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• The WGC constrains the mass of particles charged under gauge forces.
• The SDC constrains the field range within the validity of an EFT coupled 

consistently to gravity. 
• What does this web of conjectures have to do with cosmology?
• While not all inflation models predict a detectable level of gravitational 

waves, some do (known as large-field inflation).
• Much of the efforts in the Swampland has been in constraining large-

field inflation. 
• We will see in this and the next lecture that: 

• Large field Inflation is constrained by the WGC & the SDC 
• SDC is connected to the dS conjecture at weak coupling points 
• The AdS instability conjecture relates neutrino masses/type with Λ.

Swampland Conjectures and Cosmology



WGC for Axions



Axions and ALPs

String theory has many higher-dimensional form-fields:

2-form gauge potential:

e.g.

3-form flux

gauge symmetry:

Integrating the 2-form over a 2-cycle gives an axion-like particle (ALP):

The gauge symmetry becomes a shift symmetry, that is broken by  
non-perturbative (instanton) effects.

The QCD axion [Wilczek, ’78];  [Weinberg, ’78] was introduced in the 

context of the Pecci-Quinn mechanism and the strong CP problem.

 
An axion enjoys a perturbative shift symmetry.



WGC and Axions

• Formulate the WGC in a duality frame where the axions 
and instantons turn into gauge fields and particles, e.g.

Brown, Cottrell, GS, SolerWGC and Axions
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• T-duality provides a subtle connection between 
instantons and particles

Brown, Cottrell, GS, Soler

• The WGC takes the form                                         f · S
instanton

 O(1)MP

model-dependent, calculable



WGC and Axions: An Example
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• Apply the WGC to 5d particles:

WGC and Axions: An Example
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WGC and axions

• Consider a U(1) gauge theory in 5d, and compactify on S to 4d. 
Upon dimensional reduction:  

The gauge symmetry leads to an axion shift symmetry                 

• Topologically non-trivial Euclidean configurations (instantons) 
with charged fields wrapping the 5d circle generate a potential 

• The 5d WGC for charged particles                        translates into:
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WGC and Inflation



• Period of accelerated expansion in 
early universe 

• Solves flatness, horizon, and 
monopole problems 

• Predicts nearly scale-invariant, 
Gaussian curvature fluctuations 

• Source anisotropies in CMB, 
inhomogeneities in LSS 

• A myriad of models. Taxonomy done 
mostly through their observables (ns, r)

Inflation
[Starobinsky];[Guth];[Linde];[Albrecht, Steinhardt];…



Any massless field experiences quantum fluctuations during inflation:

Inflation stretches these to macroscopic scales:

380,000 yrs
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expansion by e60

quantum

classical
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Two massless fields that are guaranteed to exist are:

ζ hij gravitonGoldstone boson
of broken time translations
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E-modes:

B-modes:



• Assuming i) single field slow-roll inflation, ii) the observed 
fluctuations are generated by the vacuum fluctuation of the inflaton:

where we have used the fact that for slow-roll: 

Inflation and Gravity Waves
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Many experiments including BICEP/KECK, PLANCK, ACT,  
PolarBeaR, SPT, SPIDER, QUEIT, Clover, EBEX, QUaD, …  

can potentially detect primordial B-mode at the sensitivity r~10-2.

Further experiments, such as CMB-S4, PIXIE, LiteBIRD, DECIGO, 
Ali, .. may improve further the sensitivity to eventually reach r ~ 10-3.

Planck Collaboration: Constraints on inflation 55

Fig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck alone and in combination with its cross-
correlation with BICEP2/Keck Array and/or BAO data compared with the theoretical predictions of selected inflationary models.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. Adding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 obtained from the Planck data
alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck Array and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint , 0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric ↵-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cut-off studied
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B-mode and Inflation

If primordial B-mode is detected, natural interpretations:


✦ Inflation took place at an energy scale around the GUT scale


✦ The inflaton field excursion was super-Planckian


✦ Great news for string theory due to strong UV sensitivity!
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UV sensitivity of large field inflation:

Large field inflation and UV Sensitivity



Axions & Large Field Inflation
Natural Inflation [Freese, Frieman, Olinto]

Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.
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Axions & Large Field Inflation

They satisfy a shift symmetry that is only 
broken by non-perturbative effects:
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Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.
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The WGC implies that these conditions cannot be simultaneously satisfied.



• Effective models of natural inflation in direct conflict with WGC. 
• Thorough searches for transplanckian axions in the string 

landscape have not been successful.  
• Models with multiple axions have been proposed but they 

violate the convex hull condition. Recall the WGC implies:

WGC and Axion Inflation

Banks et al. ’03 …
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Multiple axions/U(1)s 

• Consider two U(1) bosons (axions): there must be 2 
particles (instantons) i=1,2, so that BH’s can decay.
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A possible loophole

• The WGC requires f∙m<1 for ONE instanton, but not 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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[Brown, Cottrell, GS, Soler, ’15]



A possible loophole

• “Spectator” instantons satisfy the WGC, while dominant 
instantons can generate an inflationary potential 

• Tiny wiggles in the potential may lead to interesting 
signatures e.g, non-Gaussianity.

A Loophole

Rudelius, Brown/Cottrell/Shiu/Soler, ’15

• Suppose that only the mild form of the WGC holds.

• In this case, we can have one ‘sub-planckian’ instanton
maintaining the WGC, together with a lighter
‘super-planckian’ instanton realizing inflation:

For other arguments and loopholes see e.g.
de la Fuente, Saraswat, Sundrum ’14
Bachlechner, Long, McAllister ’15.

25/59

V(ϕ)

[Brown, Cottrell, GS, Soler, ’15]

f1 < 1 < f2

ϕ



Stronger forms of the WGC

• Even stronger forms (e.g., sLWGC, tower WGC, lightest 
state,…) can be satisfied with spectator instantons. 

• Main message is not that these loopholes are natural or 
can be realized easily, but that models satisfying the WGC 
come with extra baggage that may lead to new signatures.

A Third Loophole
• Set             , take two aligned instantons to 

have                  and dominate potential 
!

!

!

!

!

!

• Gives rise to standard KNP alignment

N = 2

Kim, Nilles, Peloso ’04

S~Q ⌧ | ~Q|

dominant instantons
giving rise to 

alignment


