to the original question

If the modulation is natural consequence  
of alignment mechanism,

How do they change the shape of primordial power spectrum?

How could they be constrained by the recent observational data?



Former study: Axion monodromy

Axion monodromy potenial with cosine modulation

induces oscillations in primordial power spectrum

R. Flauger et. al. ’09
R. Flauger et. al. ’14



Natural inflation with modulations

Natural inflation with cosine modulation

also induces oscillations in primordial power spectrum

Choi, HK, Shin, work in progress
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and �ns is the amplitude of oscillation given by

�ns =
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sin(�⇤/fe↵)
q
(1 + 3

2 �
2
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with � = fe↵f tan �⇤
2fe↵

. Notice that all quantities with subscript ⇤ denotes quantities when

the pivot scale k⇤ = 0.05Mpc�1 leaves the horizon. The e↵ect of modulation always appears

with (⇤4
2/⇤

4
1)(fe↵/f) because what governs the motion of inflaton field is the first derivative

of the potential: the slope of the potential. As the factor (⇤4
2/⇤

4
1)(fe↵/f) is the ratio between

the slope of leading inflaton potential and the slope of modulation potential, it is natural

that the amplitude of oscillation �ns is proportional to it.

The primordial power spectrum has an oscillating part. This part cannot be solely de-

scribed by the standard template of primordial power spectrum, namely by

PR(k) = A⇤

✓
k

k⇤

◆ns�1+ 1
2

dns
d ln k ln(k/k⇤)+···

. (20)

That is, typical parameters which describe a primordial power spectrum such as the scalar

amplitude A⇤, spectral index ns, running of index ↵ are no longer su�cient to describe

the primordial power spectrum (17). By this reason, any attempts to constrain this kind

of models with Planck likelihood contours which assume (20) often result in misleading

interpretation.

Instead, there are additional phenomenological parameters: the amplitude of oscillation

�ns, the frequency of modulation 1/f , and a phase factor ↵. These phenomenological pa-

rameters can be written in terms of theory parameters such as ⇤2. To correctly constrain

our model with the Planck data, we need to obtain likelihood contours of various cosmolog-

ical parameters, including these additional parameters. Regarding likelihood of Planck data

with extra paramters (�ns, f, ↵), we can run Monte Carlo simulation with these parameters,

using publicly available code, CosmoMC [29].

We present the results in figure 3. In this figure, we show marginalized 68% and 95%

CL regions in the plane of �ns and f . Although the allowed value for �ns depends on the

axion scale f , maximally achievable value of �ns is around ⇠ 0.1. In order to compare the

predictions of our model with the Planck data, we need to fix fe↵ and ⇤2/⇤1 because �ns =

�ns(⇤2/⇤1, fe↵ , f). We project the prediction of our model on to �ns� f plane by choosing

fe↵ = 5Mpl, 10Mpl, 20Mpl and (⇤2/⇤1)4 = 10�5
, 5 ⇥ 10�6

, 10�6. As a result, the size of
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Oscillations in power spectrum

For ordinary slow-roll inflation, power spectrum

is described by a set of parameters
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Oscillations in power spectrum

In this scenario, power spectrum looks like

the standard template   
  
does not capture characteristic features of this scenario.



Constraints on oscillations

feff = 5, N*= 60
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Constraints on oscillations

feff = 10, N*= 60

-4.0 -3.5 -3.0 -2.5 -2.0 -1.5 -1.0
0.00

0.05

0.10

0.15

0.20

0.25

log10(f/MP)

δn
s



Constraints on oscillations

feff = 20, N*= 60
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tensor-to-scalar ratio?

tensor-to-scalar ratio can change, but only by

as the amplitude of oscillation is constrained by observation, 
only ~10% change is possible



(Λ2 /Λ1)4 = 5.×10-6
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Summary

Observational signature?

Any contraints?

Oscillations!

Amplitude of oscillation leads to

tensor-to-scalar ratio can change by


