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Axions & Large field inflation

• Natural inflation is one of the most fruitful frameworks 
for large field inflation 

• Controlled, slow-roll inflation: 

• Approximately exact global symmetry ! 

• Not found in (perturbative) string theory
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The Weak Gravity Conjecture

• The conjecture: 

“Gravity is the Weakest Force” 

• = For every long range gauge field there exists a 
particle of charge q and mass m, s.t.   

• Required to avoid large number of BH remnants:   CEB 

• Black holes should be allowed to emit their charge:

Arkani-Hamed et al. ‘06
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WGC and Axions

T-dual

Type IIA Type IIB

Dp-Instanton 
(Axions)

S1S̃1

Rd�1 ⇥ S̃1

Rd Rd

D(p+1)-Particle 
(Gauge bosons)

Rd�1 ⇥ S1

• T-duality provides a connection between instantons 
and particles

Brown et al. ‘15
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Multiple axions/
Multiple U(1)’s

Notice: ongoing debate. See related results in 
Montero, Uranga, Valenzuela: 1503.03886 
Bachlechner, Long, McAllister: 1503.07853



Multiple axions/U(1)s 

• The WGC translates into a “convex hull” condition 
on the spectrum of instantons/particles: 

WGC and axions
Cheung, Remmen ’14

Rudelius ‘15
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Multiple axions/U(1)s 

• The WGC translates into a “convex hull” condition 
on the spectrum of instantons/particles:  

• A set of instantons which satisfies the convex 
hull condition does not yield trans-Planckian 
field ranges (in controlled regimes).

WGC and axions
Cheung, Remmen ’14

Rudelius ‘15
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How to evade this “no-go”?
1. Use “spectator” instantons



A possible loophole

The WGC requires f∙m<1 for ONE instanton, but not for ALL 

With 

• The second instanton fulfills the WGC, but is negligible, 
an “spectator”.  Inflation is governed by the first term. 

1 < m ⌧ M, F � MP > f, M ⇥ f ⌧ 1
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• In the presence of “spectator” (negligible) instantons that 
fulfill the WGC, dominant instantons can generate an 
inflationary potential 

• What is the origin of the spectator instantons? 
• Could have different origin than the inflationary ones 
• Could be bound states of inflationary ones? 

• In tension with “strong” versions of the WGC.

A possible loophole

Montero et al. ‘15
Brown et al. ’15

Bachlechner et al. ‘15
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• In the presence of “spectator” (negligible) instantons that 
fulfill the WGC, dominant instantons can generate an 
inflationary potential 

• What is the origin of the spectator instantons? 
• In SUSY setups, spectators could have extra zero-modes that 

prevent them from entering the super-potential 
• They enter non-holomorphic couplings and become specially 

relevant after SUSY

A possible loophole



How to evade this “no-go”?
2. Give up parametric control: extra-natural inflation 



Extra-Natural Inflation

• 5D U(1) gauge theory compactified on a circle: 

• KK one-loop potential 
• WGC 

• Give up parametric control, rely on         suppressions

Arkani-Hamed, Cheng, Creminelli, Randall

2

known superstring constructions, which provide reason-
ably explicit UV descriptions of QG. Such constructions
feature many moduli fields (for example, describing the
size and shape of several extra dimensions) which must be
stabilized and which also receive time-dependent back-
reaction e↵ects during the course of inflation. Consis-
tently constructing and analyzing models of this type
can be an involved and di�cult task, and there is as
yet no fully realistic top-down derivation. Nevertheless,
considerable qualitative progress has been made on possi-
ble shapes and field-ranges of inflaton potentials in string
theory and their e↵ects [10–18].

Alternatively, one can try to construct bottom-up ef-
fective field theory models, incorporating simple mech-
anisms that shield the inflationary structure from un-
known QG corrections, aspects of which have been pre-
viously explored in e.g. [19–28]. However, studies of ro-
bust quantum properties of large black hole solutions
in General Relativity, as well many string theory prece-
dents, strongly suggest that there are non-trivial con-
straints on e↵ective field theory couplings in order for
them to be consistent with any UV completion incorpo-
rating QG, which make inflationary model-building chal-
lenging. In this paper, we will discuss the impact of such
black-hole/QG considerations in the context of Natural
Inflation, in particular the role of the Weak Gravity Con-
jecture (WGC) [29]. While these considerations rule out
some inflationary models, we demonstrate for the first
time that there do exist simple and predictive e↵ective
theories of natural inflation, consistent with the WGC,
where the inflaton arises from components of higher-
dimensional gauge fields. The advantage of the e↵ective
field theory approach is two-fold: (i) the models have
relatively few moving parts, whose dynamics can be an-
alyzed quite straightforwardly and comprehensively, and
(ii) one can achieve full realism. We believe that such a
higher-dimensional realization yields the most attractive
framework for cosmic inflation to date. Further elabora-
tion of our work will be presented in [30].

QUANTUM GRAVITY CONSTRAINTS

Classical black holes can carry gauge charges, observ-
able by their gauge flux outside the horizon, but not
global charges. Studies of black hole formation and
Hawking evaporation, combined with the statistical in-
terpretation of their entropy, then imply that such quan-
tum processes violate global charge conservation [31, 32].
By the Uncertainty Principle this holds even for virtual
black holes, implying that at some level global symme-
tries such as those desired for Natural Inflation cannot
co-exist with QG. Of course, global symmetries are seen
in a variety of experimental phenomena, but these are
accidental or emergent at low energies, while Natural In-
flation only achieves slow roll for f > M

pl

! A loop-hole

is that 1/f may represent a weak coupling and low-scale
symmetry breaking rather than very high scale breaking.
The mechanism of “Extranatural Inflation” [19] precisely
exploits this loop-hole, realizing � as a low-energy rem-
nant of a U(1) gauge symmetry. The model is electro-
dynamics, but in 4+1-dimensional spacetime, with the
usual dimensions, xµ=0�3, augmented by a very small
extra-dimensional circle, x5 2 (�⇡R,⇡R]. The 3+1-
dimensional inflaton is identified with the phase of the
gauge-invariant Wilson loop around the circle,
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Classically, the masslessness of the Maxwell field,
AM=µ,5, matches onto V (�) = 0 in the long distance
e↵ective theory � R. But 4+1D charged matter, with
charge g
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, and spin S, corrects the quantum
e↵ective potential [33, 34],
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where (e�2⇡Rm5)/R4 is a typical (Yukawa-suppressed)
extra-dimensional Casimir energy density, and the phase
captures an Aharonov-Bohm e↵ect around the circle. We
have written this in terms of the emergent scale,

f ⌘ 1

2⇡Rg
, (7)

where g is the e↵ective 3+1 coupling which matches onto
g
5

in the UV. We see that Natural Inflation structure
(with innocuous harmonics), with f > M

pl

, can emerge
at a sub-Planckian compactification scale, 1/R ⌧ M

pl

,
by choosing weak gauge coupling g ⌧ 1. After reaching
the minimum of its potential the inflaton can “reheat”
the Universe to a radiation-dominated phase by decaying
into the charged matter.
The requirement g ⌧ 1 seems suspiciously close to

g = 0, the limit in which the U(1) gauge symmetry e↵ec-
tively reverts to an exact global symmetry, at odds with
QG. Indeed, Extranatural Inflation runs afoul of a subtle
QG criterion known as the Weak Gravity Conjecture [29].
(For related work see e.g. [35–41].) The WGC again uses
universal features of black holes to provide insights into
QG constraints on EFT. In brief, one argument is as fol-
lows. (We will discuss this and other motivations for
the WGC at greater length in [30].) Ref. [32] has shown
that in EFTs containing both a Maxwell gauge field and
General Relativity, the associated gauge group must be
compact U(1), in the sense that electric charges must be
quantized in integer multiples of the coupling g, in or-
der to avoid other exact global symmetries and related
negative consequences. Then, there exist large black
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Extra-Natural Inflation
• The limit                      clashes with the “magnetic” WGC:  

• Can one use (KNP)-alignment to avoid this clash? 
• Use two U(1)s in 5d, with particles of charges (1,0) & (N,1) 

• If            , then                    .  No need to take 

• Problem:               can lead to strong coupling 
• Problem: Unknown magnetic spectrum. Does it satisfy WGC?

de la Fuente, Saraswat, Sundrum
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Conclusions



Conclusions

• Weak Gravity Conjecture applies to (a large class of) axions 

• WGC not addressed by most attempts to generate natural 
inflation (N-flation, KNP, kinetic alignment)  

• A set of instantons which satisfies the WGC does not yield 
trans-Planckian (parametrically controlled) field ranges 

• Evading the WGC would require some new insight: 

• Sub-dominant “spectator” instantons 

• Give up parametric control: extra-natural inflation 

• These possibilities require further study
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