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STRING THEORY
➤ String Theory:

3

Consistent Theory of 
Quantum Gravity

➤ Caveat: 

Mathematical 
Consistency

10 spacetime 
dimensions

➤ Compactification:

4D physics from 

10D string theory

6 small + compact 

“internal” dimensions



STRING THEORY LANDSCAPE

Compactification geometry:

4

many possible 
choices

each has different 
4D physics

➜  string theory vacua & effective 4D models𝒪(10500)

THE LANDSCAPE

(e.g. Calabi-Yau geometries)



PREDICTIONS FROM THE LANDSCAPE?

➤ Realistic string theory vacua:

• Standard model gauge group + matter

• Dark energy: Small, positive cosmological constant

• Dark matter

• Inflation

• Supersymmetry breaking

• etc.
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➤ Problem:
 Which vacuum do we live in?

How to find such vacua?

Do they exist at all? Anthropic principle?

Predictability?



STRING INSPIRED MODEL BUILDING

➤ Combine characteristic features of string compactifications 
(e.g. susy, extra-dimensions, …) in 4d-EFT language
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Which consistent (e.g. anomaly free) EFTs can 
be realized in the String Theory Landscape?

Answer: No!
Swampland Program!

➤ Idea: try to solve these problems individually!

Hope:  Enormous size 
of the Landscape

High probability that a 
given “string inspired” 

model exists!

Maybe all?

More systematic approach:



THE SWAMPLAND IDEA
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Constraints on Effective Field Theories (EFTs) 
that can be consistently obtained from


String Theory

Landscape:

Swampland: seemingly consistent EFTs 
that do not arise from String Theory

EFTs with a String Theory origin



THE SWAMPLAND IDEA
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Constraints on Effective Field Theories (EFTs) 
that can be UV completed to


Quantum Gravity

Landscape:

Swampland: seemingly consistent EFTs 
that do not arise from Quantum Gravity

EFTs with a Quantum Gravity UV completion



SWAMPLAND & LANDSCAPE
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Figure 2: The Swampland and Landscape of EFTs. The space of consistent EFTs forms a
cone because Swampland constraints become stronger at high energies.

QG cut-o↵. This is represented in figure 3, where the same EFT used to describe a physical
process at an energy E1 belongs to the landscape while it belongs to the Swampland if the
characteristic energy of the process is E2.

To sum up, whether an EFT is in the Swampland depends on the energy scale at which
we claim that it is valid. The higher this energy, the more di�cult it is to be consistent with
string theory (the landscape is smaller). The Swampland constraints will sometimes indicate
features that the EFT must have, while others will define the QG cut-o↵ at which the EFT
should drastically break down.

An interesting ramification of the Swampland program is that it has brought about a
shift in attitude in the string phenomenology community. Instead of trying to find out, from a
phenomenological point of view, which vacuum we are living in – a daunting task given that the
landscape is huge – we can try to predict features of this vacuum by understanding what is not
possible, i.e. where we do not live. Thus, Swampland constraints can have phenomenological
implications and give rise to new guiding principles for constructing Beyond Standard Model
theories as well as cosmological models. Furthermore, the Swampland breaks with the logic of
naturalness, which is based on scale separation, because if QG imposes non-trivial constraints
in the IR, this constitutes UV/IR mixing which could explain the hierarchy problems that
we observe. We will give some examples of this in the lectures, although the focus will be to
understand the string theory and geometric realizations of the Swampland constraints.

2.2 Swampland Conjectures

Of course, the Swampland constraints, that distinguish between what is in the landscape and
what is in the Swampland, are not as well-understood as the gauge or gravitational anomalies.
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(taken from [van Beest, Calderón-Infante, Mirfendereski, Valenzuela ’21])



SWAMPLAND CONJECTURES
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Constraints that determine which 
Effective Field Theories allow for a 
String Theory or Quantum Gravity 

UV-completion

How to obtain Swampland Conjectures?

Top-Down:

Bottom-Up:

Inspection of known String Theory examples.

Consistency arguments from semi-classical 
black holes.



SOME 
SWAMPLAND 
CONJECTURES



NO GLOBAL SYMMETRIES
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There are no exact global symmetries in Quantum Gravity.

Conjecture:

→ All symmetries must be only approximate or gauged!

Motivation:

“No-hair theorem”

Properties of black-holes 
detectable from the outside:


• Mass

• angular momentum

• gauge (!) charge

global charge:

arbitrary + invisible

Black hole:

infinite 
entropy?!

 ?Qglobal

[Banks, Seiberg ’10]
[Banks, Dixon ’88]



THE WEAK GRAVITY CONJECTURE

13

What about gauge symmetries?!

Qgauge ≤
MBH

gMPl

⃗Echarged BHs create EM-field
→ gauge charge 

detectable from outside!

+
+q

−q

There exists at least one state with a charge to mass ratio


 .
|q |
m

≥
1

g MPl

Weak Gravity Conjecture:

BH decay via Hawking radiation
to uncharged BH only possible if:

[Arkani-Hamed, Motl, Nicolis, Vafa ’06]



MAGNETIC WEAK GRAVITY CONJECTURE
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Can we recover a global symmetry 
from a gauge symmetry by sending

g → 0 ?

The cut-off scale of the EFT is bounded by

 .ΛEFT ≤ gMPl

Magnetic Weak Gravity Conjecture:

Apply the Weak Gravity Conjecture 
to magnetic monopoles:

 monopole with:∃ mmag ≲ gmagMpl ∼
MPl

gel

mass of a monopole 
(instanton) in EFT:

mmag ∼
ΛEFT

g2
el

  is not possible!⇒ g → 0

[Arkani-Hamed, Motl, Nicolis, Vafa ’06]



COUPLING CONSTANTS AND SCALAR FIELDS
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String theory:
dynamical gauge couplings: VEVs of scalar fields: 

g ∼ e−⟨ϕ⟩

There are no dimensionless coupling constants in 
Quantum Gravity. 

Conjecture:

What happens in the limit 
 ?!ϕ → ± ∞

Expectation from 
Weak Gravity Conjecture:

Breakdown of the EFT:

ΛEFT → 0

[Ooguri, Vafa ’06]



INFINITE DISTANCE CONJECTURE
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ℒ ⊃ − gij(ϕ)∂μϕi∂μϕ j

-model Lagrangian:σ Scalar field space / Moduli space:

ℳ
: 

coordinates on 
ϕi

ℳ
: 

metric on 
gij

ℳ

There is an infinite tower of states that becomes 
exponentially light at any infinite field distance limit 


    for    mQ ∼ mP e−λ d(P,Q) d(P, Q) → ∞

Infinite Distance Conjecture:

use  to define distances:gij

: geodesic distance between P and Qd(P, Q)

P

Q

d(P, Q)

mP

mQ

[Ooguri, Vafa ’06]



INFINITE DISTANCES AND COMPACTIFICATION
➤ Example: Kaluza-Klein Theory on a circle
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Md = Md−1 × S1

➤ Tower of Kaluza-Klein modes:

mn ∼
n
R

∼ n e−αϕ n ∈ ℤ

S1
R

canonically normalized field :
ϕ
R ∼ log ϕ

infinite distance limit:

R → ∞

radius : 
scalar field in lower dim. theory

R

(d-1)-dim. EFT 
breaks down

gets replaced by 
d-dim. EFT



NO SCALE SEPARATION
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Infinite Distance Conjecture:

What about infinite distances in space-time metric space? 

Consider (A)dS space-time with cosmological constant . 
In the infinite distance limit  there is an infinite 

tower of massive states with masses


 .

Λ
Λ → 0

m ∼ |Λ |α

Conjecture:

Asymptotic limits in scalar field space!

Origin of the tower:
KK-modes of internal space!

Internal and external space 
have comparable scales!
“No Scale Separation”

Recent proposal for dS:   
 Extra dimension of size 

Λ ≈ 10−122M2
Pl

⇒ l ∼ Λ1
4 ∼ 10−6 m

String Theory: 
well-tested for SUSY AdS!

[Montero, Vafa, Valenzuela ’22]

[D. Lüst, Palti, Vafa ’19]



DE SITTER CONJECTURE
Asymptotic limits in field space play a special role!
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What about the scalar potential?

In string theory:

The potential always satisfies the bound





for some constant 

∇V ≥ α V

α ∼ 𝒪(1)

Conjecture:

V(ϕ) ∼ e−αϕ

for ϕ → ∞

Consequence: No (asymptotic) de Sitter vacua!
(minimum: ; de Sitter: )∂iV = 0 V > 0

ϕ

V(ϕ)

Also in interior of 
field space?

We don’t know!

[Obied, Ooguri, Spodyneiko, Vafa ’18]



TRANS-PLANKIAN CENSORSHIP CONJECTURE
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Sub-Planckian quantum fluctuations

always remain quantum.

Conjecture:

More precise formulation:

Consider an expanding phase of an FLRW universe. 
The initial and final scale factors  and  satisfy:ai af

af

ai
ℓPl <

1
Hf

final Hubble 
parameter

larger fluctuations 
become classical

Planck-length

size of an originally Planck-scale 
fluctuation after expansion

[Bedroya, Vafa ’19]



TRANS-PLANKIAN CENSORSHIP CONJECTURE (2)
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Consequence of the TCC:

• de Sitter minima possible but unstable

Lifetime: T ≲
1
H

log
Mpl

H

• asymptotically ( ):ϕ → ∞

|∇V |
V

≥
2

(d − 1)(d − 2)
=

2
3

d = 4

→ reduces to dS conjecture

But: weaker in the interior of field space!

(for our Universe: )T ≈ 1012 years

[Bedroya, Vafa ’19]

mild tension with single 
exponential quintessence 



LANDSCAPE OF SWAMPLAND CONJECTURE
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Usefulness /

Interest

Certainty /

Rigor

No Global 
Symmetries

Weak Gravity 
ConjectureDistance 

Conjecture

de Sitter 
Conjecture

Trans-Planckian 
Censorshop

Swampland Conjectures 
follow this line?!

(inspired by Hirosi Ooguri)

Cobordism 
Conjecture

No Scale- 
separation

No Non-Susy 
AdS

Completeness 
Hypothesis



THANK YOU!


