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0) Fundamental interactions 
and quantum  gravity

There are four fundamental interactions in nature :
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With the exception of gravity, all other interactions 
are described by  renormalizable quantum field
theories (QFT).  

QFT = relativity + quantum mechanics
Computation of physical obervables is based on
perturbation theory: 
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Point-like interactions in Feynman diagrams
generate ultraviolet (UV)  divergences

§ Renormalizable theory: the UV divergences can be
« hidden » into a finite number of parameters
(charges,masses)
§ Renormalization predicts the variation with energy
of the fine structure constant, confirmed at CERN.   
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Einstein general relativity is a classical theory : 
Mass/energy spacetime geometry

Its quantization leads to
UV divergences which cannot be reabsorbed in a 
finite number of parameters non-renormalizable
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§ String theory has no point-like interactions 
(minimal length )    

no UV divergences.

String theory contains all four fundamental
interactions. The only complete theory of Quantum 
Gravity to date.



1)  Swampland and Quantum Gravity
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Are all consistent Quantum Field Theories obtainable from
String Theory ? 

Probably NO 
Swampland = the set of consistent QFT not obtainable from
String Theory
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There are various swampland conjectures: (Vafa+Ooguri review E.Palti) 

§ , completeness conjecture 

: impossibility of constructing a vacuum with positive
cosmological constant 

- quintessence-like dark energy models are then the only
viable possibility ?

(WGC)     
Gravity is the weakest force

not possible to have 
super-Planckian field excursions 
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Final goal swampland program ?

Supplement rules of effective QFT with additional constraints,
which would guide Beyond the Standard Model and cosmology
constructions. 
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- No exact global symmetries ? 
It is believed that a theory of quantum gravity cannot have 
exact global symmetries.    True for String Theory. 

Black hole argument:  

If true, baryon B and lepton L number can only be approximate symmetries of
The Standard Model (even B-L). 
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- The weak gravity conjecture (WGC)
Arkani-Hamed, Motl,Nicolis, Vafa, 2006

Loose form:      .
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For a theory with a massless photon coupled to gravity, 
it implies that there should exist one charged particle with

Some arguments in favor of WGC:

Ø Avoidance of stable charged black hole remnants

- A charged (RN) black hole has                      
It can evaporate by emitting particles with

Ø Absence of global symmetries in string theory/quantum 
gravity

|q|MP � m

- In the limit gauge symmetry becomes global.
This should be forbidden, at least in string theory.  

|q|MP � m

q ! 0

<latexit sha1_base64="WpcWQJEX0Y8fe08xm9ZfVOaK09c="></latexit>

|Q|MP < M
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There are potential intriguing connections between WGC and

- The hierarchy problem (Cheung-Remmen)  : quadratically div. 
contributions  to a charged scalar could violate WGC

log divergent                        quadratically div. (Higgs scalar)

the UV cutoff cannot be too high ? 

- Cosmic censorship (Horowitz et al.) : bad singularities in 
geometries violating CC are forbidden by WGC

|q|MP � m

<latexit sha1_base64="ploigw/yWcv70ltrZD3SJ1nL3Ts="></latexit>

�m2
h ⇠ ⇤2

<latexit sha1_base64="WvvRaTXx8cYdrEJBdYjcYxEbStU="></latexit>

�q ⇠ log(⇤/m)

<latexit sha1_base64="0Vxo6yJPTB7tE8hpmU1GtK9EfLs="></latexit>

⇤
<latexit sha1_base64="0Vxo6yJPTB7tE8hpmU1GtK9EfLs="></latexit>

⇤
<latexit sha1_base64="0Vxo6yJPTB7tE8hpmU1GtK9EfLs="></latexit>

⇤

<latexit sha1_base64="0Vxo6yJPTB7tE8hpmU1GtK9EfLs="></latexit>

⇤
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If there are other light (scalar) mediators , the mass of a field can 
depend on the scalar (i.e. Yukawa interactions)  

The WGC can be refined into a Repulsive Force Condition (RFC) 

Given some p-form gauge field, 9 a state which is self-repulsive, namely the gauge re-
pulsion between two copies of the state acts stronger than the sum of the gravitational
and scalar interactions [45, 46], i.e.

Fgauge � Fgravity + Fscalar , (5.46)

In a d-dimensional theory, each of these forces for a particle of mass m and gauge charge
Q take the following form

Fgauge =
Q2

rd�2
, Fgravity =

m2

Md�2
p rd�2

d� 3

d� 2
, Fscalar =

µ2

Md�2
p rd�2

, (5.47)

where µ is the scalar Yukawa charge. The scalar Yukawa force emerges whenever the
mass m of the state is parametrized by a massless scalar �, as we can always expand the
mass term as follows,

L � m2(�)�2 =
⇣
m2

0 + 2m0(@�m)�
⌘
�2 + . . . , (5.48)

where the scalar Yukawa charge is then given by µ = @�m. For the case of a particle in
four dimensions, the RFC in (5.46) reads

Q2M2
p �

1

2
m2 + gij(@�im)(@�jm)M2

p , (5.49)

where we have allowed for the presence of multiple scalars with inverse field metric gij .
This condition was first proposed in [45] as the proper interpretation of the WGC in the
presence of scalar fields, and later named as the RFC in [46].

For a p-form gauge field, we can generalize (5.47) and derive the existence of a (p� 1)-
brane of tension T satisfying

fabqaqb � gij(@�iT )(@�jT ) +
p(d� p� 2)

d� 2
T 2 , (5.50)

where we have written explicitly the gauge charge in terms of the inverse gauge kinetic
function fab and gauge quantized charges qa.

Note that (5.45) and (5.50) are identical apart from the contribution from the massless
scalars. In the WGC, the scalars contribute through the dependence in the gauge kinetic func-
tion; while in the RFC, they enter through the behaviour of the mass/tension. Consequently,
it seems we now have two di↵erent bounds, so which one is realised in quantum gravity? This
is an open question, although there is no known counterexample for any of the two conditions
in string theory, so it might be that both are realised. In fact, although seemingly di↵erent,
they coincide in many cases. For instance, string theory evidence shows that they are fulfilled
by the same states at the weak coupling limits g ! 0 [47, 48]. Furthermore, extremal BPS
states saturate both conditions, as by definition they satisfy a no-force condition. In these
cases, the charges and masses are related such that the scalar contributions in (5.45) and
(5.50) become equal. This is in fact related to the sharpening of the WGC discussed in the
next section.

36

leading to

Light scalars are often present in string theory constructions.
WGC and RFC were checked in many string examples.    

<latexit sha1_base64="mEYx5AaXHoQCBomFGp1KKtJml8k="></latexit>

q2M2
P � m2 + gij(@�im)(@�jm)M2

P

<latexit sha1_base64="gT3RNfYxvD3gsOrI4vdfmyChx24="></latexit>

m(�i)
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<latexit sha1_base64="Hb277ONp02tgOxXaK+nSGOuTGec="></latexit>

gij(@�im)(@�jm)M2
P � m2

People are also considering more radical conjectures, like
the Scalar Weak Gravity Conjecture :  
scalar mediation should be stronger than gravity one.    

Not enough tested by now. It could be true for (at least) one 
state/particle, (very) probably not for all states of a theory.  
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- UV/IR connexions  ? 
Bekenstein,1981: « The entropy in a region of space is bounded by 
the BH entropy that can be stored in a region of the same size »

Field theory with UV cutoff ,   

Sphere of radius        ,                                        , 

<latexit sha1_base64="rP93i5seqVG1RAHB650EYfJEsZs="></latexit>

⇤UV
<latexit sha1_base64="p0OlLAACcG9meTBoDQ93fc3mtYM="></latexit>

L

<latexit sha1_base64="HtAs2p77gwIXuUU/hyaRGtOf2OQ="></latexit>

SEFT ⇠ L3⇤3
UV

<latexit sha1_base64="Rbzn2WDiervZsiEKjQkSEAK5d74="></latexit>

SBH ⇠ L2M2
P

<latexit sha1_base64="yPshQL+GZh4Ykt4dHxIfXKsHjsA="></latexit>

⇤IR = 1
L

<latexit sha1_base64="mOJCAcNIZNLtzHYhLAw1q7Un6Uc="></latexit>

SEFT  SBH ! ⇤3
UV

 ⇤IRM2
P

The energy density in our universe provides a natural IR cutoff

<latexit sha1_base64="FqsdHw45TveIHlmpFdio8IsJpc8="></latexit>

⇤UV  V 1/2
0 M2/3

P ⇠ 2.4⇥ 108 GeV

(Cohen,Kaplan,Nelson, 1999)

<latexit sha1_base64="MfvAhgAQSEcMG34UhZCsqJklX5E="></latexit>

⇤IR ⇠ V 1/4
0 ⇠ 10�3 eV

<latexit sha1_base64="Fi6QR+mt3ipNbSFOaRVRmBX+zuM="></latexit>

⌧ MP
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- The dS conjecture  (even if metastable) are not consistent with quantum gravity:

Conjecture 9: de Sitter Conjecture

A scalar potential of an EFT weakly coupled to Einstein gravity must satisfy

MP
|rV |

V
� c , (9.1)

with c some O(1) constant. This was further refined by stating that the previous
bound only needs to be imposed if the following condition on the second derivative of
the potential is violated,

min
�
rirjV

�


�c
0
V

M2
P

, (9.2)

with c0 another O(1) constant. This way, only dS minima (and not critical points in
general) are ruled out.

This conjecture is very strong and not free of controversy. Currently, it has only been
checked in the asymptotic regions of the moduli space (i.e. near infinite distance singularities)
where it is more widely accepted to be true. We will discuss this asymptotic version of the dS
conjecture in the next subsection. For reviews about the status of de Sitter vacua in string
theory we refer the reader to [105,106].

Let us finally mention that there is another conjecture also constraining the scalar po-
tential in de Sitter space; this is the Transplanckian Censorship conjecture (TCC) [55]. In
these lectures, we will not discuss it in much detail, but we will at least give its definition and
comment on the di↵erences with respect to the original dS conjecture.

Transplanckian Censorship Conjecture

The expansion of the universe must slow down before all Planckian modes are stretched
beyond Hubble size. It has two implications:

• No dS minima can exist at the asymptotic boundaries of the moduli space. In
the asymptotic regimes, one recovers a similar bound to (9.1) constraining the
asymptotic behaviour of the potential, but with a fixed constant c given by

|rV |

V
�

2p
(d� 1)(d� 2)

. (9.3)

• A dS minimum can exist deep inside the bulk, but it must be short-lived. The
lifetime ⌧ for a metastable dS vacuum is bounded from above by

⌧ 
1

H
log

MP

H
, (9.4)

where H is the Hubble scale.

In a certain sense, the TCC is weaker than the dS conjecture as it does not completely
forbid the existence of dS vacua, but only does so asymptotically. It also provides a lower

66

(even if metastable) are not consistent with quantum gravity:

Conjecture 9: de Sitter Conjecture

A scalar potential of an EFT weakly coupled to Einstein gravity must satisfy

MP
|rV |

V
� c , (9.1)

with c some O(1) constant. This was further refined by stating that the previous
bound only needs to be imposed if the following condition on the second derivative of
the potential is violated,

min
�
rirjV

�


�c
0
V

M2
P

, (9.2)

with c0 another O(1) constant. This way, only dS minima (and not critical points in
general) are ruled out.

This conjecture is very strong and not free of controversy. Currently, it has only been
checked in the asymptotic regions of the moduli space (i.e. near infinite distance singularities)
where it is more widely accepted to be true. We will discuss this asymptotic version of the dS
conjecture in the next subsection. For reviews about the status of de Sitter vacua in string
theory we refer the reader to [105,106].

Let us finally mention that there is another conjecture also constraining the scalar po-
tential in de Sitter space; this is the Transplanckian Censorship conjecture (TCC) [55]. In
these lectures, we will not discuss it in much detail, but we will at least give its definition and
comment on the di↵erences with respect to the original dS conjecture.

Transplanckian Censorship Conjecture

The expansion of the universe must slow down before all Planckian modes are stretched
beyond Hubble size. It has two implications:

• No dS minima can exist at the asymptotic boundaries of the moduli space. In
the asymptotic regimes, one recovers a similar bound to (9.1) constraining the
asymptotic behaviour of the potential, but with a fixed constant c given by

|rV |

V
�

2p
(d� 1)(d� 2)

. (9.3)

• A dS minimum can exist deep inside the bulk, but it must be short-lived. The
lifetime ⌧ for a metastable dS vacuum is bounded from above by

⌧ 
1

H
log

MP

H
, (9.4)

where H is the Hubble scale.

In a certain sense, the TCC is weaker than the dS conjecture as it does not completely
forbid the existence of dS vacua, but only does so asymptotically. It also provides a lower

66

<latexit sha1_base64="zIjBetQfF8kjGfDOO8ako7CTDL0="></latexit>

c, c
0 ⇠ O(1)

It seems hard to obtain a de Sitter space in string theory. This led
to one of the most controversial Swampland conjecture: 

An EFT coupled to gravity must satisfy

or

where
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The dS conjecture rules out the existence of de Sitter minima.
We live however in an expanding Universe, we need a positive 
dark energy ! The conjecture favors therefore dynamical dark
energy models like quintessence.  
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- Distance conjecture  
v DC: There is an infinite tower of states that become

exponentially light at any infinite field distance limit

where is the geodesic field distance between
points P and Q, and 

<latexit sha1_base64="/UXvN0nlZK+GJlS5xohLgGKguHI="></latexit>

� ⇠ O(1)

The exponential rate �, apart from being positive, is not specified by the conjecture. It
is expected to be an O (1) constant, as otherwise it could spoil the exponential behaviour,
but its origin is not known. In fact, determining how small this parameter can be is the
main open question about the SDC, and we will see that significant progress on this has been
achieved in certain string theory setups. Concrete lower bounds have also been proposed in
the literature [48, 55–57] and will be discussed later. Clearly, having an unspecified factor in
the conjecture is not satisfactory; we would like to be able to compute it from first principles
or e↵ective field theory data. This was the case for the WGC, in which the order one factor
is specified in terms of the extremality bound for black holes.

The infinite tower of states is weakly coupled and signals the breakdown of the e↵ective
field theory, as it is impossible to have an e↵ective field theory description weakly coupled
to Einstein gravity with infinitely many light degrees of freedom. Hence, there is a quantum
gravity cut-o↵ associated to the infinite tower of states, which decreases exponentially in terms
of the proper field distance,

⇤QG = ⇤0 e
���� , (6.3)

as represented in figure 18. For simplicity, here we are taking this cut-o↵ to coincide with the
first state of the tower. But a more accurate way of defining it is via the species bound cut-o↵
given in (5.36), whose exponential rate will di↵er from � by an order one factor depending on
the space-time dimension.

An immediate consequence is that e↵ective field theories are only valid for finite scalar
field variations. From (6.3) and taking into account that ⇤0  Mp one gets

�� 
1

�
log

Mp

⇤
, (6.4)

which is telling us that the maximum field variation actually depends on the cut-o↵ of the
e↵ective field theory. This means that the higher the cut-o↵ or the process changing the vev of
the scalar, the smaller is the maximum field distance that can be described within the e↵ective
field theory. This statement has direct implications for inflation that will be discussed later.
Notice that this correlation between the cut-o↵ and the maximum field range is intrinsically
quantum gravitational, as these two quantities are a priori unrelated from a QFT perspective.

6.3 Examples and Connection to String Dualities

The prototypical example of how the SDC is realized is a KK circle compactification of string
theory to d space-time dimensions. Taking r to be the modulus controlling the radius of the
circle one finds:

S � Md�2
p

Z
ddx

p
�h

✓
R

2
�

1

2

d� 1

d� 2

(@r)2

r2

◆
(6.5)

where we show only the Einstein-Hilbert term and the kinetic term for the modulus r. There
are thus two limits at infinite distance, small radius r ! 0 and large radius r ! 1. The
proper field distance is given by the canonically normalized field

�R =

r
d� 1

d� 2
log r . (6.6)

41

The infinite tower of states signals of breakdown of the EFT and 
the lowering of the UV cutoff that decreases exponentially in 
terms of the proper field distance
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Quantum gravity scale

Quantum gravity moduli space with
asymptotic limits at infinite distance 

Quantum gravity cutoff falling exponentially
with the distance, due to the tower of light 
states from the distance conjecture 
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The exponential rate �, apart from being positive, is not specified by the conjecture. It
is expected to be an O (1) constant, as otherwise it could spoil the exponential behaviour,
but its origin is not known. In fact, determining how small this parameter can be is the
main open question about the SDC, and we will see that significant progress on this has been
achieved in certain string theory setups. Concrete lower bounds have also been proposed in
the literature [48, 55–57] and will be discussed later. Clearly, having an unspecified factor in
the conjecture is not satisfactory; we would like to be able to compute it from first principles
or e↵ective field theory data. This was the case for the WGC, in which the order one factor
is specified in terms of the extremality bound for black holes.

The infinite tower of states is weakly coupled and signals the breakdown of the e↵ective
field theory, as it is impossible to have an e↵ective field theory description weakly coupled
to Einstein gravity with infinitely many light degrees of freedom. Hence, there is a quantum
gravity cut-o↵ associated to the infinite tower of states, which decreases exponentially in terms
of the proper field distance,
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41

Since , one finds that field variations are
limited

<latexit sha1_base64="jIeyfFvDsgrS4wL+U+QVSLoSj7g="></latexit>

⇤0  MP

This limit has direct implications: in inflation,                      so
<latexit sha1_base64="6dAIWjTGDRERK8uAS0qCdgTUy8E="></latexit>

H  ⇤

In the same way, membranes are charged under three-forms and their gauge kinetic function
Tab is related to the scalar potential as follows,

V =
1

2
T ab(s,�)fafb =

1

2
Zab(s)⇢a(f,�)⇢b(f,�) , (6.38)

where fa are the discrete internal fluxes dual to the three-form gauge fields. Interestingly,
the flux potential of string compactifications can always be factorized between a saxionic an
axionic part, where the ⇢a functions are shift invariant axion polynomials including the fluxes,
see e.g. [74, 75]. Therefore, studying the behaviour of the three-form gauge couplings and
charges of BPS membranes in the asymptotic limits provides information about the scalar
potential.

In conclusion, the asymptotic behaviour of the field metric and the scalar potential can
be translated into properties of BPS strings and membranes charged under two-form and
three-form gauge fields, respectively, in 4d N = 1 EFTs. This yields interesting relations
between di↵erent Swampland conjectures [57]. For instance, the exponential behaviour of the
SDC tower becomes a consequence of having a BPS string satisfying the WGC. This allows
us to provide a lower bound for the SDC exponential rate in 4d N = 1 EFTs in terms of
the extremality factor for the strings. Similarly, a potential described by a WGC-saturating
membrane satisfies the de Sitter conjecture that will be explained in section 9.

6.6 SDC with Potential and Implications for Inflation

Up to now, the SDC has been a statement about the moduli space of the theory. This
means that it regards a set of scalars with an exactly flat potential (typically protected by
extended supersymmetry) that parametrizes di↵erent vacua of the theory. However, it is
phenomenologically relevant, e.g. for inflation, to understand what happens when a potential
is added so that this moduli space is lifted. Based on physical grounds, one would expect that
the SDC should also apply to the valleys of the potential, i.e. to directions along which the
potential may not be exactly flat but the relevant energies are smaller than a given cut-o↵.

The refined SDC [76] proposes that:

1. The exponential behaviour with � ⇠ O(1) should be manifest when �� & Mp.

2. The conjecture should also hold for scalars with nearly flat potential.

This can have important implications for inflationary models.7 Consider the bound for the
field distance in terms of the cut-o↵ in (6.4). In order to accommodate inflation in the e↵ective
field theory we need the cut-o↵ to be above the Hubble scale, ⇤ > H. These two conditions
together yield

�� 
1

�
log

✓
Mp

H

◆
. (6.39)

Thus, the SDC gives an upper bound on the field range of inflation in terms of the Hubble
scale. In particular, when H is close to the Planck scale one finds that the field range is
bounded by an order one number in Planck units.

7The SDC also places important constraints on relaxation models of the EW scale, since they typically
require transplanckian field ranges.

52

On the other hand,  during inflation 

In slow roll inflation, the field range provides an upper bound on the tensor-to-scalar ratio
r via the Lyth bound,

�� �

⇣ r

0.002

⌘1/2
. (6.40)

The tensor-to-scalar ratio can be related to the Hubble scale as

Mp

H
=

r
2

⇡2Asr
, (6.41)

where As is the amplitude of scalar perturbations whose value has been measured experimen-
tally to log(1010As) = 3.047± 0.015 [77]. Using (6.41) we can write the SDC bound in (6.39)
in terms of r as follows,

��  �
1

2�

✓
log

✓
⇡2As

2

◆
+ log r

◆
, (6.42)

so it provides a lower bound on the tensor-to-scalar ratio. When written in this way, we note
that the Lyth and the SDC bounds are complementary and can constrain di↵erent models of
inflation [78]. To give an example, chaotic inflation [79] would be ruled out. This is shown in
figure 20.

Figure 20: Left: Allowed (blue) region of scalar field excursion during inflation against tensor-
to-scalar ratio obtained by combining Lyth bound and SDC constraint for � = 1, together
with the experimental bound put by Planck 18 [80]. The red point corresponds to chaotic
inflation [79]. Right: SDC bound for � = 0.7, 1, 2 starting from the upper one. We note that
the constraint is very sensitive to the precise value of �.

In conclusion, we see that the SDC can constrain some models of large field inflation
(including axion monodromy) but it does not rule it out, as a moderate transplanckian field
range might su�ce for some models. Notice that the SDC constraint on large field inflation
highly depends on the exact value of �. For this reason, it is really important to learn about
this exponential decay rate and how it can be computed from first principles or e↵ective
field theory data. It should also be noted that replacing H as the cut-o↵ in (6.39) gives a
very conservative bound, in the sense that the EFT will likely break down (or at least get
sensitive to the infinite tower) before the mass of the first state becomes of order Hubble, so
the constraints might be stronger than represented here.

53

tensor/scalar ratioamplitude of scalar perturbations
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In slow roll inflation, the field range provides an upper bound on the tensor-to-scalar ratio
r via the Lyth bound,
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that the Lyth and the SDC bounds are complementary and can constrain di↵erent models of
inflation [78]. To give an example, chaotic inflation [79] would be ruled out. This is shown in
figure 20.

Figure 20: Left: Allowed (blue) region of scalar field excursion during inflation against tensor-
to-scalar ratio obtained by combining Lyth bound and SDC constraint for � = 1, together
with the experimental bound put by Planck 18 [80]. The red point corresponds to chaotic
inflation [79]. Right: SDC bound for � = 0.7, 1, 2 starting from the upper one. We note that
the constraint is very sensitive to the precise value of �.

In conclusion, we see that the SDC can constrain some models of large field inflation
(including axion monodromy) but it does not rule it out, as a moderate transplanckian field
range might su�ce for some models. Notice that the SDC constraint on large field inflation
highly depends on the exact value of �. For this reason, it is really important to learn about
this exponential decay rate and how it can be computed from first principles or e↵ective
field theory data. It should also be noted that replacing H as the cut-o↵ in (6.39) gives a
very conservative bound, in the sense that the EFT will likely break down (or at least get
sensitive to the infinite tower) before the mass of the first state becomes of order Hubble, so
the constraints might be stronger than represented here.
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Ex: (           ; result sensitive to the value of         )
<latexit sha1_base64="mOYwfKglVKzk0R9nQ2bIfK7TCmM="></latexit>

� = 1
<latexit sha1_base64="98ciX+sWFUeZyIPHY6WCk+42010="></latexit>

�
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- Festina Lente (Montero,van Riet,Venke+Vafa, 2019)

- In de Sitter spacetime with an abelian gauge field, there are 
charged extremal (Nariai) black holes.
- Imposing that these black holes be able to discharge through
Schwinger pair production 

any charged particle of mass m and charge q should satisfy
<latexit sha1_base64="injDZke5dwZSJ4j0j8msWUKTwx4="></latexit>

m4 > 2q2g2V0
Fulfilled by the Standard Model

<latexit sha1_base64="Itjlqav6l7OHXHhAelKgfAdL58s="></latexit>

m4
e ⇠ 10�12 GeV 4 � 2e2V0 ⇠ 10�48 GeV 4
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Some implications of FL:

- It improves significantly the c.c. problem:

- Any non-abelian theory must be confining or broken (off-diagonal 
generators are charged particles) !  It fits with the Standard Model.

- Strongly constrain inflation ; Higgs needs to have large vev’s
during inflation ! 

<latexit sha1_base64="F5wUIKJz/qyyI3tqyksaEdKxqqs="></latexit>

V0 < m4
e

2e2 ⇠ (MeV )4 ⇠ 10�84 M4
P
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v All tests of swampland conjectures were done essentially on 
supersymmetric strings.  

In this case, due to SUSY some conjectures are trivial:
- WGC, since attraction exactly cancel repulsion (BPS condition)
- dS conjecture, since SUSY implies AdS or Minkowski vacua

v String vacua with broken supersymmetry are a more natural
framework to study swampland conjectures (my activity), situation 
considerably more difficult.
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2)  Causality and unitarity conditions 
• A low-energy effective action has an expansion in the 

dimension  of operators.
• Higher dimension/derivative operators are generated by heavy

particles, new interactions. Some of them are constrained by 
general consistency conditions 

Ex: 
<latexit sha1_base64="2qMzxdk1C0QELfb/bIIXM3wBUG8="></latexit>

L = (@⇧)2 + (@�)2 � F 2
µ⌫ +

1
⇤4

⇥
c1(@⇧)4 + c2(@µ�)(@⌫�)(@µ⇧)(@⌫⇧) + c3(F 2

µ⌫)
2
⇤
+ · · ·
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It turns out that for the effective theory to 
respect general consistency conditions :  

<latexit sha1_base64="fqSPRWQGIEA7v8LyFMOSjPZZ6qM="></latexit>

L = (1 + c2
⇤4 �̇2)(⇧̇)2 � (@i⇧)2 + · · ·

<latexit sha1_base64="j0LbnepO7MWvmDV16GAuRoxPP3E="></latexit>

ci � 0

1) Causality (for some operators). Ex:  consider time-dependent
solutions  for        (inflation…) 

If                  , the field has super-luminal propagation 
<latexit sha1_base64="nXQlXW9oKnHzy3CglKYpKuaV5HM="></latexit>

c2  0
<latexit sha1_base64="rRGCqt/RB5aYev/dC7OCkOYL0V0="></latexit>

⇧

2) Unitarity, analyticity. Ex: 

Amplitudes                                                           in the 
forward limit.  One can show in our ex. that

<latexit sha1_base64="pDkArva+qDEO8baazvBuRZjmNYA="></latexit>

A(1 + 2 ! 1 + 2) > 0

<latexit sha1_base64="5moYRxqmIV3YBS7bYSb3QWExZSU="></latexit>

�
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<latexit sha1_base64="7c9Nt5NuNPCuATx0/0O6kwl1d5s="></latexit>

A(⇧+ � ! ⇧+ �)t=0 > 0 ! c2 � 0

<latexit sha1_base64="Fsry1088XVc8Em/5QagcbG0MdjI="></latexit>

A(⇧+⇧ ! ⇧+⇧)t=0 > 0 ! c1 � 0

where is the Mandelstam parameter

• Such positivity constraints are widely used nowadays in 
Standard Model Effective Field Theory (SMEFT) 

<latexit sha1_base64="4T8N5l+jk2tDKMZQvlQldoQYBWg="></latexit>

t = (p1 � p3)2

<latexit sha1_base64="37ccacttrOCohwH5g6o7zFrLcx4="></latexit>

A(Aµ +A⌫ ! Aµ +A⌫)t=0 > 0 ! c3 � 0
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It was shown recently in various situations that mild gravity
violations of positivity conditions are possible/consistent due to 
time delay in GR 

<latexit sha1_base64="ppj7GCcNpZ6opHBs8ZYKUWvlKEg="></latexit>

ci
⇤2 ⇠ � 1

M2
P
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Conclusions and Perspectives
• No complete theory of quantum gravity, string theory the best 

candidate to date 
• Swampland conjectures do impose Quantum Gravity 

constraints on BSM and cosmological models.

• Important to test more these conjectures. Some of them (ex. 
WGC) well tested, others rather conjectural for now.

• Causality and unitarity/analyticity provide more traditional
consistency conditions. 

• Strings with broken SUSY, not many checks.



Thank You !
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