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String Theorists Think Small
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String Theorists Think Small

Unification of elementary particles and forces!



Cosmologists Think Big

Hubble Space Telescope400 billion stars in our galaxy



And ... there are 
many billions 
of galaxies in 
our universe.





What is String Cosmology?
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Cosmology
String 

Theory

Mature, data rich, looking for a 
fundamental completion

Elegant, fundamental theory in 
search of experimental supports



Multiple Cosmological Probes



✤ Observational cosmology has given us a new window into 
our universe, complementary to particle physics experiments.


✤ Quantitative info about our universe, both at its earliest 
moment and at the present time, but many puzzles remain…. 
e.g., the physics of inflation, dark matter & dark energy.


Precision Cosmology



✤ Generic predictions of inflation are in excellent agreement 
with data, e.g., Cosmic Microwave Background:


✤ What is the origin of cosmic inflation? Are there smoking 
gun signatures of inflation? What further observables are 
expected for theoretically motivated models of inflation?


Inflation

Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the

27

Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz
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Cosmic Microwave Background

The CMB is homogeneous and isotropic to 1 part in 100,000.

Originally proposed as a solution to the flatness and horizon problems 
in standard big bang cosmology, inflation has emerged to be the 
leading paradigm for explaining the observed CMB anisotropies.



Quantum Fluctuations



Quantum Fluctuations



V(   )!

!

Slow!Roll Region

Reheating

Oscillations,

Damped

Quantum Fluctuations

Quantum Fluctuations

WMAP

Quantum fluctuations translate to perturbations in local 
energy density, & explains the measured temperature 
anisotropy: �T/T



Quantum fluctuations 
(when the universe is 10-35 second old) 

provide the seed of density perturbations



Quantum fluctuations 
(when the universe is 10-35 second old) 

provide the seed of density perturbations

Structure"Freeze In"Quantum Fluctuations

H    ~ constant

λ < Η 

-1

-1

H    ~ constant-1 H    increases-1

λ < Η -1 λ ∼ Η -1



Quantum fluctuations 
(when the universe is 10-35 second old) 

provide the seed of density perturbations

Tiny density perturbations grew 
under the influence of gravity



Quantum fluctuations 
(when the universe is 10-35 second old) 

provide the seed of density perturbations

Tiny density perturbations grew 
under the influence of gravity

Galaxies and structures are 
quantum effects writ large!



ϵ =
1

2
M

2

P

(

V ′

V

)2

<< 1 η = M2

P

V ′′

V
<< 1

To solve the flatness & horizon problems, need to satisfy

“Slow-roll”:

Inflation is an effective theory in search 
of a fundamental description!

Alan Guth

;
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δV ∼

V

M2

P

φ2

These conditions are sensitive to Planck scale physics:

� � O(1)

Effective Field Theory:

Physics can be understood scale by scale.

Short distance physics: “irrelevant operators”.

Examples:

BCS Theory of Superconductivity Fermi theory of weak interaction



Particle Physics

Precision tests, such as those that constrain the 
proton lifetime, are sensitive to GUT scale physics

Large Hadron Collider (LHC)

probes the TeV scale!



Inflation & UV Physics

A sufficient degree of UV completeness is 
needed to calculate such corrections.

Models with detectable non-Gaussianities and 
gravity waves are even more UV sensitive!

This applies to any model of inflation.



Any massless field experiences quantum fluctuations during inflation:

Inflation stretches these to macroscopic scales:

380,000 yrs
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Any massless field experiences quantum fluctuations during inflation:

Inflation stretches these to macroscopic scales:

380,000 yrs

10-33 sec

t=0

expansion by e60

quantum

classical



Two massless fields that are guaranteed to exist are:

ζ hij gravitonGoldstone boson
of broken time translations



Two massless fields that are guaranteed to exist are:

ζ hij gravitonGoldstone boson
of broken time translations

symmetry breaking 

for slow-roll inflation)

expansion 

(



Two massless fields that are guaranteed to exist are:

ζ hij gravitonGoldstone boson
of broken time translations

symmetry breaking 

for slow-roll inflation)

expansion 

(

E-modes:

B-modes:
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A distinguishing parameter is the tensor-to-scalar ratio r.

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

can potentially detect such primordial B-mode if r≾10-2.

LiteBIRD may even have the sensitivity to detect r ~ 10-3.
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B-mode and Inflation

If primordial B-mode is detected, natural interpretations:


✦ Inflation took place


✦ The energy scale of inflation is the GUT scale


✦ The inflaton field excursion was super-Planckian


✦ Great news for string theory due to strong UV sensitivity!


Einf ' 0.75⇥
⇣ r

0.1

⌘1/4
⇥ 10�2MPl

�� &
⇣ r

0.01

⌘1/2
MPl Lyth ’96



Super-Planckian Fields 



Chaotic Inflation Linde ’86



Classical backreaction is under control.

Chaotic Inflation Linde ’86



graviton
inflaton

Quantum corrections are small.

Chaotic Inflation Linde ’86



Light fields can become heavy;

Heavy fields can become light

Concerns arise if we consider coupling the theory to the UV 
degrees of freedom of a putative theory of quantum gravity.



Large Field Inflation in String Theory

Large corrections, unless the inflaton couples weaker 
than gravitationally to everything else.

This even stronger UV sensitivity intrinsic to large field inflation

should be explained in the UV-completion.

Controlling an infinite number of corrections seems hopeless.



Natural inflaton candidates are fields with symmetries.

“Symmetries dictate interactions”



Axions & Large Field Inflation

Pseudo-Nambu-Goldstone bosons 
are natural inflaton candidates:

Natural Inflation: [Freese, Frieman, Olinto]; 
Axion Monodromy: [McAllister Silverstein, Westphal]; [Marchesano, GS, Uranga]



Axions & Large Field Inflation

Pseudo-Nambu-Goldstone bosons 
are natural inflaton candidates:

They satisfy a shift symmetry that is only 
broken by non-perturbative effects:

decay constant

Natural Inflation: [Freese, Frieman, Olinto]; 
Axion Monodromy: [McAllister Silverstein, Westphal]; [Marchesano, GS, Uranga]



Axions & Large field inflation

• Inflation with axion: 

• Slow roll conditions imply

f > MP
⇤(n+1)

⇤(n)
⇠ e�m ⌧ 1 =) m & 1

V (�) = 1� ⇤

(1)
cos

✓
�

f

◆
+

X

k>1

⇤

(k)


1� cos

✓
k�

f

◆�
⇤(k) ⇠ e�km , m ⇠ 1

g2

Natural Inflation: 
Freese, Frieman, Olinto 



Axions in String Theory

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:

The gauge symmetry becomes a shift symmetry.

Axions with super-Planckian decay constants don’t seem to exist in 
controlled limits of string theory. Svrcek and Witten

Banks et al.



Multiple Axions

• N-flation [Dimopoulos, Kachru,McGreevy,Wacker ’05] 
• Alignment [Kim, Nilles, Peloso ’04];[Bachlechner, Long, McAllister, ’14] 
• Kinetic and Stuckelberg Mixings [GS, Staessens, Ye, ’15] 

seem to give feff > Mp. Can these models trick fool quantum 
gravity or they lie in the swampland?



The 
Weak Gravity Conjecture



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.  

Arkani-Hamed et al. ‘06

q

m
MP � “1”



The Weak Gravity Conjecture

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

MP ⌘ 1



The Weak Gravity Conjecture
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The Weak Gravity Conjecture

+ +
Fe FeFg Fg

• Take a U(1) and a single family with q < m  ( WGC ) 

q

m
� “1” ⌘ Q

Ext

M
Ext

• Need a light state into which they can decay

2m > M2 > 2q 3m > M3 > 3q Nm > MN > Nq M1 ! Q1

Extremal 
BH

BH

... ... 

Susskind ‘95

• Form bound states 

• Trouble with remnants 

MP ⌘ 1



The Weak Gravity Conjecture

• The conjecture: 

“Gravity is the Weakest Force” 

• For a U (1) symmetry there must exist a particle with 
charge q and mass m such that 

Strong-WGC: satisfied by lightest charged particle 

Weak-WGC: satisfied by any charged particle

Arkani-Hamed et al. ‘06

q

m
� “1” ⌘ Q

Ext

M
Ext



Convex Hull Condition
• For multiple U(1)'s and multiple charged particles, 

construct the vectors in charge space 

• Convex hull generated by the vectors        must 
contain the ball of radius               [Cheung et al, ’14] 

~zk =
~qkMP

mk

±~zk
|~Z|EBH

Satisfies WGC Violates WGC



T-duality

Momentum Winding

An equivalence between different universes:

10/23/2006 02:21 PMAn Introduction to String Theory: T-Duality

Page 1 of 2http://www.slimy.com/~steuard/research/MITClub2004/slide29.html

An Introduction to String

Theory

Slide 29 of 37 

<<   [Outline]   >>

Even though we first noticed the symmetry between momentum level
and winding number in the spectrum of allowed energies, it turns out
that it matches for the entire theory: interactions, vibrations,
complicated diagrams with lots of loops... everything. Theoretical
physicists are always excited to find symmetries in their equations: they
give important hints about the underlying structure of the system. And,
of course, they make the math easier.

The pictures here illustrate T-duality between two "universes"
whose radii are close to the string length. The string of winding two
(and momentum zero) on the larger cylinder corresponds to the
string of momentum two (and winding zero) on the smaller
cylinder: the math describing those two objects is exactly the same,
even if we interpret it differently. This is fascinating, even if it is
rather abstract.

Professional

Research

Teaching

Personal
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Even though we first noticed the symmetry between momentum level
and winding number in the spectrum of allowed energies, it turns out
that it matches for the entire theory: interactions, vibrations,
complicated diagrams with lots of loops... everything. Theoretical
physicists are always excited to find symmetries in their equations: they
give important hints about the underlying structure of the system. And,
of course, they make the math easier.

The pictures here illustrate T-duality between two "universes"
whose radii are close to the string length. The string of winding two
(and momentum zero) on the larger cylinder corresponds to the
string of momentum two (and winding zero) on the smaller
cylinder: the math describing those two objects is exactly the same,
even if we interpret it differently. This is fascinating, even if it is
rather abstract.
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IIA Theory in 10-d M-theory in 11-d

λ <<1 λ >> 1

String compactified on  

M1

String compactified on  

M2
???

WHY IS SPACEWHY IS SPACE--TIME  DOOMED ?TIME  DOOMED ?

• CHANGE THE NUMBER OF SPATIAL DIMENSIONS

IN STRING THEORY WE CAN

• CONTINUOUSLY TEAR THE FABRIC OF SPACE
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Strings expand at high 

energy 

The String Uncertainty Principle

IN STRING THEORY WE CANNOTIN STRING THEORY WE CANNOT

• Probe arbitrarily small distances

• Squeeze spatial volumes to zero size



T-duality: WGC for Axions

• Consider C2 axions, canonically normalized as ci 

• Compactify and T-dualize (c-map) 

T-Duality: WGC for Axions

Look at C2 axions, canonically normalized as c i , in Type IIB with
4d e↵ective potential
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Compactify and T-dualize:

Jon Brown Fencing in the SwamplandT-
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Dp-
Instanton 
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T-duality: WGC for Axions
• Through this T-duality: 

• Axions → U(1) gauge fields 
• Instantons → particles 

• These particles are charged under U(1) symmetries 

• Considering EBH in the T-dual theory, the WGC states 

T-Duality: WGC for Axions

Through this T-duality

Axions U (1) gauge fields

Instantons particles

These particles are then charged under the gauge symmetries with

~
zk =

~Qk

mk
(7)

Looking at EBH in the T-dual theory, the WGC states

The convex hull generated by

~
zk =

~Qk
mk

must contain the ball of

radius

2p
3
.

Jon Brown Fencing in the Swampland

We now translate this to the original IIB theory using (??), (??) and (??).

Convex Hull Condition (IIB)

Define the convex hull generated by ~z = ~Qk/mk. Then, the convex hull generated by ~zk must

contain the ball of radius 2/
p
3.

The convex hull generated by ~zk must contain the ball of radius 2/
p
3.

Notice that all dependence on R has dropped out of the final statement.

Although we have so far focused on axions coming from C2 in type IIB theories, the results

obtained above may easily be generalized to other p-form axions. In all cases, the strategy is

to relate the axion couplings/actions to particle charges/masses in a weakly coupled theory

via dualities. In all cases we find that the moduli (e.g., the compact radius r) drop out of

the final condition and so we arrive at a sensible condition in the original axionic variables.

In general, we may make a statement of the following form:

General Convex Hull Condition

Let ci be a set of canonically normalized axions coming from a p-form compactified down to

a D = d + 1 dimensional Minkowski space. Let the instanton couplings and actions be Qi
k

and mk respectively. Define the convex hull, H, generated by ~z = ~Qk/mk. Then, H must

contain the ball of radius r(p,d), where r(p,d) is a specific O(1) number.

Below, we run through some examples:

• The B2 axion obeys the same constraint as the C2 axion, being related to it via SL(2,Z)
dualities.

• The C4 axion in IIB dualizes to C5 in IIA, which lifts to a 5-form in M-theory. The

instanton dualizes to a particle in IIA and to a string in the 5d lift. This string behaves

just like a black hole in (3 + 1)d and so the usual BPS bound, M � p
2Q, applies.

This leads to r(4,3) = 1.

• Starting from a IIA axion, we may T-dualize to IIB and then apply S-duality to reach

weak coupling. One then ends up with black holes in (3 + 1)d and so r(odd,3) = 1.

• More generally, an axion in IIA compactified down toD = d+1 dimensions is related to

a IIB black hole in the same number of dimensions. The black hole obeys a BPS bound:

M � p
(d� 1)/(d� 2)Q. From this we deduce that r(odd,d) =

p
2(d� 2)/

p
(d� 1).
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Apply WGC to Axion Inflation

• For a single axion and an instanton 𝖰=Mp/f: 

• For multiple axions

No Large Axion Decay Constants

For a single axion and instanton, Q = Mp

f and the WGC states

f ·m 
p
3

2
Mp (8)

For multiple axions, all mk =
p
3
2 (boundary of control), WGC

implies that
fn  Mp (9)

Figure: N-flation
Figure: KNP/Deacy Constant
Alignment

Jon Brown Fencing in the Swampland

N-flation Aligned Inflation



Axion Monodromy

[McAllister, Silverstein and Westphal];[Marchesano, GS, Uranga]



Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:

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

2⇡f�



Axion Monodromy Inflation

Combine chaotic inflation and 
natural inflationIdea:

2⇡f�

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



Axion Monodromy Inflation
• In string theory one may elegantly implement large 

field inflation by identifying the inflaton with an axion 
and applying the axion-monodromy proposal


• String theory constructions using boundaries:

Silverstein & Westphal’08

anti
5B

5B

5B

∫
C(2) = c

anti
5B

Figure 2: Schematic of tadpole cancellation. Blue: Two-real-parameter family of two-

cycles ⌃
1

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

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

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

is drawn as the cycle threaded by

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

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

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

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

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

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

flux couplings described in §3.2.1.

4.2 An Eta Problem for B

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

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

19

taken from McAllister, Silverstein, Westphal ‘08

McAllister, Silverstein, Westphal’08 
Berg, Pajer, Sjörs’09 

Palti & Weigand’14



F-term Axion Monodromy

• Done in string theory within the moduli stabilisation 
program: adding ingredients like background fluxes 
generate superpotentials in the effective 4d theory

Marchesano, GS, Uranga’14Obs:

Axion Monodromy
Giving a mass to an 

axion~

taken from Ibañez & Uranga ‘12

Use same techniques to 
generate an inflation 

potential
Idea:



F-term Axion Monodromy Inflation 

Advantages:

• Simpler models, all sectors understood at weak coupling


• Spontaneous SUSY breaking, no need for brane-anti-brane


• Supergravity description at small field, allows to connect with large field 
inflation models in SUGRA


• Realizes                         4d formalism in string theory

Z
d

4
x |dC3|2 +

µ

2

k

2
|db2 � kC3|2

F4 = dC3

d� = ⇤4db2

Z
d

4
x |F4|2 + |d�|2 + �F4

Kaloper & Sorbo ’08 
Kaloper, Lawrence, Sorbo ‘11

Kaloper-Sorbo



Example: (Massive) Wilson line
✤ Simple example of axion: (4+d)-dimensional gauge field 

integrated over a circle in a compact space Πd 


✦ φ massless if ∆η1 = 0 ⇒ S1 is a non-trivial circle in Πd     
exact periodicity and (pert.) shift symmetry


✦  φ massive if ∆η1 = -μ2 η1 ⇒ kS1 homologically trivial in Πd 
(non-trivial fibration)

� =

Z

S1

A1 or A1 = �(x) ⌘1(y)



Example: (Massive) Wilson line
✤ Simple example of axion: (4+d)-dimensional gauge field 

integrated over a circle in a compact space Πd 


✦ φ massless if ∆η1 = 0 ⇒ S1 is a non-trivial circle in Πd     
exact periodicity and (pert.) shift symmetry


✦  φ massive if ∆η1 = -μ2 η1 ⇒ kS1 homologically trivial in Πd 
(non-trivial fibration)

� =

Z

S1

A1 or A1 = �(x) ⌘1(y)

F2 = dA1 = � d⌘1 ⇠ µ�!2 ⇒  shifts in φ increase energy

     via the induced flux F2

⇒ periodicity is broken and shift symmetry approximate



MWL and monodromy
V (�) ⇠ |F |2

Fk 2k 3k 4k 5k

How does monodromy and 
approximate shift symmetry help 

prevent wild UV corrections?
Question:



Torsion and gauge invariance
✤ Let us again consider a 7d gauge theory on M1,3 x 


✦ Instead of A1 we consider its magnetic dual V4 


✦ From dimensional reduction of the kinetic term:


• Gauge invariance 


✤ Shift symmetry is broken spontaneously


dV4 = dC3 ^ ⌘1 + (db2 � kC3) ^ �2V4 = C3 ^ ⌘1 + b2 ^ �2

d⌘1 = k �2
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C3 ! C3 + d⇤2 b2 ! b2 + k⇤2
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F4 = dC3

d� = ⇤4db2



Torsion and gauge invariance
✤ Let us again consider a 7d gauge theory on M1,3 x 


✦ Instead of A1 we consider its magnetic dual V4 


✦ From dimensional reduction of the kinetic term:


• Gauge invariance 


✤ Shift symmetry is broken spontaneously


dV4 = dC3 ^ ⌘1 + (db2 � kC3) ^ �2V4 = C3 ^ ⌘1 + b2 ^ �2
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an F-term when realized in SUGRA: “F-term axion monodromy”
[Marchesano, GS, Uranga]

F4 = dC3

d� = ⇤4db2



Effective 4d theory
✤ Effective 4d Lagrangian


✤ Gauge symmetry ⇒ UV corrections only depend on F4
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⇒ suppressed corrections up to the scale where V(φ) ~ Λ4

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



Effective 4d theory
✤ Effective 4d Lagrangian


✤ Gauge symmetry ⇒ UV corrections only depend on F4
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Multi-branched Potential

2⇡f�

k=4

✤ Related to the torsional homologies of compactifications or K-
theory charges of fluxes. 


✤ Branch jumps are made via nucleation of domain walls that 
couple to C3, and this puts a maximum to the inflaton range.




✤ A wide variety of potentials (topology in the sky!):


✤ UV effects flatten the inflaton potential.


✤ Resonant non-Gaussianity:

F-term Axion Monodromy Inflation

V (�) / �,�2/3,�2, . . . , or even V (�) =
X

n

cn�
n
with n > 2

2⇡f�



Non-Gaussianity
If Gaussian: completely specified < ⇥(k)⇥(k�) >= (2⇤)3�3(k + k�)Ps(k)

The leading non-Gaussianity

characterized by its size fNL and shape (functional form)

< ⇣(k1)⇣(k2)⇣(k3) >

Local shape: Equilateral shape: 

k2

Current bound [Planck]:

f local

NL

= 2.7± 5.8

fequil
NL = �42± 75

Large non-Gaussianity 
probes UV physics! 

k3 k3

k2

f local

NL

⇠ O(✏) fequil
NL ⇠ O(�2)

[Chen,Huang,Kachru, GS]Complete single field result:



Holographic Non-Gaussianity
• Motivated partly by CHKS, various shape templates have been proposed:                                       

• Inflation is approx. dS, holography may offer an organizing principle for NG:
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Figure 4: The shape of |Ãλ|/k1k2k3
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We can estimate the size of the non-Gaussianities Ãλ and Ãc according to the WMAP
ansatz. This estimate is usually done in the equilateral triangle limit; we find

f̃λ
NL = −5Re(C−)(

1

c2
s

− 1 −
2λ

Σ
) ,

f̃ c
NL =

25

4
Re(C−)(

1

c2
s

− 1) . (6.4)

If the sound speed cs is sufficiently small, the effects of a slight deviation from the Bunch-
Davies vacuum is potentially observable by future experiments. We plot the shapes of the
non-Gaussianities Ãλ and Ãc in Fig. 4 and Fig. 5. We see the shapes of these corrections are
very distinctive and in fact dramatically different from that of the DBI inflation or slow roll
inflation. In particular, these shapes are highly peaked at the “folded triangle” limit where
k3 ≈ k1 + k2 for arbitrary values of k1 and k2. This feature is not shared by other known
sources of non-Gaussianities, and so measurements of the shape of non-Gaussianities could
in principle be an excellent probe of the choice of inflationary vacuum.

Note that, while the rising behavior of the non-Gaussianity in the folded triangle limit
is the signal of the non-Bunch-Davies vacuum, the divergence at the limit e.g. k1 + k2 −
k3 = 0 is artificial. This divergence is present because we have assumed that such a non-
standard vacuum existed in the infinite past. Realistically there should be a cutoff at a large
momentum M for k/a, where k is a typical value of k1,2,3. This amounts to a cutoff for τ at

31

h⇣k1⇣k2⇣k3i0 =
2Reh⇥k1⇥k2⇥k3i0Q3
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Equilateral (DBI) Local (slow-roll) Folded (non BD vacuum)
Resonant 

(axion-monodromy)

Notice that in this range fφ∗ ≪ 1 is always satisfied.
The shape of resonant non-Gaussianity for axion monodromy inflation is shown in Fig-

ure 2 for b = 10−2, fφ∗ = 2× 10−2, and fixed k1 = k∗ = 0.002Mpc−1. We chose this value of
f because both the leading contribution and the subleading contribution in fφ∗ are clearly
visible. Notice that as the value of k1 changes, the phase of the oscillation changes.
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Figure 2: This plot shows the shape G(k1, k2, k3)/(k1k2k3) of resonant non-Gaussianity for
the linear potential of axion monodromy inflation with b = 10−2, fφ∗ = 2 × 10−2 and fixed
k1 = k∗ = 0.002Mpc−1. We use the notation x2 = k2/k1 and x3 = k3/k1. The triangle
inequality implies x2+x3 ≤ 1 and the quantity is symmetric under interchange of x2 and x3

so that we show in the plot only the region 1/2 ≤ x2 ≤ 1.

We find that our analytic result for f res agrees with the values obtained by numerical
integration in [13] at the per cent level.15

3.2. Consistency relation

As pointed out in [11] (see also [12]), in the limit in which one of the momenta, say, k3
is much less than the other two, which are then roughly equal, k3 ≪ k1 ≈ k2 = k, the
three-point function is related to the two-point function by a consistency relation

lim
k3→0

⟨R(k1, t)R(k2, t)R(k3, t)⟩ ≃ −|R(o)
k3
|2

1

H(tk)

d

dtk
⟨R(k1, t)R(k2, t)⟩ , (3.31)

15For the comparison, notice that [13] uses a momentum dependent quantity f̃NL. In the equilateral limit,

they extract their quantity fA = −f̃ (eq)
NL . This quantity is related to our f res according to fA = 10f res/9.

17

[Maldacena];[Schalm, GS, van der Aalst]



Superconductivity

Weak Interaction 

Inflation is a successful effective theory in 
search of a microscopic description.

Microscopic theoryEffective theory

Effective theory Microscopic theory
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