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The beginning
• Physicists are great in turning lemons into lemonade: 

• This ingenious observation of Planck gave birth to the quantum revolution.



The beginning
• String theory owes its roots to particle physics: 

• There always ∃ a massless spin 2 resonance, which is not in the observed 
hadron spectrum. 

• This is the graviton  [Yoneya, ’73];[Scherk, Schwarz, ‘74]: string theory is not 
only a theory of elementary particles but a quantum theory of gravity!

S-MATRIX THEORY

the strength of the attractive force. Also directly cor-
related with the force strength is the number of
diferent trajectories that lead to particles, i.e., whose
rightward excursion reaches as far as Re J = 0. It
seems plausible that for each set of internal quantum
numbers there are an infinite number of Regge
trajectories beginning and ending in the left-half J
plane, but that only a few manage to reach the right-
half plane for the short range forces actually occur-
ring in nature.
Frautschi and I consider it obvious that any

particle associated with a Regge trajectory is not
elementary in the conventional sense, because its
spin (as well as its mass) is a dynamical consequence
of the forces. 4 To avoid semantic arguments, how-
ever, it would be better to say that all particles
assoc&ated with Regge trajectories are on a dynami-
cally equivalent footing. None is more fundamental
than any other. [Incidentally, none of the above-
mentioned theorists, '—"who have fallen in love with
Regge poles, hesitates to apply the notion to baryons,
where half odd-integer spins occur and where Jparity
should be defined as (—1)' Is.] If one asks what kind
of a pole in the 8matrix would be associated with the
conventional elementary-particle concept, it appears
to be a pole in s for a definite physical value of J that
has no analytic continuation in J. The results of
Froissart show that such a singularity for J & 1 is
inconsistent with the postulates of unitarity and
maximal analyticity in linear momenta, ' and further
study may show that such poles are mathematically
inconsistent even for J = 0, 1/2, and l. If one is will-
ing to assume maximal analyticity in J, as Frautschi
and I are doing, 4 then elementary-particle poles are
automatically eliminated.
A further crucial property of Regge poles is that

each contributes a term ~ t '' to the asymptotic
behavior of the amplitude for large I (the negative
square of the momentum transfer in the channel
where s is the square of the energy). This circum-
stance follows from the Sommerfeld-%atson contour
representation in the complex J plane for the ampli-
tude A (s,t)."This representation divides A. (s, t) into
two parts with different asymptotic behavior in
cos 8 (or, equivalently, in t since t ~ cos 8). The first
part is an integral along the vertical line Re J =—1/2 that vanishes as cos 8—+ ~. The second part
consists of pole contributions that generally do not
vanish at infinity, these being of the form

P'( )s
(&)
I ~,.t~) (—cos 8) t (3)

«~ A. Sommerfeld, Partial Differential Equations in Phyaics
(Academic Press Inc. , New York, 1949},p. 279.

where n; is the position of the ith pole in the complexJ plane, and P, is the residue. Since P (z) o-2 for
large z, those poles that at any particular energy
stand farthest to the right in the J"plane control the
asymptotic behavior in t. Now large t at finite posi-
tive a is always an unphysical region, but for s nega-
tive one is in the region of forward or backward high-
energy scattering of a crossed reaction (because s and
I have switched roles). Thus, if Regge's analyticity-
except for poles—is maintained in the J plane for
negative as well as positive 8, then there follows a
magnificently simple theory of high-energy scatter-
ing. Conversely, one has here an elegant, experimental
tool to trace out Regge trajectories for 8 ~& 0.4
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Pxo. 1. The spin of strongly-interacting particles of baryon
number less than two plotted against the square of the mass.
Points conjectured to lie on the same Regge trajectories are
connected by straight lines, but a strictly linear behavior of
the traj,ectories is not to be inferred.

thresholds, but Barut and. Zwanziger have shown
that the slope of a trajectory is continuous in crossing
a threshold if at this point, Re n; ) 1/2.)"The uni-
+ A. Barut and D. Zwanziger, "Threshold Behavior and

Analyticity of Regge Poles and Their Residues, " University
of California Physics Department preprint (1962).

S. EXPERIMENTAL STATUS OF THE PRINCIPLE
OF MAXIMUM STRENGTH

In Fig. 1 is plotted the angular momentum of all
particles of baryon number less than two, for which
spin evidence exists, as a function of the square of the
mass. [I am indebted to Arthur Rosenfeld and Duane
("armony for preparing this plot. ] Each point, is sup-
posed to lie on a Regge trajectory, but according to
the rule of J parity only a few pairs could-belong to
the same trajectory. These pairs have been connected
with straight lines even though a strict linear be-
havior of the trajectories is not expected. (In particu-
lar there are singularities at the various physical

M2 ∼ J/α′�

where α′� ∼ 1(GeV )−2



Strings Meet Phenomenology
• After the discovery of anomaly cancellation [Green, Schwarz, ’84], it was soon 

realized that string theory provides a consistent framework for unifying particle 
physics with gravity.

• This is followed by the heterotic string [Gross, Harvey, Martinec, Rohm,’85] and 
Calabi-Yau compactification [Candelas, Horowitz, Strominger, Witten, ’85].

• To make contact with phenomenology: 

• Physical properties of our universe (# of families, particle’s quantum numbers 
and couplings, etc) are encoded by the size and shape of the extra dimensions.
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Type IIBM-theory
Type IIA

F-theory

10500 “vacua”
 [Douglas ’03] 

10272,000 “vacua”
 [Taylor, Wang, ’15] 



String Landscape and Phenomenology

• String theory seems to admit a vast number of 4d solutions

• They represent an enormously rich landscape of EFTs

• Field theoretical ideas in particle physics and cosmology 
have found their UV realizations in string theory.

• New scenarios have been uncovered along the way.

• This traditional approach leaves the impression that every 
consistent-looking EFT can be embedded in string theory

Are there low energy effective theories that are not 
embeddable in string theory?



Landscape

Landscape vs Swampland
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Landscape
Swampland

Landscape vs Swampland

What properties delineate the landscape from the swampland? 
What are the phenomenological consequences?

[Vafa, ’05]



Swampland Conjectures

dS Conjecture

Weak Gravity Conjecture

[Obied, Ooguri, Spodyneiko, Vafa,’18];
[Ooguri, Palti, GS, Vafa, ’18]

[Arkani-Hamed, Motl, Nicolis, Vafa. ’06]
Distance Conjecture

 [Ooguri, Vafa. ’06]

We don’t have yet theorems that fully delineate the landscape from  
the swampland, but ∃ an intricate web of well-tested conjectures:

These conjectures were developed based on general properties of 
quantum gravity (e.g., black holes) and string constructions.



Quantum Gravity and             
Global Symmetries



Quantum Gravity and Global Symmetries
• Global symmetries are expected to be violated by gravity: 

• No hair theorem: Hawking radiation is insensitive to Q. 

➡ Infinite number of states (remnants) with  
➡ Violation of entropy bounds. At finite temperature (e.g. in Rindler space), 

the density of states blows up. 

• Swampland conjecture: theories with exact global symmetries are not UV-
completable. 

• In (perturbative) string theory, all symmetries are gauged [Banks, Dixon, ’88]; 
recently revisited using holography [Harlow, Ooguri, ’18].

• Many phenomenological ramifications, e.g., milli-charged DM comes with a 
new massless gauge boson [GS, Soler, Ye, ’13].

Q,M
Q,Mp

m . Mp

Susskind ‘95



The Weak Gravity Conjecture

Arkani-Hamed, Motl, Nicolis, Vafa ‘06



The Weak Gravity Conjecture
• The conjecture: 

“Gravity is the Weakest Force” 

• This is a scale-dependent statement, but as we’ll see, the WGC 
comes with a UV cutoff Λ (magnetic WGC). 

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

• Proving and sharpening this conjecture has been an active research 
area [Brown, Cottrell, GS, Soler];[Cottrell, GS, Soler];[Montero, GS, Soler];
[Andriolo, Junghans, Noumi, GS]; [Hamada, Noumi, GS] (and many others…).

• Applying the WGC to magnetically charged states imply:

q

m
MP � “1”

qmag ∼ 1/g, mmag ∼ Λ/g2 ⇒ Λ ≲ g(Λ)MP

[Arkani-Hamed, Motl, Nicolis, Vafa]
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qmag ∼ 1/g, mmag ∼ Λ/g2 ⇒ Λ ≲ g(Λ)MP

[Arkani-Hamed, Motl, Nicolis, Vafa]



WGC and Inflation



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 UV Sensitivity

A detection at the targeted level implies that the inflaton potential is 
nearly flat over a super-Planckian field range:


�� &
⇣ r

0.01

⌘1/2
MPl Lyth ’96

“Large field inflation” are highly

sensitive to UV physics



Axions and ALPs

String theory has many higher-dimensional form-fields, which when 

reduced on the internal space give 0-form axion-like particles (ALPs):

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.

a(x) ≡ ∫Σp

Ap

The WGC for a 0-form field:

 f · Sinst  Mp
More generally, using duality:
Brown, Cottrell, GS, Soler, ‘15



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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Natural Inflation [Freese, Frieman, Olinto]
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Pseudo-Nambu-Goldstone bosons are natural inflaton candidates.

Slow roll: f > MP

if ⇤(n+1)

⇤(n)
⇠ e�Sinst << 1

The WGC implies that these conditions cannot be simultaneously satisfied.



• Models with multiple axions (N-flation, KNP-alignment,…) have been 
proposed to obtain large field ranges

• The WGC in all direction in charge space (i.e. requiring all 
extremal black holes to be unstable) constrains these models

• ∃ Loopholes (e.g., spectator instantons).

• Axion monodromy is an interesting exception.

WGC and Axion Inflation

Brown, Cottrell, GS, Soler, ’15…

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

It is however subject to other swampland constraints (e.g., 
distance conjecture) though models with ∆ϕ ~ 5-10 MP
seems compatible with quantum gravity [Landete, GS, ’18]



• The Swampland program attempts to clarify the formulation, motivation and 
applications of several consistency criteria: 
• No global symmetries ->  Mini-charged DM.  
• Weak Gravity Conjecture -> Large field (natural) inflation, Fuzzy DM 
• Large distances in moduli space -> Axion monodromy inflation. 
• Instability of non-SUSY AdS -> Neutrino physics? [Ooguri, Vafa, ’16];

[Ibanez, Martin-Lozano, Valenzuela, ’17];[Hamada, GS, ’17] 
• No dS -> Inflation, CC, quintessence [Obied, Ooguri, Spodyneiko, Vafa, 

’18]; [Ooguri, Palti, GS, Vafa, ’18]
• Consistency of string/brane probes limit the particle spectrum coupled 

to quantum gravity [Kim, GS, Vafa, ’19] 

• Despite recent intense effort, much work remains to be done to fully 
understand the origin and consequences of these conjectures. 

Other Swampland Applications



String Theory and Data Science

About 25 papers written since 2017, ranging from using topological data analysis 
to analyze the structure of the landscape  [Cole, GS ’17, ’18] to using genetic 
algorithms [Cole, Schachner, GS, ’19] and machine learning [Ruhle, ’17];

[Mutter, Parr, Vaudrevange, ’18];[Halverson, Nelson, Ruhle, ’19] 
to search for phenomenologically interesting string vacua



Structure of the String Landscape

techniques. In the approximation that the vacuum density is just the volume form on

moduli space, the surface area of the boundary will just be the surface area of the boundary

in moduli space. Taking the region R to be a sphere in moduli space of radius r, we find

A(S1)

V (S1)
∼

√
K

r

so the condition Eq. (5.2) becomes

L >
K

r2
. (5.3)

Thus, if we consider a large enough region, or the entire moduli space in order to find

the total number of vacua, the condition for the asymptotic vacuum counting formulas we

have discussed in this work to hold is L > cK with some order one coefficient. But if we

subdivide the region into subregions which do not satisfy Eq. (5.3), we will find that the

number of vacua in each subregion will show oscillations around this central scaling. In

fact, most regions will contain a smaller number of vacua (like S above), while a few should

have anomalously large numbers (like S′ above), averaging out to Eq. (5.1).

5.1 Flux vacua on rigid Calabi-Yau

As an illustration of this, consider the following toy
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Figure 6: Values of τ for rigid CY
flux vacua with Lmax = 150.

problem with K = 4, studied in [1]. The configuration

space is simply the fundamental region of the upper

half plane, parameterized by τ . The flux superpoten-

tials are taken to be

W = Aτ + B

with A = a1 + ia2 and B = b1 + ib2 each taking values

in Z+ iZ. This would be obtained if we considered flux

vacua on a rigid Calabi-Yau, with no complex structure

moduli, b3 = 2, and the periods Π1 = 1 and Π2 = i.

The tadpole condition NηN/2 ≤ L becomes

ImA∗B ≤ L (5.4)

One then has

DW = 0 ↔ τ̄ = −B

A
. (5.5)

Thus, it is very easy to find all the vacua and the value

of τ at which they are stabilized in this problem. We

first enumerate all choices of A and B satisfying the

bound Eq. (5.4), taking one representative of each orbit

of the SL(2, Z) duality group. As discussed in [1], this can be done by taking a2 = 0,

0 ≤ b1 < a1 and a1b2 ≤ L. Then, for each choice of flux, we take the value of τ from

Eq. (5.5) and map it into the fundamental region by an SL(2, Z) transformation. The

resulting plot for L = 150 is shown in figure 6.

– 38 –

Distribution of string vacua (projected to 2D) contains  
voids and clusters, resembling the LSS of our universe!

Topological data analysis has been used to analyze  
the structure of the landscape [Cole, GS, ’17, ’18].



https://www.microsoftevents.com/profile/form/index.cfm?PKformID=0x5969440abcd
Application:

5 international meetings on this theme 
have taken place and more to come:

Boston (11/17), Munich (03/18), Sanya (06/18),
Trieste (12/18), Seattle (04/19)
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