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Open questions

• Origin of spacetime

• Big bang and before?

• Source of density perturbations

• Naturalness problems

• Acceleration of the universe

• Realistic spectrum and couplings



Wave function of the universe
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1 Minimisation

Scalar potential as a function of S, T, w1:
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A quadratic for w0 gives:

w0 ⇠
8T 3/2

27S3/2
w1 or w0 ⇠ �

1

9
w1 (5)

Plug back into V gives

V ! �
9S3/2

4T 9/2
w2
0 or V !

9

T 3
w2
0 (6)

H = �
⇡2
a

12a
� 3a+ a3⇤ (7)

The problem is to combine this with the minimisation wrt w1 (as in

equation (3). For the minimum this seems to lead to w0
0 ⇠ 1/T . I cannot

see how this is consistent. If w0
0 = 0 we get w1 ⇠ w0/T as in Cli↵ notes.

But again the three equations do not seem possible to solve simultaneosuly

(plug this into the VT equation).
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it to a height greater than the height of the barrier, see Fig. 1. In typical KKLT-type

models this leads to vacuum destabilization if the added energy density V (φ)/σn, which is

responsible for inflation, is much greater than the height of the barrier Vbarrier ! 3m2
3/2M

2
P .

Since H2 ∼ ∆V (φ,σ)/3, this leads to the bound (1.1) (see [3] for a more detailed discussion

of this issue, while a similar problem in a slightly different context was also found in [4]).
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Figure 1: The lowest curve with dS minimum is the potential of the KKLT model. The second
one shows what happens to the volume modulus potential when the inflaton potential Vinfl = V (φ)

σ3

added to the KKLT potential. The top curve shows that when the inflaton potential becomes too
large, the barrier disappears, and the internal space decompactifies. This explains the constraint
H ! m3/2.

In KKLT-based models, it therefore seems that for a gravitino mass m3/2 ∼ 1TeV the

Hubble constant during the last stages of a string theory inflation model should be quite

low, H ! 1 TeV, which is ten orders of magnitude below the often discussed GUT inflation

scale. Therefore if one believes in standard SUSY phenomenology with m3/2 ! O(1) TeV,

one should find a realistic particle physics model where the nonperturbative string theory

dynamics occurs at the LHC scale or even lower (the mass of the volume modulus in the

KKLT scenario typically is not much greater than the gravitino mass), and inflation occurs

at a density at least 30 orders of magnitude below the Planck energy density [3]. For a

recent analysis of this issue see e.g. [5] and for a discussion in the context of the heterotic

string see [6].

This problem is quite generic. For example, recently a new interesting mechanism of

moduli stabilization was proposed, which is based on the models with compacification on Nil

manifolds with negative curvature [7]. This mechanism presents a significant modification

of the compactifications on flat Calabi-Yau spaces, as suggested by the assumption of the

low scale supersymmetry. And yet, the same constraint H ! m3/2 remains valid for the

inflationary models in this scenario [8].

The situation becomes even trickier in the large volume models of vacuum stabilization

[2]. In such models the height of the barrier is much smaller, Vbarrier ∼ m3
3/2MP . In this

case, the constraint that the inflaton potential should not be much greater than the height
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Vacuum Transitions 
(beginning and end of our universe?)

1. Transition between two minima of scalar potential

2. Brane nucleation: M1 to M1+Wall+M2

3. Hamiltonian approach

Brown-Teitelboim 87

Coleman-De Luccia 1980

V

x
��A

�B

V

x
��A

Figure 1: Potential.

rate. In the case corresponding to the right panel of Fig. 1 we are able to be more precise; as
the potential asymptotically goes to zero, we can define the S-matrix for such a system and we
will show how to compute the decay rate exactly from the interpretation of a resonance as a
complex pole of the S-matrix.

Consider the potential in Fig. 1. We need to solve the flat space version of Eq. (2.5). Now
we have a global constraint - classically it is a constraint on the Hamiltonian (rather than the
density),
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Using G�� = 1 in Eq. (2.8) and Eq. (2.9)
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so Eq. (2.11) becomes
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Note that in order to make these expressions well-defined we choose the field configuration
� such that at large |x| it goes asymptotically to �IV rapidly enough to make all the integrals
above finite. Alternatively as we will do in the next section, we can work in a compact space
such as a three-sphere.

At this point we can write, in general

k =
p

2 [E � U [�(⌧)]] , for E > U (�(⌧)) , (3.5)

 =
p

2 [U [�(⌧)] � E] , for E < U(�(⌧)) . (3.6)

The leading order wave-functionals in the classically non-allowed and allowed regions respectively
are determined by the WKB matching conditions. Consider the case in which the classically
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String Theory and Cosmology

Forthcoming review:
Cicoli, Conlon, Maharana, Parameswaran, FQ, Zavala



String cosmology
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Figure 6: Temperature T against the radius of the extra dimensions R in string gas cosmology illustrating the Hagedorn temperature as a limiting
temperature in string theory and the two dual phases of T-duality separated at the self dual point Rc.

The main obstacles regarding these proposals rely on the lack of understanding of string theory at small scales
and strong couplings and in particular the nature of the Hagedorn phase. In the regimes where e↵ective field theo-
ries are applicable there is the standard challenge of implementing the scenario in realistic set-ups including moduli
stabilisation.

5.3. Pre Big-Bang Cosmology
In the 1990s Veneziano and collaborators somehow went beyond the Brandenberger-Vafa proposal by considering

the possibility of T duality in realistic cosmological backgrounds closer to the FRW type. For an ansatz of the type:
ds2 = �dt2 +

Pd
i=1 a2

i (t) dx2
i it can be easily seen that T duality is a symmetry of the equations of motion acting as:

ai(t)!
1

ai(t)
'! ' � 2

X

i

log ai (199)

Since ai(t) represent in this case the scale factors, like in FRW, this has been named scale factor duality (343). Thus
we can see that expanding and contracting universes are related by this symmetry.

Gasperini and Veneziano combined this symmetry with the standard symmetry under inversion of time: a(t) $
a(�t) which allow for the possibility to consider cosmology before t = 0 for which the Hubble parameter increase
instead of decrease. That is without duality the symmetry under t ! �t would send H(t) ! �H(�t) but, combining
this with scale factor duality, it provides four di↵erent sign combinations for H(t). If the universe at late times is
decelerating H would be a decreasing monotonic function of time for ‘positive’ t, then a combination of duality and
the t ! �t transformation can give rise to H(�t) = H(t) so that this function can be even, see figure. Therefore GV
proposed a concrete scenario in which the universe accelerates from negative times towards the big bang and then
decelerates after the big-bang. The acceleration would indicate a period of inflation before the big-bang without the
need of an scalar potential. This scenario is called Pre Big-Bang Cosmology (344; 320; 345).

A concrete solution for this system corresponds to the isotropic case ai = a j ⌘ a(t) for which:

a(t) = t1/
p

d t > 0 , (200)
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Figure 7: Possible realisation of the pre big bang scenario with the past and future regions expected to match at the singularity with strong coupling
and large curvature

with a constant dilaton. For this H(t) ⇠ 1/t decreases monotonically with time. By applying the transformation t ! �t
and duality we can generate the four di↵erent branches of solutions:

a(t) = t±1/
p

d t > 0, a(t) = (�t)±1/
p

d t < 0 . (201)

With '±(±t) = (±
p

d � 1) log(±t).
The universe expands in the two branches for which H > 0 which provide an interesting realisation of the pre

big-bang scenario, see figure 7. The solutions are such that there is a singularity at t = 0 but also in this region the
dilaton blows up implying strong string coupling. It is expected that nonperturbative string e↵ects would provide a
smooth matching between these two branches. The weak coupling perturbative string vacuum appears as a natural
initial condition in the pre big-bang era. Therefore the scenario consists of an empty cold universe in the infinite
past that expands in an accelerated way towards a region of higher curvature until it approaches the region of strong
coupling and large curvature which is assumed will match smoothly to the post big bang branch in which the universe
continues expanding but decelerates.

The spectrum of density perturbations has been estimated and claimed not to contradict the recent observations.
Also it provides testable di↵erences with respect to the tensor perturbations that could be put to test in the future
searches for gravitational waves.

This scenario has very interesting features but it has also been subject to criticism for several reasons. First, as the
authors point out, the main problem to understand is the graceful exit question, that is how to pass smoothly from the
pre to post big-bang period, that means how to describe the big bang singularity which is a major challenge. Close
to the big-bang the perturbative treatment of string theory does not hold since the dilaton and the curvature increase,
implying strong string coupling. Therefore there is no concrete way to address this issue in the framework that the
theory is formulated. Another important problem is the fact that the moduli are neglected from this analysis and there
has to be a mechanism that stabilises the extra dimension. Also the scale factor duality symmetry that motivated
the scenario is not clearly realised in more realistic settings with nontrivial matter content. The fact that the dilaton
will eventually be fixed by nonperturbative e↵ects may change the setting of the scenario. On the other hand it is
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Figure 10: An illustration of the potential and trajectory of the field in the cyclic universe.

This is definitely an urgent question to approach before these models can be considered genuine M-theory models. In
this sense these scenarios are at present in the same stage as D-brane inflation was in 1998 where the scalar potential
was only guessed, instead of explicitly calculated as in the brane/antibrane and intersecting brane models. Finding a
potential with the proposed properties is certainly an interesting challenge.

There are several problems of this scenario. In particular the assumption of having fixed the moduli of the Calabi-
Yau manifold is not justified. Although the main problem to deal with is the singularity giving rise to the bounce,
which is a very strong assumption. Observationally, the important points to address refer to the spectrum of density
perturbations since this is what could rule out the model.

In summary, the three scenarios: pre big-bang, string/brane gas and ekpyrotic/cyclic contemplate a period of
contraction and are examples of bouncing cosmologies. For a nice recent review on bouncing cosmologies see (324).

5.5. The Rolling Tachyon
As we have seen the open string tachyon plays an important role in brane anti-brane inflation. It provides the

natural way to end inflation and is the source of production of lower dimensional branes like stringy cosmic strings.
On the other hand, from the formal perspective, there has been concrete progress in understanding from first

principles the physics of the open string tachyon. In particular, using string field theory Sen managed to extract
substantial information regarding the tachyon potential. This is actually one of the only cases in which a scalar
potential has been derived from string theory. It is then worth exploring the potential cosmological implications of the
tachyon field, independent of brane inflation.

String calculations suggest that to all orders in derivative expansion these actions can take a Born-Infeld form.

L = � V(T )
q

1 � gµ⌫@µT@⌫T , (206)

where V(T ) can take di↵erent forms depending on the type of string theory, namely bosonic or supersymmetric.
First, Sen studied the rolling of the tachyon to its asymptotic minimum T ! 1 and concluded that even though

the vacuum should correspond to the closed string vacuum and the unstable D-brane system (such as brane/antibrane
pairs or non BPS D-branes) has decayed. The energy density is still localised. Furthermore he was able to prove that
the resulting gas corresponded to a pressureless gas. This is easy to see from the e↵ective action above for which the
stress energy tensor give for a time dependent tachyon:

⇢ =
V(t)
p

1 � Ṫ 2
, p = �V(T )

p
1 � Ṫ 2 . (207)

For constant energy density the pressure goes like p = �V2/⇢ and at the minimum in T ! 1 we know that V ! 0
and so p! 0. The equation of state is p = w⇢ with w = �(1 � Ṫ 2) and therefore �1  w  0.
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7 Quantum Initial Conditions

One of the most remarkable features of inflation is that it provides a natural mechanism for

producing the initial conditions for the hot big bang. To see this, recall that the evolution of the

inflaton field �(t) governs the energy density of the early universe ⇢(t) and, hence, controls the end

of inflation (see Fig. 20). Essentially, the field � plays the role of a “clock” reading o↵ the amount

of inflationary expansion still to occur. By the uncertainty principle, arbitrarily precise timing is

not possible in quantum mechanics. Instead, quantum-mechanical clocks necessarily have some

variance, so the inflaton will have spatially varying fluctuations ��(t,x). There will therefore be

local di↵erences in the time when inflation ends, �t(x), so that di↵erent regions of space inflate

by di↵erent amounts. These di↵erences in the local expansion histories lead to di↵erences in the

local densities after inflation, �⇢(t,x), and to curvature perturbations in comoving gauge, ⇣(x).

It is worth remarking that the theory was not engineered to produce these fluctuations, but that

their origin is instead a natural consequence of treating inflation quantum mechanically.

Figure 20. Quantum fluctuations ��(t,x) around the classical background evolution �̄(t). Regions acquir-
ing negative fluctuations �� remain potential-dominated longer than regions with positive ��. Di↵erent
parts of the universe therefore undergo slightly di↵erent evolutions. After inflation, this induces density
fluctuations �⇢(t,x).

7.1 Quantum Fluctuations

7.1.1 Free Scalar in de Sitter

Before attacking the real problem of interest, namely the quantization of coupled inflaton-metric

fluctuations during inflation, we will consider the simpler case of a free scalar field in de Sitter

space. We will assume that the scalar field carries an insignificant amount of the total energy

density and, hence, doesn’t backreact on the de Sitter geometry. Such a field is sometimes called

a spectator field.

The action of a massless, free scalar field in de Sitter space is

S =
1

2

Z
d4x

p
�g gµ⌫@µ'@⌫'

=
1

2

Z
d⌧ d3x a2

h
'̇2 � (@i')2

i
, (7.1)
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Figure 11: Penrose diagram for an S-brane. Note that it is a ⇡/2 rotation of the Schwarzschild black hole Penrose diagram. Regions I and III are
cosmological representing expanding and contracting universe respectively, separated by smooth horizons which can be identified with the S-brane.
Whereas regions II and IV are static and have time-like singularities which can be identified with negative tension (end-of-the-world) brane objects
(similar to orientifolds). Their corresponding mass and charge can be computed explicitly.

together with M ! iP. The metric becomes:
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whose surface of constant r and t is the hyperbolic planeH2 rather than the two-sphere, as expected. In addition to the
symmetries of the hyperbolic space it has a spacelike Killing vector ⇠ = @r but is time dependent, again as expected
for a S0 brane. The apparent singularity at t = 2P is again a horizon. For t < 2P the metric is:

dŝ2
II = �

"
1 � 2P

r

#
dt2 +

"
1 � 2P

r

#�1

dr2 + r2
⇣
sinh2 ✓ d�2 + d✓2

⌘
, (213)

which is now static with the timelike singularity at r = 0. The corresponding Penrose diagram is a ⇡/2 rotation of the
black hole diagram as it can be seen in figure (11).

More general solutions of (210) will have both dilatonic and Fq+2 charges (see for instance (351; 352)). Having
the static region provides us with a way to actually identify correctly this geometry. It turns out that the singularities
are the physical objects to which mass (or tension) and charge can be assigned unambiguously. It is found that the two
singularities correspond to negative tension objects (like end-of-the-world branes) with opposite charge. Furthermore,
the similarity with black hole geometry indicates that there will be particle production and then we can also compute
a generalised Hawking temperature and entropy which could have interesting cosmological interpretation. Finally,
just like the cases of pre bing-bang, ekpyrotic/cyclic and brane gas scenarios, S-branes naturally have a period of
contraction of the universe (region III of the Penrose diagram), followed by another period of expansion (region I).
For further details on the cosmological interpretations of S-branes see for instance (351; 352; 353; 354; 355).
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metric corresponding to a circular fifth dimension of radius R: ds2
5 = ds2

4 + R2d�2 mediated by an instanton with
Euclidean metric:

ds2 =
dr2

1 � R2/r2 + r2
⇣
d✓2 + cos2 ✓d⌦2

2

⌘
+
⇣
1 � R2/r2

⌘
R2d�2 (215)

similar to the Euclidean Schwarzschild metric this is non-singular even at r = R. But this is a minimum value of
the coordinate r. For large r the metric is asymptotically flat. So this instanton mediates a transition from the flat
spacetime with the circle of radius R to a spacetime with maximum value of r where the fifth dimension collapses
which we may identify as a bubble of nothing. The interesting point is that after nucleation the further evolution
of the bubble is towards increasing at the speed of light as it can be seen by the Wick rotation ✓ ! it and since
cos ✓ ! cosh t the bubble radius increases exponentially with time eating up the full spacetime. In the 5d case
this transition depended on the existence of supersymmetry and was considered without taking into account moduli
stabilisation of the extra dimension. Generalisations to 6d with moduli fixed by fluxes have been found with the
similar dramatic outcome (374; 375). Furthermore, it was recently argued that these bubbles of nothing are ubiquitous
in string compactifications (376) and may be eventual sources of instabilities (although being non-perturbative the
decay rate may be much suppressed).

The second appearance of nothing was in the creation out of nothing scenario of Vilenkin (377; 378; 379) and
the subsequent wave function of the universe of Hartle and Hawking (380). This defines, within the domain of
semiclassical gravity, a concrete proposal to describe the beginning of the universe from a state with no spacetime.
So, in a sense it is the opposite of the bubble of nothing picture.

From simple mini-superspace arguments the transition from nothing to a de Sitter space with cosmological con-
stant given by H2 > 0 is found to be of order

P = | |2 / e
⌘⇡

2GH2 (216)

with ⌘ = +1 for Hartle-Hawking boundary conditions (no boundary proposal in which the nucleated universe is a
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String Scenario ns r

D3/D3 Inflation 0.966  ns  0.972 r  10�5

InflectionPoint Inflation 0.92  ns  0.93 r  10�6

DBI Inflation 0.93  ns  0.93 r  10�7

WilsonLine Inflation 0.96  ns  0.97 r  10�10

D3/D7 Inflation 0.95  ns  0.97 10�12
 r  10�5

Racetrack Inflation 0.95  ns  0.96 r  10�8

N� flation 0.93  ns  0.95 r  10�3

AxionMonodromy 0.97  ns  0.98 0.04  r  0.07

KahlerModuli Inflation 0.96  ns  0.967 r  10�10

Fibre Inflation 0.965  ns  0.97 0.0057  r  0.007

Poly � instanton Inflation 0.95  ns  0.97 r  10�5

,

Of the models depicted, ‘D3/D3 inflation’ [15] represents the predictions of the first bona-

fide string implementation of brane-antibrane inflation [16, 17], including modulus stabilisa-

tion. The orange oval marked ‘D3/D7 inflation’ [30] and the light green oval marked ‘closed

string inflation’ represent the predictions of a broad class of models [32, 48, 51, 52, 55, 56]

which di↵er somewhat in their predictions for ⌘, but all find ✏ too small to show r non-zero on

the plot. Notice that similar predictions are obtained in models where inflation is obtained

from wrapped D-branes [57], inflection points [19], Wilson lines [26] or non-canonical kinetic

terms [21]. All of these models describe the observed fluctuations very well, and much better

than simple single-field �
2 models.

Apart from ‘N-flation’ [33] which su↵ers from the control issues mentioned above, only

two of the string models, ‘Axion monodromy inflation’ [37] and ‘Fibre inflation’ [50], predict

r large enough to be visible on the plot. These two were specifically designed for the purpose

of obtaining large r, since it had been remarked that small r appeared to be generic to string-

inflationary models. They both score reasonably well for the ⌘-problem, but both have also

been criticized. Ref. [38] argues that the lack of supersymmetry in the models of ref. [37]

can make it more di�cult to control the corrections to leading predictions, with potentially

significant back-reaction e↵ects. The ‘Fibre inflation’ model builds on the hierarchy of masses

that loops and higher-derivative corrections introduce into the low-energy potential, but in

the absence of their explicit calculation must use an educated guess for their detailed shape.
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Concrete Models of String Inflation

Burgess, Cicoli, FQ 2013

Challenges: eta problem, scales (KL problem), moduli stabilisation, observations?



e.g. After Inflation

• Period of Moduli (matter) domination
• Or Kination + matter domination+radiation domination
• Oscillons or Oscillatons (boson stars)
• Reheating=moduli decay
• General constrain: dark radiation!
• Axiverse
• Potential signatures: High frequency Gravitational waves!!!

softMmm t| 2/3mod

GeV 10GeV 10 6
mod

4 ddm

GeV 1MeV 10 dd rhT

Cosmological evolution of dark radiation

+ 1409. 1931 Aparicio, MC, Krippendorf, Maharana, Muia, Quevedo 

 String Phenomenology 2014, Trieste.                                                   David Marsh, University of Oxford
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Genericity assertions:

2. Moduli can cause cosmological problems:

Polonyi ‘81, Coughlan & Ross ’83, Banks, Kaplan, Nelson ‘93, de Carlos, Casas, Quevedo, Roulet ’93. 
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The Swampland and Cosmology ?

EFT

EFT

Energy

Landscape Swampland

Landscape

Figure 12: A cartoon representation of the swampland. At low energies there are many consistent e↵ective field theories, only a subset of them can
be lifted to be UV complete, including gravity. These correspond to the landscape. The rest are referred to the swampland.

5.7. Swampland Conjectures
The vastness of the string vacua has very interesting implications. As mentioned before, it may be the only

self-consistent way to explain the smallness of the dark energy and may be provide a totally di↵erent approach to
ask fundamental questions in physics, separating the ’interesting questions’ (those that need an explanation from an
underlying theory) from the ’uninteresting questions’ (those that may be explained by the presence of the multiverse).
It however may lead to the believe that any theory we may think of may be derivable from string theory and may
essentially lead to the conclusion that it will be impossible to actually test string theory even in principle. That may
substantially reduce the predictability power of the theory.

But since the early days of string theory we learned that this is not true: there are some, albeit only a few, general
physics properties that can be extracted from string theory. Namely,

• The need for supersymmetry at the fundamental level (although the scale of its breaking is not known);

• The existence of extra dimensions and more concretely only 6 or 7 extra dimensions;

• The existence of moduli fields with concrete properties regarding their couplings with gravitational strength,
very specific appearance in the e↵ective field theory;

• The absence of an infinite number of continuous spin representations corresponding to massless particles that
are in principle allowed by the principles of quantum mechanics but have not been observed in nature without
any alternative explanation from basic principles;

• The general absence of global symmetries in the e↵ective field theory, etc.

These general results can be complemented with general properties of the landscape, for instance, if the landscape
is dominated by vacuum transitions a la Coleman de Luccia, there is a general claim that the curvature of the Universe
has to be negative, implying an open universe. However the power of these general results is limited and still allow
for the existence of the enormous landscape with limited predictive power.
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Swampland Conjectures and Cosmology?
• Distance conjecture (constrain large field inflation,…)

• De Sitter conjecture (against the dS landscape, slow roll inflation,…)

• Trans-Planckian censorship conjecture  (against sub Pnackian modes 
becoming macroscopic) 

• Cobordism conjecture (generalizing absence of global symmetries to 
cobordism with potential cosmological implications)

M1
M2

EFT1 EFT2Domain wall

Figure 13: A representation of cobordism among two manifolds for which their union is the boundary of another manifold of one extra dimension.

of modes with mass of order e��� that become lighter and lighter with the distance in field space �� so that
they cannot be neglected from the EFT. The prime example is when � represents the size of an extra dimension
and the corresponding tower of states are either the Kaluza-Klein or the winding modes. This is an important
conjecture that may constrain the realisations of large field inflation allowing excursions in field space of order
Mp but not much higher.

5. de Sitter conjecture (22). It is well known that in string theory both anti de Sitter and Minkowski spaces are
naturally obtained mostly for the fact that they can preserve supersymmetry. de Sitter space has been known to
be more di�cult to obtain as we discussed before. This is very important for describing the current acceleration
of the Universe in terms of the ⇤CDM model, for describing the string landscape and also early universe
inflation. The concrete scenarios, such as KKLT and LVS presented in previous sections, provide concrete
realisations of de Sitter space from string theory. Their validity relies on the validity of the perturbative and
non-perturbative corrections. As we discussed, the Dine-Seiberg problem that implies the runaway behaviour
of the scalar potential for both the volume of the extra dimensions and the dilaton, illustrate that in the regime
were both perturbative expansions, loop and ↵0 are under full control we should be in the runaway region and
the de Sitter vacua found are in a regime where the approximations cannot be fully trustable, which they have
to be given the Dine-Seiberg observation. Even though this is only a feature and not a killer, it allows for a bold
conjecture that states that there are not actually any de Sitter vacua in a consistent theory of gravity and that the
de Sitter vacua found in the literature are only artifact of the fact that the approximations used are not under full
control. The concrete statement is:

|rV | � c
V

Mp
, 0  c ⇠ O(1) (214)

This condition is clearly satisfied in the Dine-Seiberg runaway regime in which the approximations are under
full control. However the conjecture does not add further information in the weak coupling regions where vacua
like KKLT and LVS are claimed to lie. Furthermore, the original conjecture was clearly violated by the Higgs
potential (since at the maximum |rV | = 0,V � 0)(367; 109) and a refined version needed to be proposed adding
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Figure 14: Trivial cobordism with only one manifold in the boundary. The cobordism conjecture states that in this case there should be an end-of-the
world configuration.

a condition on the Hessian of V (24). This conjecture is clearly speculative and less motivated than the others,
however it has motivated further work into exploring in more detail the validity and existence of de Sitter vacua
in string theory which is very much welcome given the importance of the claim and the challenge.

6. Trans-Planckian censorship conjecture (368; 369). It is well known that in inflationary models, microscopic
modes redshift due to the expansion of the universe and may become macroscopic and observable at present.
If these modes are below the Planck length, it seems to indicate a transfer of modes from the UV to the IR
with the UV modes in a regime beyond the validity of the corresponding EFT. The Trans-Planckian censorship
conjecture states that in a consistent theory of gravity this UV to IR transfer should not happen. This puts
for instance an upper bound on the number of efolds of inflation. Even though this conjecture has interesting
implications for early universe cosmology, the relevance of the constraints on the (time dependent) EFT has
been questioned (370; 371; 372).

In summary, the swampland approach brings an interesting perspective to be considered in general discussions of
string cosmology. Confirming, discarding or refining these conjectures may lead to relevant progress in the field of
string cosmology and, more general, in principle, any cosmological implications of consistent theories of quantum
gravity. For this much work will be needed.

5.8. On Nothingness
One of the deepest questions a theory of gravity should eventually address is why there is something rather than

nothing. This looks like a very philosophical question since, in particular how do we define nothingness in a physical
theory is not clear. Clearly it is not the vacuum since we know in quantum mechanics the vacuum is not empty. But
over the years cosmologists have proposed concrete definitions of nothing (as for instance the absence of space, time
and matter). The first explicit example was Witten’s bubble of nothing (BON)(373) when he was addressing simple
compactifications of five-dimensional Kaluza-Klein theories. He found a transition from the flat five dimensional
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T
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Figure 1: A plot of V vs ⌧ for the scalar potential V = U(ln ⌧)/⌧4, revealing a de Sitter or anti-de
Sitter minimum separated from a runaway by a local maximum. The plots are obtained using the
representative values k1/k3 = 0.01 and k2/k3 = �0.133 (arbitrary scale). The main text describes the
precise parameter range required to get de Sitter rather than anti-de Sitter or a runaway.

where U1 = 3k1b1|w0|2 and so on. Furthermore, the Dine-Seiberg argument leads one to

expect that any minima ⌧ = ⌧0 of this potential generically occur in the regime where ↵(⌧0) ⇠
O(1). But if stabilization of other moduli make ↵g0 small, then inspection of (2.10) shows

that ⌧0 must be very large because ↵g0 ln ⌧0 ' O(1).

This general argument can be made explicit purely using perturbative methods if we

arrange that the coe�cients U1, U2 and U3 appearing in the potential (2.6) with U given by

(2.11) are all positive and satisfy the mild hierarchy

����
U1

U2

���� ⇠
����
U2

U3

���� ⇠ O(✏) (2.12)

for some smallish ✏ ⌧ 1. Such a hierarchy allows solutions to @V/@⌧ |⌧0 = 0 for ↵0 ⇠ O(✏)

and so

b1 ln ⌧0 = ↵
�1
g0 � ✏

�1 (2.13)

can easily be order 1/✏ if ✏ ⌧ ↵g0 and b1 < 0. For ✏ <⇠ 1/10 the value predicted for ⌧0 can be

enormous ⌧0 ⇠ e
1/✏, justifying the validity of the 1/⌧ expansion ex post facto. As is easy to

check, when 9U2
2 > 32U1U3 the potential has a local minimum at ⌧0 that is separated from

the runaway to ⌧ ! 1 by a local maximum at ⌧1 > ⌧0 (see Fig. 1).

The value of the potential at this minimum is positive if U
2
2 < 4U1U3 and negative

otherwise. Although (2.11) and (2.12) might naively lead one to expect U(⌧0) ⇠ O(✏4) when

U3 ⇠ O(1), it happens that the condition V
0(⌧0) = 0 ensures that this leading contribution

cancels, making the result at the minimum instead U(⌧0) ⇠ O(✏5). As a result both V (⌧0)

and ⌧
2(@2

V/@⌧
2)
��
⌧0

are O(✏5|w0|2/⌧40 ), and this can be extremely small given that ⌧0 can be
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dS=Dine-Seiberg

V 𝟎 at weak coupling and large volume. 

Dine, Seiberg 1985

Only fully trust runaway part 
(swampland conjecture)

I II III

Region II is not  under full control but the most interesting phenomenologically to get hierarchies
e.g. introduction of  fluxes, large N, curvatures,….



De Sitter vs Quintessence

• If dS conjecture is valid alternative quintessence (slow-roll scalar)
• Quintessence need: All moduli stabilized except for one that rolls.
• Quintessence ≠ Runaway!!!
• String scalars roll too fast. Best quintessence candidate:                      

hilltop axion but much fine-tunning…

0 0

0 0

Figure 1. Examples of potentials that allow for hilltop quintessence. The red domains schemati-
cally represent the regions of the potentials where slow-roll can take place.

0 0

Figure 2. In the case ⇤ � ⇤` slow-roll can happen also in the region close to the inflection point
of the potential, and given (3.23) this does not require a super-Planckian axion decay constant.

low redshift. Their considerations can be adapted to the present discussion but with the

di↵erence that we do not assume the minimum of the potential to vanish.

In summary string theory axions provide interesting candidates to be quintessence for

several reasons:

• Ultra-light axions are a natural outcome of moduli stabilisation scenarios with expo-

nentially suppressed masses.

• Depending on the value of these masses, the axions can be ultra light dark matter or

dark energy.

• These ultra-light axions are also natural candidates for dark radiation produced after

the decay of the corresponding modulus field [174–178] which can put constraints on
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Some Questions to Swamplanders
Is there anything new to say about:
• The wave function of the universe?
• Vacuum transitions?
• New model of inflation? 
• Select preferred class among the known inflation proposals?
• Reheating?
• Same question for alternatives to inflation
• Alternative to the landscape to address dark energy?
• Quintessence?
• Dark matter candidates in general ?
• Dark radiation?
• The Standard Model (selection mechanism among existing constructions)?...


