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Sharp Bounds 
on the Landscape
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How can we identify and derive them 
from the first principles? 

I will present proof of concept.

For gravitational systems, there are 
non-obvious constraints on their 
low-energy effective theories.

2/35



It is often said that low-energy 
effective theory is a way to 
parameterize our ignorance. 

It is important to make sure 
that we are not parameterizing 
an empty set.
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For non-gravitational systems, one can write down 
any low-energy effective theory and expect that it 
has a consistent ultraviolet completion. 
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For non-gravitational systems, one can write down 
any low-energy effective theory and expect that it 
has a consistent ultraviolet completion. 

The separation of UV and IR degrees of freedom fails
with the gravity. For example, the radius of the black 
hole horizon grows with energy. 

This is not the case with the gravity:
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For non-gravitational systems, one can write down 
any low-energy effective theory and expect that it 
has a consistent ultraviolet completion. 

The separation of UV and IR degrees of freedom fails 
with the gravity. For example, the radius of the black 
hole horizon grows with energy. 

This is not the case with the gravity:

For gravitational systems, there are constraints on 
their low-energy effective theories that cannot be 
captured by the standard Wilsonian paradigm. 
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For gravitational systems, there are constraints on 
their low-energy effective theories that cannot be 
captured by the standard Wilsonian paradigm. 

These constraints delineate the boundary between 
the Landscape and the Swampland.

Vafa: 0509212 
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• No arbitrary parameters (1949)

Distance Conjecture (2006) 
QUANTIFY

• No global symmetry (1957)

Weak Gravity Conjecture (2006) 
QUANTIFY

ଶ ௗିଶ
଼గீొ ௗିଷ

ଶ

In this talk, I will introduce: 
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Swampland conditions on low-energy effective 
theories of gravitational systems are motivated by

• string worldsheets,
• string compactifications,
• quantum black holes,
• …
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Swampland conditions on low-energy effective 
theories of gravitational systems are motivated by

In this talk, I will prove some of them for gravitational 
systems in anti-de Sitter space (AdS) using the 
AdS/CFT correspondence as the first principles.

• string worldsheets,
• string compactifications,
• quantum black holes,
• …
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No arbitrary parameters

Distance Conjecture 
QUANTIFY
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Perhaps, the earliest Swampland condition:

“…, then only dimensionless constants 
could occur in the basic equations of 
physics. Concerning such I would like to 
state a theorem which at present cannot 
be based upon anything more than upon 
a faith in the simplicity, i.e., intelligibility, 
of nature: there are no arbitrary 
constants of this kind …”

After explaining the notion of the natural units,

Autobiographical Notes 
by Albert Einstein, 1949
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A modern formulation (Distance Conjecture):

Vafa + H.O.:0605264

Conjecture 0: Every parameter in quantum gravity is an 
expectation value of a dynamical field and can be varied 
by changing its expectation value.
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A modern formulation (Distance Conjecture):

Vafa + H.O.:0605264

Conjecture 0: Every parameter in quantum gravity is an 
expectation value of a dynamical field and can be varied 
by changing its expectation value.

Proof in AdS/CFT: If there is a continuous parameter in the 
AdS, there is a corresponding parameter in the dual CFT. In 
the CFT, each parameter is associated with an “exactly 
marginal” interaction term, which then corresponds to a 
massless scalar field in the AdS or a deformation of the 
boundary condition at the infinity. Therefore, a continuous 
parameter in the AdS Lagrangian density must be an 
expectation value of a massless scalar field.
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A modern formulation (Distance Conjecture):

Vafa + H.O.:0605264

Conjecture 0: Every parameter in quantum gravity is an 
expectation value of a dynamical field and can be varied 
by changing its expectation value.

This by itself does not provide a useful constraint since what 
appear to be parameters in a low energy theory may be fixed 
by potentials in a more fundamental high energy theory.  

For example, the Standard Model of Particle Physics has 
18 parameters and the CDM Model has 6 parameters, but 
they do not contain dynamical fields corresponding to these 
parameters. 

15/35



A modern formulation (Distance Conjecture):

Vafa + H.O.:0605264

Conjecture 0: Every parameter in quantum gravity is an 
expectation value of a dynamical field and can be varied 
by changing its expectation value.

Conjecture 1: Choose any point ଴ in the moduli space . 
For any positive , there is another point such that 

଴ .

Conjecture 2: Compared to the theory at ଴ , the theory 
at with ଴ has an infinite tower of light particles 
starting with mass of the order of ିఈ௧ for some . 
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Distance Conjecture
Vafa + H.O.: 0605264

Conjecture 1: Choose any point ଴ in the moduli space . 
For any positive , there is another point such that 

଴ .

Conjecture 2: Compared to the theory at ଴ , the theory 
at with ଴ has an infinite tower of light particles 
starting with mass of the order of ି𝜶௧ for some . 

• These conditions have been tested many examples in 
string theory, and no counter-examples have been found.  

• They can impose sharp constraints on a low energy 
Lagrangian, especially if can be bounded. 
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We proved a part of Distance Conjecture in ଷ ଶ.

Wang + H.O.: 2405.00674

For any unitary 2d CFT, if there is a light state whose energy 
gap vanishes in some limit on the moduli space, 

• The approach to this limit is exponential, 

The bounds are shape, and we have identified the necessary 
and sufficient conditions for saturation of the bounds.

• The decay rate obeys the universal bounds,

• The distance to the limit is infinite.

ିଵ/ଶ .
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can vanish only at infinite distance.
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In the AdS gravity units:

.

୔୪ୟ୬ୡ୩ ே
୅ୢୗ : curvature radius
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In the AdS gravity units:

.

The tower of light states must emerge when

.
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With supersymmetry:

.

The tower of light states must emerge when

.
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No global symmetry

Weak Gravity Conjecture 
QUANTIFY

ଶ ௗିଶ
଼గீొ ௗିଷ

ଶ
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Perhaps, the second-earliest Swampland condition:

A modern formulation:

There is no global symmetry 
in quantum gravity.

Misner, Wheeler, “Classical Physics as Geometry," Annals Phys. 2 (1957) 525.
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There is no global symmetry in quantum gravity.

Proof in AdS/CFT: If a gravitational theory in AdS has global 
symmetry , there must be a local operator 
in AdS that transforms faithfully into 
another local operator at the same point.

The Noether theorem implies that the 
symmetry generator in the CFT can be 
decomposed as,

௜௜ .

Such a symmetry operator would commute with the local operator
at in AdS.

Contradiction.

Harlow + H.O.: 1810.05338 
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There is no global symmetry in quantum gravity.

This by itself does not give a useful constraint since a 
low energy theory may have accidental symmetry which 
is violated in high energy.  

For example, the Standard Model of Particle Physics 
preserves the symmetry, but it can be violated 
or gauged in high energy.
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There is no global symmetry in quantum gravity.

This by itself does not give a useful constraint since a 
low energy theory may have accidental symmetry which 
is violated in high energy.  

For example, the Standard Model of Particle Physics 
preserves the symmetry, but it can be violated 
or gauged in high energy.

This is analogous to the absence of non-dynamical 
parameters discussed earlier: 
What seems like a non-dynamical parameter may be an 
expectation value of a dynamical field fixed by a potential.
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Weak Gravity Conjecture

Arkani-Hamed, Motl, Nicolis, Vafa: 0601001

In any low energy theory described by the Einstein gravity, 
a Maxwell field, and a finite number of matter fields, 

there must be a particle with 
charge and mass ୔୪ୟ୬ୡ୩
such that

.

if it has an UV completion as a consistent quantum theory, 
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Weak Gravity Conjecture: ଶ ௗିଶ
଼గீొ ௗିଷ

ଶ

𝑅ത
𝑅

In the AdS Schwarzschild geometry, 
the Wilson line in any representation 

in a long-range gauge symmetry 
connecting the two asymptotic 
boundaries must be a sum of products 
of operators acting on the two Hilbert 
spaces. 

Harlow: 1510.07911

・・

In a model where a bulk gauge field emerges in low energy, 
we can show

ଶ ଵ
ீొ

ଶ,

assuming that the Landau pole ୕ୋ

Harlow: 1510.07911
Harlow + H.O.: 1810.05338

29/35



• No arbitrary parameters (1949)

Distance Conjecture (2006) 
QUANTIFY

• No global symmetry (1957)

Weak Gravity Conjecture (2006) 
QUANTIFY

ଶ ௗିଶ
଼గீొ ௗିଷ

ଶ
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How about scalar fields 
with potentials?
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Constraints on scalar potentials:

ௗାଵ
௣
ௗିଵ

௜௝
௜ ௝

(Refined) de Sitter Conjecture.
Palti, Shiu, Vafa + H. O.: 1810.05506

The potential satisfies 

ఊ
ெ೛

or     min ௜ ௝
ఊᇱ
ெ೛

,

where and are some constants. 

It is desirable to bound and . 

Obied, Spodyneiko, Vafa + H. O.: 1806.0836
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In AdS, there are constraints on that can be 
proven by the CFT consistency.  

௣
ௗିଵ

௜௝
௜ ௝

The Penrose inequality was motivated by the cosmic 
censorship hypothesis. In AdS, the inequality has been 
proven by the CFT consistency.  

Horowitz, Engelhardt: 1903.00555

ଵ/ଶ
ே

஺
௅ఽౚ౏మ

ଵ/ଶ in ସ. 

: mass
: apparent horizon
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௣
ௗିଵ

௜௝
௜ ௝

There are scalar potentials that violate the Penrose 
inequality in AdS. They are therefore in the Swampland. 

Åsmund Folkestad: 2209.00013 

Excluded

ଷ
ସ௅ఽౚ౏

ଶ
ଶ

ଷ
ଷ

ସ
ସ

in ସ. 

For example,  
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• No arbitrary parameters Distance Conjecture 

• No global symmetry Weak Gravity Conjecture QUANTIFY

Summary

QUANTIFY

There are constraints on low-energy effective theories of 
gravitational systems that cannot be captured by the 
standard Wilsonian paradigm. 

In AdS, we can quantify and prove parts of these conjectures.

I hope to strengthen these results and generalize them for 
spacetimes with zero and positive vacuum energies.
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