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ABSTRACT: The Swampland Distance Conjecture (SDC) constraints the dynamics emerg-
ing at infinite distances in field space of any effective field theory consistent with quantum
gravity. It provides a relation between the cut-off in energies and the field range which,
as we show, in the context of inflation it yields a universal upper bound on the inflaton
excursion in terms of the tensor-to-scalar ratio, measured at typical CMB scales. In this
note, we investigate the interplay between the SDC and the emergent inflationary physics
around infinite distances singularities in string theory, with a special look at its signifi-
cance for the a-attractor scenario of inflation. We show that the conjecture itself suggests
that inflation may arise as an infinite distance phenomenon with the asymptotic kinetic
structure typical of a-attractors. Furthermore, we argue that a proper string realisation
of these cosmological models in Calabi-Yau manifolds should occur around infinite field
distance singularities. However, such constructions typically imply that inflation should
not take place in the limit where the inflaton kinetic term develops a pole but rather in
the opposite regime. Finally, we study the constraints that the SDC poses on a-attractors
and show that they still leave considerable room for compatibility with observations.
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1 Introduction

In the effort of extracting precise predictions from string theory, it has been noticed that
there exist some common patterns, which characterize the string landscape of consistent
effective field theories! (ETFs). In contrast, the set of inconsistent EFTs has been termed as
belonging to the swampland [1, 2]. Interestingly, these observations, elevated to conjectures,
have triggered the scientific community to investigate their phenomenological implications,
which often translate into constraints on the low energy effective theory. In fact, one can
show that many seemingly consistent EFTs do not however admit UV completion in string
theory. This definitely opens up an exciting avenue towards the possibility of extracting
low-energy predictions of quantum gravity.

'More concretely, these patterns only apply to EFT’s weakly coupled to Einstein gravity and that can
be UV embedded in a consistent theory of quantum gravity like string theory.



The Swampland Distance Conjecture (SDC) [2] is a proposal for such a quantum
gravity constraint. It claims that traversing infinite field distances in string theory always
implies the appearance of an infinite tower of particles becoming exponentially light, thus
invalidating the EFT. This occurs when approaching a boundary of the string moduli space.
As long as we stay in this regime, the quantum gravity cut-off of the theory experiences
an exponential drop-off in terms of the field distance due to the appearance of the infinite
tower of states. This fact automatically translates into an upper bound on the scalar field
range Ay that an effective theory can accommodate as a function of the quantum gravity
cut-off Aqq in energies, such as

1

M
3 log —~ (1.1)

Ap < Ao
The larger the cut-off, the smaller the field range, so that infinite field ranges become
inconsistent with quantum gravity. Strong evidence for the SDC has recently been found
in [3, 4] by going to infinite distance limits in the moduli space of well known string
compactifications (see also [5-15] for previous works and [16, 17] for a recent analysis in
F-theory). The emergent field metric is in fact consistent with the exponential drop-off
behaviour of the mass tower predicted by the conjecture. Notice that A in eq. (1.1) is an
unspecified parameter which, in principle, might depend on the type of trajectory followed
in the scalar field space. It has been conjectured, though, to be always of order one [2, 18]
disfavouring very large transplanckian distances (this is known as the Refined Swampland
Distance Conjecture [18]). In [19], the entire r.h.s. of eq. (1.1) has been encoded as an
order one factor and the corresponding equation denoted as Criterion 1. Among other
things, in this note, we aim to clarify the significance of this order one factor as well as the
evidence gathered regarding the concrete value of \. We will give an overview of this topic
in section 2.

The SDC can therefore become a powerful and concrete tool in order to test the
regime of validity of ETFs with scalar fields coupled to gravity. The case of cosmological
inflation with a scalar field crossing a certain distance, in order to deliver around 60 e-
foldings of quasi-exponential expansion, is an exemplary situation to investigate. The
simple observation that the successful models of inflation should always satisfy H < Aqgq,
with H being the expansion Hubble rate, will allow us to derive a precise upper bound
in terms of the tensor-to-scalar ratio, measured at typical Cosmic Microwave Background
(CMB) scales. We will discuss this in details in section 3.

Whereas previous studies have mainly focused on the constraints that the Swampland
imposes when inflation is driven by axionic fields with compact symmetries (see e.g. [20-26]
for some pioneering works), in this paper we focus on inflationary models which involve
saxions (non-periodic scalars) thus leading to non-compact trajectories (in this case, the
uncertainties regarding the value of A are much lower and, in certain cases, it is even possible
to give a precise value). Specifically, we show that the emergent field metric predicted at
infinite distances by the conjecture and confirmed by the asymptotic properties of infinite
distance singularities, approaches the form of the one typical of the so-called «-attractor



scenario of inflation,
3a
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This class of inflationary models has been first proposed in the context of supergrav-

Lin = (0¢)?. (1.2)

ity [27, 28] but it has been soon realized that its fundamental nature is essentially con-
nected to the form of the inflaton kinetic term [29]. The latter induces an attractor for
cosmological observables, thus making them insensitive to a wide array of microscopical
details which characterizes the theory. The universality regime appears when the scalar
potential shows a certain regularity in the limit when the kinetic term shows a pole of order
two [29-31].

In the present work, we point out that a proper string theory realization of these
cosmological models should be engineered when the inflaton is identified with a scalar field
which approaches an infinite distance singularity in field space. This implies, among other
things, that the universality regime of a-attractor models occurs in the limit where the
kinetic Lagrangian eq. (1.2) becomes infinitesimally small rather than when approaching
the pole. In fact, in Calabi-Yau (CY) compactification manifolds, the inversion ¢ — 1/¢ is
not necessarily a symmetry and the two scenarios - a-attractors and pole-inflation - are not
equivalent. In this context, inflation can be interpreted as an infinite distance emergent
phenomenon and the parameter « in eq. (1.2) becomes essentially related to the properties
of the singularity and upper bounded by the complex dimension of the CY manifold. We
will discuss this in section 4.

However, approaching infinite distances is not only the limit where we expect the
universality of a-attractors to emerge but also the limit where the infinite tower of particles
becomes exponentially light and the cut-off decreases, signalling the breakdown of the
effective theory. It becomes then essential to check consistency of the a-attractor models
within the constraints imposed by the SDC. In section 5, we show that eq. (1.1) directly
translates into a bound on the total number of e-foldings N during inflation, which is
independent of the specific value of A and all the subtleties related to the specific inflaton
trajectory. The result is that the EFT of an a-attractor model can never support the
typical infinite plateau, as expected by consistency with quantum gravity, but the SDC
poses nevertheless no restrictions to deliver more than 60 e-foldings of quasi-exponential
expansion. Furthermore, we get a relation such as o ~ A~2. Constraints on the value of \
will therefore have a direct impact on a-attractor models.

While the above results apply for the case of a single saxion taking large field values,
in section 6 we will include some comments about the multi-field case and its implications
on the cosmological predictions.

In this note, we keep the focus of our investigation on the kinetic structure of the
theory. It is an open question whether the scalar potential can show some regularity at
infinite distances in string theory in order to actually reproduce the cosmological properties
of a-attractors. Notice that recent conjectures [19, 32, 33] would disfavour such a scenario.
We hope to come back to this issue in the future.

In the following, we will present in detail the arguments in the same order as outlined
above and then we will draw our conclusions.



2 Swampland distance conjecture

The Swampland Distance Conjecture, proposed in [2], states that in an effective quantum
field theory that can arise from string theory, infinite distances in moduli space lead to an
infinite tower of states becoming massless exponentially fast in the proper field distance.
More concretely, if we consider an effective theory valid at a point () in field space and
move to a point P, there should appear an infinite tower of states at P with characteristic
mass scale m such that

m (P)

—YA(PQ)
m(Q)%eV as A(P,Q) — oo, (2.1)

where A (P, Q) is the geodesic proper distance between the two points. Here v is some
positive constant which depends on the choice of P and () but which is not specified in
general. A refined version [18, 32] of this conjecture implies, however, 7 ~ 1 in Planck
units. The validity of this refined version, even if motivated by plenty of examples in string
theory, is under debate and topic of ongoing research. It is also possible to generalise the
above conjecture to non-geodesic distances by hiding the path dependence on the value of
~v. We will comment more on this in section 6.

The key feature of the conjecture is that it predicts the existence of an infinite number
of particles becoming light. While a finite number of extra new light states would not give
necessarily rise to a dramatic change of the theory but to model-dependent corrections,
an infinite tower signals the complete breakdown of the effective theory. A quantum field
theory description of infinitely many fields weakly coupled to Einstein gravity is no longer
possible. One of the consequences of the conjecture is therefore an exponential drop-off of
the quantum gravity cut-off as follows,

AQG = Ay e AAPQ) (2.2)

where Ay < Mp is the original naive cut-off of the EFT, and A ~ ~.

It is also natural to identify this cut-off Aqg with the species scale? of the tower
of particles, as done in [3, 39], implying A = /3 in four dimensions. The species scale
indicates the scale at which quantum gravitational effects cannot be ignored due to the
increasing number of light fields weakly coupled to gravity. Evidence for this identification
can be found in [3] and has also been used in [40]. Notice that this cut-off is conceptually
different than the low energy cut-off of the effective theory corresponding to the mass of the
lightest particle of the tower. Above the species scale, gravity becomes strongly coupled
and any possible quantum field theory description completely breaks down. Furthermore,
this drop-off of the quantum gravity cut-off cannot be seen from the point of view of the
effective field theory (in the absence of quantum gravity), as expected from any swampland
criterium.

2.1 Evidence at infinite distance singularities

The SDC finds confirmation in the analysis of the physics around infinite distance singular-
ities (boundaries) of moduli spaces in string theory compactifications [3] (see also [4, 16]).

2The species scale [34-38] is given by A ~ M, /v/N where N is the number of light fields or species.



In the following, we will briefly summarise the results and general insights of [3]. First,
notice that infinite geodesic distances can only occur when approaching a singularity in
the moduli space, where the volume of a cycle goes to infinity or to zero. Interestingly, we
can use the theory of limiting Mixed Hodge Structures and the Nilpotent Orbit Theorem
by Schmid [41] to give the local form of the K&hler potential (and the field metric) near
the singular loci. For Calabi-Yau manifolds, the Kéhler potential near an infinite distance
singularity in moduli space located at ¢ — oo takes the following form

K=-In(p(¢) +0 (e 1)), (2.3)

where T' = ¢ + 16 is the complex field parametrising the scalar manifold. Here p(¢) =
¢+ Bp?1 + ... is a polynomial depending only on the radial transverse coordinate ¢ (the
saxion field) approaching the singular point. The degree d of the polynomial is fixed in
terms of the properties of the monodromy transformation around the singularity (see [3]
for more technical details), and it is used to classify the type of singularity. It is always
upper bounded by the complex dimension of the Calabi-Yau, d < dim¢(CY) and it is
non-vanishing only if the singularity is at infinite distance. Notice that the leading term
of the Kahler potential only depends on the type of singularity and not on the Calabi-Yau
in which the singularity is embedded. We can trivially add longitudinal scalars directions
z, along which the singularity expands by allowing the coefficients 3; of the polynomial to
depend on these fields z,, i.e. 5; = Bi(24). The generalisation to include more transverse
coordinates will be discussed in section 6.
The kinetic term for the field ¢, associated to the Kéahler potential eq. (2.3), reads

d
Lin = —@(%)2 (2.4)

which indeed generates a logarithmic divergence of the proper field distance, as it should
be when approaching an infinite distance singularity [42].

Recall that the above Kahler potential is a local expansion around the singularity
at ¢ — oo. The exponentially suppressed corrections become more important as we move
away from the singularity so the local expansion eventually fails and the effective description
needs to be replaced by another one. The Swampland Distance Conjecture refers, though,
to a breakdown of the effective theory that occurs as we approach the singular point, i.e.
precisely in the limit where the local expansion is better justified. Due to the appearance of
an infinite tower of states, quantum gravitational effects become important implying that
the effective theory completely breaks down and cannot be simply replaced by another
quantum effective field theory that keeps the same fundamental degrees of freedom. This
difference between a mild and a more drastic breakdown of the effective theory is explained
in more detail in appendix A.

The tower of states can correspond to a KK tower, winding modes or wrapping branes
that become light when moving towards the infinite distance singularity. In any case, using
the above parametrization, the mass of the tower of states scales as

mo
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with p ~ O(1). Combining egs. (2.4) and (2.5) we can check that the tower of states
becomes exponentially light, in terms of the canonically normalised field ¢, such as

Vd

m=mge ¥, = > log ¢ (2.6)

as stated by the SDC, with v = 2p/ Vd. Notice that the exponential mass behaviour
trivially originates from the universal local behaviour of the field metric near infinite dis-
tance singularities. More difficult is to check that there are indeed infinitely many particles
becoming massless at the singular point. This is clear when thinking of a Kaluza-Klein
tower at the large volume point, but becomes highly non-trivial for other infinite distance
singularities. In [3, 4], this has been checked for infinite distance singularities at the com-
plex structure moduli space of four-dimensional Type IIB Calabi-Yau compactifications
by using the theory of limiting Mixed Hodge Structures at the singular loci. This moduli
space presents a very nice and clean realization of these ideas where the massless tower
corresponds to BPS states arising from wrapping D3-branes. In this case, p = d/2, so
v = v/d and the exponential mass rate is simply controlled by the integer d characterizing
the monodromy transformation around the singularity. The same techniques and ideas can
also be generalized to Kéhler moduli spaces [43].

Furthermore, there is a natural relation between this conjecture and the absence of
global symmetries in this setup. Since the leading term of the Kéhler potential (2.3) does
not depend on the axionic partner 6, this field enjoys a global continuous shift symmetry
only broken by exponentially suppressed terms. This global continuous symmetry becomes
exact at the infinite distance singularity, so the SDC can be understood [3] as an obstruction
to recover this symmetry by means of an infinite tower of light particles yielding the
exponential drop-off of the quantum gravity scale.

Finally, notice that not every singularity is necessarily at infinite distance. If the
singularity is at finite distance, the leading polynomial term of the Kéhler potential above
vanishes implying that the field metric can never take the form (2.4). In this case, there is
no infinite tower becoming light and, therefore, we do not expect to see an exponential drop-
off of the quantum gravity cut-off. Consistently, there is no global continuous symmetry
restored at the finite distance singularity.

To summarise, the scenario that seems to emerge underlying the Swampland Distance
Conjecture is as follows: the conjecture quantifies how close we can get to the infinite
distance point, i.e. how close we can get to the situation of recovering a global symmetry. It
does so by providing a relation between the cut-off and the field range due to the appearance
of an infinite tower of exponentially massless particles which were not part of the effective
theory. The exponential mass behaviour originates from the behaviour of the field metric
near the infinite distance singularity, and the infinite number of particles implies a drop-off
of the quantum gravity cut-off. In other words, above this cut-off quantum gravitational
effects cannot be ignored so the model must drastically change (the effects of the tower
will never be negligible or subleading). This is very similar to the magnetic Weak Gravity
Conjecture (WGC) [20], which quantifies how small a gauge coupling can be by providing
a relation between the gauge coupling and the cut-off scale. This way, the global symmetry



limit ¢ — 0 cannot be reached while keeping a finite cut-off. Finally, it was also observed
in [3, 39] that quantum corrections from integrating out the tower of exponentially massless
particles up to the species bound have in fact the structure to generate the infinite field
distance. Crucial for this argument is the role of the species bound, which implies an
exponentially increasing number of light fields as we approach the infinite distance point.
Therefore, the global symmetry and the infinite distance itself might be just emergent
phenomena from integrating out infinitely many fields.

3 SDC and inflation

One of the strongest implications of the SDC, and in particular of eq. (2.2), is a limit
on moduli space distances within any effective field theory which is consistent with string
theory and has a finite cut-off. Therefore, it is of potential phenomenological interest in
the context of inflation where both a high energy scale and a large field excursion may play
an important role.
In order to have a successful inflationary model, we need the cut-off to stay above the
Hubble scale, that is
H < Aqe - (3.1)

This simple observation allows us to give a model-independent upper bound on the proper
field distance Ay that any inflationary model (consistent with quantum gravity) can ac-
commodate

1 M,

assuming that the conjecture is valid for any scalar field taking parametrically large values.?
Recalling that in the slow-roll limit we have

M, 2
S 3.3
H m2A, (3.3)
the bound eq. (3.2) can be expressed in terms of the tensor-to-scalar ratio r
1 m2A,
Ap < Apspe = ~3x log 5 +logr |, (3.4)

with A being the amplitude of scalar perturbations. Notice that the quantities H, Ag
and r are calculated at the scales which crossed the Hubble horizon around 60 e-foldings
before the end of inflation (the same scales are entering our present horizon and correspond
to the largest ones of our observable Universe). These are the only scales of interest for
the current analysis as they are associated with the highest inflationary energy we can
effectively probe through cosmic microwave background (CMB) experiments, such as the
Planck satellite [44, 45]. For the sake of simplicity, here and in the following, we do not
label these quantities with a star, as it is usually done in literature.

3More concretely, it applies to EFTs where the limit Ap — oo corresponds to approaching an infinite
distance boundary of the moduli space, as in most of the string theory realizations of large field inflationary
models.



First of all, let us note that the lower the inflationary scale is, the milder the bound
becomes. This means that the EFT of models with a small Hubble parameter, which
generically correspond to scenarios where a sub-Planckian field excursion is sufficient to
generate 50-60 e-foldings of inflation, will be safe in this respect. The point in field space
where the EFT is supposed to break down reduces to smaller values together with the
increase of the inflationary energy scale, making large-field models more in tension with
such a conjecture. This behaviour is shown in figure 1 by the blue line, which represents
the bound eq. (3.2) for A = 1.

The latest Planck results [44], through the upper bound on the tensor-to-scalar ratio
(dashed green line in figure 1), impose

M, 4
3.7 %10 3.5
H ” % ’ (3:5)

which, once plugged into eq. (3.2), translates into a maximum field excursion set by the
SDC of around 10 M,, (when A = 1). Interestingly, given the measured value of the scalar
amplitude A [45], the main contribution is given by the first addend in eq. (3.4) which
alone provides a super-Planckian excursion of around 9.19 M, (A =1). A smaller value of
A would allow to traverse a larger field displacement before the breakdown of the EFT of
inflation.*

The bound is therefore yielding a maximum field excursion which is roughly O(1)
in reduced Planck mass units (we note that while this is a consequence of the Refined
SDC [18], it was further emphasized as a swampland criterion in [32]), but it can still
leave considerable room for inflationary models with Ay > 1 allowed by the current data.
In fact, given the latest cosmological constraints provided by Planck [44], we expect at
most modest super-Planckian excursions and, therefore, determining the actual value of A
becomes of crucial importance in order to determine any possible tension with the limit
imposed by the SDC. Furthermore, we would like to emphasize that this conjecture does
not provide a universal strict bound on Ay but rather a relation between Ay and Aqc,
which are two quantities in principle disconnected in the absence of gravity. This can have
important implications for inflation, besides the constraint on the field range, due to the
premature breaking down of the EFT.

It is interesting to compare the upper bound eq. (3.2) with the famous Lyth
bound [46-48], which provides a minimum for the field excursion of slow-roll inflation-
ary models.” Whereas the Lyth bound increases together with r, the SDC bound decreases
and the two functions define a finite area of validity for inflationary models consistent with
quantum gravity (see yellow area in figure 1). It is interesting to notice that many models
of inflation, which have been ruled out by the cosmological data of the last couple of years,
are also in very strong tension with quantum gravity arguments. A primary example of

4There might be some room to make A smaller by travelling along non-geodesic trajectories in a multi-
field scenario. This is discussed in section 6.

®The original bound derived by Lyth [46] was taking into account just the small observable window
which CMB experiments have access to. Assuming that r monotonically increases as inflation proceeds,
one can extend this bound to the whole period of inflation (N =~ 60).
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Figure 1. The blue line is the universal upper bound predicted by the SDC as function of the
tensor-to-scalar ratio r (we have assumed A = 1). The orange line is the Lyth bound which provides
a minimum range for generic models of inflation. Scenarios of inflation whose EFT is consistent
with quantum gravity should have a field range which belongs to the yellow area. The green area
is the one allowed by Planck 18, via the upper bound r < 0.064 (dashed green line).

this situation is provided by the simple quadratic model [49] of inflation (with r ~ 0.1 and
Ap ~ 15), which is excluded by the swampland distance conjecture for A > 1.

Let us finally remark that the infinite tower of states is not part of the effective field
theory and can only be identified if one has a UV completion in a consistent theory of
quantum gravity. Therefore, the above bound could have never be obtained by studying
the validity of the model within the effective field theory itself, without extra input about
the tower of states. Furthermore, the bound disappears when decoupling gravity by sending
M,, — oo, as any swampland constraint should.

4 «a-attractors and string theory

4.1 Review: a-attractors = pole inflation

The a-attractors cosmological scenario [27, 28] has been proposed and developed in the
framework of supergravity (see also [50-52] for previous investigations with some working
examples for specific values of «) and subsequently studied in a variety of contexts. The
crucial observation is that the kinetic structure of the theory, and therefore the underlying
Kéhler geometry, may act as an “attractor” thus determining the inflationary observables
unequivocally, irrespective of a certain array of details. Specifically, the predicted values for
the scalar spectral index ns and the tensor-to-scalar ratio r, measured by CMB experiments,
have universal form
ng=1-— 3 r= 12_a
B N’ N2’

at large values of the number of e-foldings N and with a being a numerical parameter

(4.1)

directly related to the curvature of the scalar manifold.



The key ingredient of this universality is a dependence of the Kéahler metric on the
inflaton ¢ such that 5

- 2
_W((%) : (4.2)
This situation appears for typical logarithmic Kéhler potentials such as K = —3a/In(T+1T)
when the inflaton is identified with the saxion, that is ¢ = ReT.

This class of models is therefore characterized by an underlying scale invariance [53, 54]

[fkin =

which can be broken by means of various mechanisms (e.g. by a field-dependend term in
the superpotential [27, 28, 55|, by Kéhler [56], loop [57-61] or higher-derivative [62, 63]
corrections) thus generating an inflationary dynamics. In full generality, the universal
cosmological predictions arise when the scalar potential is regular at small-distance in field
space and can therefore be expanded as

V=Vo—Vio+0(s?), (4.3)

where the kinetic term eq. (4.2) shows a pole [29] (indeed, this class of models is often
termed pole inflation [30, 31]). This regularity translates into an infinite positive plateau
with a first exponential deviation in terms of the canonically normalized variable ¢ =
—+/3a/2In¢. However, in order to solve the standard cosmological puzzles, one needs
just a finite amount of inflation (usually quantified with 50-60 e-foldings). Therefore, the
observational predictions would not be affected if this regularity holds just for a certain
finite field range, while allowing even singular behaviour in the limit ¢ — 0. An interesting
example of this situation is the fiber inflation scenario [61], where power corrections to
the originally flat direction enters the potential with both signs, thus spoiling the infinite
quasi-de Sitter phase at very large field values.

It is therefore useful to give an expression of the canonical field range in terms of the
number of e-foldings N. This has been derived in [48] and reads

Ap =+/3a/2InN — ., (4.4)

where @, is the point where inflation ends and it is usually a sub-leading contribution
at large values of N. As an example, models with @ = 1 (including the Starobinsky
model [64]) will deliver 60 e-foldings of inflation when the scalar field moves of about 5
M,. Therefore, modifications or breakdown of the EFT beyond this value will not affect
the original inflationary predictions. The above expression can be obtained by integrating
the relation dy/dN = v/2¢, with the first slow-roll parameter being equal to ¢ = 3a/4N?,
at leading order in V.

In the following, we would like to argue that a proper realization of a-attractors in
string theory corresponds to taking the opposite limit ¢ — oo, that is the limit where the
kinetic term goes to zero and then has no pole.

4.2 String realisation of a-attractors at infinite distance (i.e. a-attractors #
pole inflation)

Let us start with the observation that the key-ingredient of a-attractors, namely the kinetic
term eq. (4.2), has the same ¢-dependence of the metric eq. (2.4) appearing only when

~10 -



approaching an infinite distance singularity in field space. This suggests a very natural
realization of a-attractors at the boundaries of the string moduli space. Here below, we
discuss this possibility and highlight the differences and possible issues with the original
pole-inflation scenario described above.

Let us first note that the kinetic term eq. (4.2) is invariant under the inversion ¢ — 1/¢.
This implies that the phenomenology of a-attractors remains the same if the scalar potential
can be expanded at infinite distance such as

V=V-Vi/p+0(1/¢%). (4.5)

Note that, after the inversion, the kinetic term eq. (4.2) will have no longer a pole in the deep
inflationary phase limit, rather will be infinitesimally small. Again, also in this parallel case,
positive power corrections might enter the above expression, while still yielding a-attractor
behaviour at infinite distance, if the plateau extends at least for 50-60 e-foldings.

While this discussion is correct at the level of the effective theory of inflation with a
single real scalar field, one has to be careful when embedding these models in string theory,
which necessarily implies new degrees of freedom coupled to ¢.

Let us consider a simple supergravity embedding, in which the inflaton ¢ is identified
with the real part (saxion) of one complex field T parametrising a scalar manifold with
Kahler potential

K=-3aIn(T+T+...). (4.6)

This type of Kahler potential arises when working in a local region near an infinite distance
singularity (like e.g. large volume or large complex structure). As mentioned earlier in
section 2.1, we usually have only a local patch-wise description of the moduli space of a
string compactification. The latter expression should indeed be understood as an expansion
around an infinite distance singularity where we are neglecting sub-leading corrections
denoted by the ellipsis. The local form of the Kéahler potential near infinite distances
singularities was given in eq. (2.3). Comparing both equations, it is trivial to check that
eq. (4.6) is a particular case of eq. (2.3) with p(¢) = (T + T)3% = (2¢)3*.

If we now perform an inversion transformation such as T — 7" = 1/T, the leading
term of the Kéhler potential eq. (4.6) remains invariant (up to a Kéhler transformation).
This implies that the kinetic Lagrangian

Liin = —304(:??%2 = —j;; ((08)* + (00)?) (4.7)
is covariant with respect to the inversion, so that Ly, (T) = Lxin(T' = 1/T). In terms of
the new field T/ = ¢’ + i6’, the kinetic term for ¢’ looks the same but the potential changes.
Assuming that ¢ enjoys a potential of the form eq. (4.5), the potential in terms of ¢ will
look as in eq. (4.3). This implies that the inflationary regime emerges for ¢ — oo, whereas
in the primed frame it does for ¢’ — 0. At this point, it is interesting to notice that, since
the field metric is covariant under the inversion transformation, the decay constant of 6
goes to zero as ¢ — oo, while the decay constant of ' diverges as ¢’ — 0. This happens in
the same physical situation (i.e. during inflation). However, only 6 can be identified with
the true axion, as we explain in the following.
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In the new primed frame, the separation on K between a leading polynomial (depend-
ing only on the radial variable) and the exponentially suppressed corrections is no longer
true (this is generically the case for prototypical four-dimensional Calabi-Yau compactifi-
cations of Type II string theory). In particular, the angular variable # is not an axion in
the sense that it does not enjoy an approximate continuous shift symmetry only broken by
exponentially suppressed corrections. Therefore, even if its field metric diverges, this does
not have the physical meaning of a “decay constant” and it does not make sense to apply
the bounds derived by the Weak Gravity Conjecture. The true axion is only 6, whose decay
constant goes to zero at the infinite distance singularity. Therefore, a kinetic term of the
form (4.7), where it is assumed that the corrections are exponentially suppressed so that 6
behaves as an axion, is only valid for ¢ — oo. This is clear from the fact that the inversion
transformation belongs to the group of linear transformations GL(2n + 2, R) which leaves
invariant the Kéahler potential up to Kéhler transformations; while the true symmetries of
the action are a discrete subgroup M € GL(2n + 2, R) called the monodromy group. This
monodromy group does not include in general this inversion transformation implying that
the latter should not be understood as a symmetry but rather to a choice of frame (field
redefinitions or duality transformations). More comments in this regard can be found in
appendix B.

To sum up, the Kéhler potential in eq. (4.6) is a local expansion at ¢ — oo and, in
general, it is inconsistent to work with this effective theory when moving to the pole ¢ — 0
and assume that the corrections will be exponentially suppressed and remain negligible.
Furthermore, in Kéahler manifolds, each infinite distance singularity implies the presence of
an axion in the effective theory with an approximate continuous shift symmetry, and whose
decay constant goes to zero at the singularity. This behaviour for the decay constant holds
for any infinite distance point that belongs to a single singular divisor in the moduli space,
meaning that we are sending only one field ¢ to infinity. As we will comment in section 6,
the case of sending several fields to infinity is more technically involved and has not been
proven yet, although we still expect it to be true. We hope to come back to a more detailed
analysis of the field metrics in this case in the future. Notice that fiber inflation [61] enters
in this category, as two Kahler fields are sent to large values simultaneously.

The separation in the Kahler potential between the leading polynomial and the expo-
nentially suppressed corrections allows for the flattening of the scalar potential if V' takes
the form (4.5). Therefore, as far as we can see, only if the inflaton is identified with a scalar
field approaching an infinite distance singularity, the characteristic plateau of a-attractors
can be safely generated. However, this might not be sufficient as higher order corrections
might spoil the dynamics. The advantage of identifying the inflaton with an axion is the
presence of an approximate continuous global symmetry which protects the scalar potential
from higher order corrections. This shift symmetry is inherited from the monodromy trans-
formation of infinite order present at any infinite distance singularity, which implies that
the axion does not appear in the Kahler potential up to exponentially suppressed correc-
tions. It is then natural to ask whether there is any analogous protection for a saxion field.
Even if this is generically not possible, the analogous protection for the saxion would come
from an approximate scaling symmetry, i.e. ¢ — £¢ with & being a constant, preserved
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at leading order in the Kéhler potential. This scaling symmetry indeed corresponds to a
shift symmetry for the canonically normalised saxion [53, 65]. Unlike the axionic case, this
scaling symmetry will be related to the finite order part of the monodromy transformation.
Whether the monodromy transformation associated to an infinite distance singularity can
indeed generate this scaling symmetry, is not clear and deserves further investigation.

A last cautionary remark regarding the scalar potential is in order. In this note, we
only focus on the kinetic structure of the inflaton. Therefore, the proximity to these types
of singularities is a necessary but not sufficient condition to get the cosmological properties
of a-attractors. The analysis of the asymptotic behaviour of the scalar potential is left for
future work.

5 Swampland constraints on a-attractors

The Swampland Distance Conjecture suggests that the effective theory of any scalar field,°
when going to parametrically large enough values, exhibits a universal behaviour for the
kinetic metric. This is also confirmed by the analysis of the physics around infinite distance
singularities [3]. Interestingly, as we have pointed out in the previous section, this emergent
field metric eq. (2.4) precisely matches the one required for a-attractors eq. (4.2). By
comparing both equations, we are then encouraged to identify

d= 3. (5.1)

Deviations from the perfect 1/¢? dependence, as it is in eq. (4.2), may certainly occur but
this would affect the inflationary dynamics just at smaller values of the field and, then,
far from the CMB window where the observational predictions conform to eq. (4.1). If
the scalar potential takes the form (4.5) with V) # 0, the dynamics will eventually be
characterized by a long enough plateau and an inflationary «a-attractor behaviour. Con-
trary, if Vy = 0, there will be an exponential runaway towards large field values, which
might be useful for quintessence. This latter behaviour would be in agreement with recent
conjectures [19, 32, 33, 40, 66].

The universality features of a-attractors occur at large values of ¢, i.e. where the scalar
potential develops a quasi-de Sitter plateau in canonical coordinate ¢. However, this is
also in the same limit where the infinite tower of states predicted by the SDC becomes
light and the effective theory breaks down. It is therefore essential to check how far we can
move along the plateau (towards the infinite distance point) before the quantum gravity
cut-off decreases such that becomes lower than the Hubble inflationary scale.

5.1 Universal bound independent of A

The maximum field range that can be traversed before the effective theory breaks down is
given by eq. (3.2). We can combine the latter with eq. (4.4) in order to obtain

1 M,
Ap = +/3a/2log N < Xlog#, (5.2)

5We will comment on the generalisation to axions in section 6.
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which translates into a bound on the total number of e-foldings

NS(%)ﬁ“. 53

H

Let us recall that the parameter X is a combination of the coefficient d appearing in
the field metric eq. (2.4) and the power of the mass p for the tower of states eq. (2.5) so
that A\ = 2p/(3v/d). Upon using eq. (5.1), we then obtain’

N§<%)%. (5.4)

B =

H

This bound is universal for any a-attractor model and with a very mild dependence on «
through the energy scale (H o \/a)). There is still some dependence on p, which is an order
one factor appearing in eq. (2.5) and which depends on the specific structure of the tower
of particles. Typically, p is a (half)-integer upper bounded by the complex dimension of
the internal space, i.e. p = 1/2,1,...,3 for a C'Y3, depending whether the tower of particles
arises from wrapping branes of different dimensionality, KK modes, winding modes, etc.

Clearly, the inequality eq. (5.4) easily holds for typical inflationary periods of 60 e-
foldings, given the current experimental bound on the Hubble scale eq. (3.5) coming from
the constraints on tensor modes. In the next subsection, we will get a stronger bound by
fixing the value of A in concrete scenarios. It is worth to remark, though, that eq. (5.4)
is a universal upper bound for a-attractor models obtained by requiring consistency with
quantum gravity via the SDC, regardless of all the subtleties related to the exact value
of A and independent of whether the field range is transplanckian or not. Furthermore,
since the dependence on d cancels out, this bound equally applies to the higher-dimensional
moduli spaces and any type of trajectory approaching an infinite distance point.

5.2 Bounds on A\,  and r

We can now be more restrictive and comment on the allowed range for A. This is not
specified by the conjecture, although a refined version of the SDC states that A should
always be of order one for geodesic trajectories. This would automatically imply that
a < %O(l) and Ay < log (%) Interestingly, we can give more quantitative bounds if
using the results for the geometry near infinite distance singularities of the moduli space.
In particular, in certain cases, we can fix this order one factor in terms of the type of
singularity arising at ¢ — oo.

In this section, for simplicity, we will only consider single field inflationary models in
one dimensional moduli spaces. We will comment on the generalization to more realistic
higher dimensional moduli spaces and more general trajectories in section 6. For single

TA slightly stronger bound can be obtained if we impose that the lightest state of the infinite tower
remains always heavier than H, such that the flatness of the inflationary potential is preserved. In this
case we get N < (mo/H )%% where my is the mass of the lightest state at the furthest point from the
singularity during inflation, that is where the inflationary dynamics ends. This bound is however more
model-dependent, thus we prefer to use the universal criterion given by the species bound.
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field, the factor d appearing in the field metric (2.4) is simply an integer that characterises
the type of infinite distance singularity and is given by the properties of the monodromy
transformation around the singularity.® It is upper bounded by the complex dimension of
the compactification space (for a Calabi-Yau threefold, d = 1,2, 3). Then, eq. (5.1) implies
a =1/3,2/3,1 respectively. The maximum value d =3 (a = 1) corresponds to a maximal
unipotency singularitiy, like the large complex structure point (or large volume). This
implies that, a-attractor models described by a single scalar field approaching an infinite
distance singularity in a one dimensional moduli space of Calabi-Yau compactifications of
Type II string theory have necessarily o < 1, implying

r=12a/N? < 0.003, (5.5)

for 60 e-folds of inflation. This bound is valid for any Calabi-Yau manifold, but restricted
to a purely saxionic trajectory approaching the singularity. We will comment on more
general trajectories in the next section.

6 Comments on the multi-field case

The generalisation of the SDC to more than one scalar field is subject of controversy and
open questions. Similar to the case of a single scalar, one would expect that, as long as the
trajectory in the scalar manifold approaches an infinite distance point, an infinite tower
of states will become exponentially light and the effective theory will eventually break
down. However, the point at which these effects become relevant for inflation will depend
on the rate at which the states become light, which is parametrised by A in eq. (3.2).
From a geometric point of view, the concrete value of A can in principle depend on the
type of trajectory followed in the field space. Any attempt to give a universal value for
A will imply to constrain both the geometry of the scalar manifold as well as the type of
scalar potential that can arise from string theory, thus effectively constraining the type of
trajectories allowed by quantum gravity. This is a very difficult question since it would
imply to know the full potential including all possible backreaction effects, to determine
the final trajectory followed in the field space. However, we can aim at least to determine
the value of A associated to each trajectory, even if we do not know what trajectories
will be eventually allowed by quantum gravity. The advantage of using the Nilpotent
Orbit Theorem to determine the Kahler potential is that we can avoid part of the path
dependence issues, as we will see below. We will distinguish a few cases depending on their
level of technical difficulty.

6.1 Saxionic trajectories

Let us still assume we are moving only along saxionic fields, i.e. on radial directions to the
singularity. In a higher dimensional moduli space, with multiple saxions, we can distinguish
two cases depending on the number of transverse coordinates to the singular point.

8More concretely, d is an integer corresponding to the maximum power of the nilpotent monodromy
operator that does not annihilate the period vector. More details can be found in [3].
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Figure 2. Sketch of different trajectories in the moduli space. The straight black lines correspond
to singular divisors, while the blue lines correspond to different type of trajectories approaching
the singular loci. The left figure refers to whether the trajectory is approaching a one-parameter
(point P) or a multi-parameter degeneration (point R). Notice that, even if each singular divisor
has one transverse complex coordinate T;, the left drawing corresponds to the plane spanned only
by the two real components ¢;. The right figure corresponds instead to the complex plane spanned
by T1 = ¢1 +i61. It can be therefore seen as a transversal view of the left figure so that one of the
singular divisors appears as a point. Different trajectories «, 3,7 correspond to different mixings of
the saxion ¢; with the axionic field 6, so that v is a purely saxionic trajectory.

e One-parameter degenerations: the singular point is located at a single singular divisor
at ¢ — oco. In other words, there is only one transverse complex coordinate 1" to the
singularity and, therefore, only one radial way ¢ to approach it.

e Multi-parameter degenerations: the singular point is located at the intersection of
multiple singular divisors, each of them located at ¢; — oo where ¢ runs over the num-
ber of singular divisors. In other words, there is more than one complex coordinate
transverse T; to the singular point.

These two cases have been schematically shown in figure 2, where the point P is a one-
parameter degeneration while R is a multi-parameter degeneration as corresponds to the
intersection of two singular divisors.

It is important to remark that, in this paper, we have only investigated the cosmological
implications of one-parameter degenerations. The Kéhler potential was given in eq. (2.3).
For multi-parameter degenerations, the polynomial in e * will be an expansion over each
transverse coordinate. Interestingly, there is a very rich underlying structure of the possible
enhancements and intersections which will again constrain the physics and geometry around
these points. This has been analysed in [4]. Even if path dependence issues become more
important, it is possible to classify paths into different growth sectors and to determine
how the masses of the tower of states behave within each growth sector. A more detailed
analysis of the field metrics in these growth sectors is left for future work.

Even if we restrict ourselves to one-parameter degenerations, there can also be addi-
tional scalar fields z, parametrizing the longitudinal directions to the singular divisor. All
the bounds obtained for the single field case still apply in this case, with the difference that
the constant d appearing in the leading term of the kinetic term for the saxion is replaced
by some deg which will also depend on the other spectator fields z,. However, dog is upper
bounded by the integer d, i.e. deg < d, so the bounds on the field range for purely saxionic

trajectories become even stronger.
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6.2 Saxion-axionic trajectories

Let us finally consider the case in which we also displace some axionic field. Varying
the saxion is equivalent to moving along the radial direction towards the infinite distance
singularity, while varying the axion corresponds to circle around the singularity. In the
previous section, we only considered purely saxionic trajectories, as in the original models
of a-attractors. Here we will comment on the bounds for more general trajectories in
which we also move along the axionic direction. Different trajectories have been depicted
in figure 2 (right figure). For simplicity, we will assume that the moduli space is only
parametrised by one complex scalar field T' = ¢ +i6. The leading term for the kinetic field
metric near the infinite distance singularity reads

d

d
_4752(

L= ~ g

0¢)? 06)? . (6.1)
It can be proved [42] that any real smooth trajectory approaching the point ¢ — oo has

infinite length,
d
Ap = —f log(¢) — o0, (6.2)

even if it has an axionic component. In particular, a trajectory involving a linear combi-
nation of saxion and axion such that

(6,6) = <¢0 + 60, iéaﬁ) (6.3)

has a length given by

v/ d(1 + a?
However, it is not enough to know the field metric in order to determine the drop-off of
the cut-off and the maximum field range consistent with the conjecture. We also need
information about the mass behaviour of the tower of particles. For a single complex field,
it is still expected that the mass scales at leading order as

me — . (6.5)

Plugging eq. (6.4) into the species bound for this tower of particles, and denoting A =
2p/+/3d as before, we get

/ 2
Ap < Apspc = %% log % : (6.6)
This is the same formula used in the previous analysis but with a new effective factor
Aeff = )\ﬁ which now depends on how much we are moving along the axionic direction.
For a — oo, the trajectory is mainly saxionic and we recover the results of section 5. The
field range cannot be made parametrically large and it is upper bounded by A~!. For
a — 0, the trajectory is mainly axionic and in principle Aeg < A so Apgpc can be made

parametrically larger. This limit is equivalent to consider an axion monodromy inflationary
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model [67, 68] in which backreaction effects involve some displacement of the saxion fields
which is quantified by the value of a. If a is very small means that backreaction effects are
negligible and the trajectory is mainly axionic. For this to happen, one needs to be able
to engineer a mass hierarchy such that the axion is much lighter than the saxion [7]. The
question, though, is whether there exists a potential in an effective theory consistent with
quantum gravity that allows us to generate this mass hierarchy and move along this almost
purely axionic trajectory. In many cases, it turns out that the same tuning required to get
this mass hierarchy in string compactifications, also brings the effective theory away from
the perturbative controllable regime [9, 13] (see though [69]). Therefore, it remains as an
open challenge to fully globally engineer a controllable model of this type.? All we can say,
though, is that this type of monodromic axionic trajectories are still the best candidates
to generate larger field excursions as of now.

Regarding the cosmological predictions, in the case of a mixed saxion-axion trajectory,
asymptotic to eq. (6.3) at infinite distance, one would generically still expect an emergent
inflationary behaviour typical of a-attractors (provided the conditions on the potential
discussed above). In fact, the kinetic term has still an effective 1/¢? dependence along
that path. In the ideal case of perfect linearity, with a being a constant along the whole
trajectory, the inflationary predictions will be again given by eq. (6.3) but with « being
replaced by aeg such as

1+ a?

a = Qeff = 5
a

. (6.7)

For small a, that is when the axionic component becomes relevant, the tensor-to-scalar
ratio will therefore increase.

However, moving away from the singularity, deviations from the linear saxion-axion
combination are generically expected. These will depend on the specific details of the

1,19 with direct consequences on the resulting inflationary dynamics.

full scalar potentia
The evolution along the axionic direction can in fact lead to phenomenologically distinct
scenarios. Here below, we give an account of quite generic situations, keeping in mind that
many model-dependent subtleties might come into play.

One possibility is that the parameter a effectively increases thus yielding a purely
saxionic trajectory. If the potential is such that the last 60 e-foldings of inflation happen
along this path, then we recover the original predictions given by eq. (6.3). On the contrary,
if the trajectory becomes mainly axionic (effective reduction of a) and if the potential
is suitable to sustain again at least 60 e-foldings of quasi-exponential expansion, then
the predictions will be strictly dictated by the form of the axionic potential (with model
dependent outcomes). In fact, CMB observations will ‘see’ just the last stage of inflation,
thus ignoring the preceding cosmological history.

9See, though, the recent work [14] where the backreacted kinetic term along the axionic trajectory goes
as 1/0¢, seemingly implying a parametrically large axionic field displacement. However, in this case, the
axion varies over a non-compact spatial dimension.

ODeviations from the linear case eq. (6.3) can be again encoded in the trajectory-parameter with a
dependence such as a = ap + a1 /¢ + O(1/¢?).
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Another possibility is that the first stage of inflationary attractor along the diagonal is
interrupted with a subsequent phase, which can sustain an insufficient period of inflation
or even no inflation at all (thus leading to a premature ending of inflation). In both cases,
the cosmological predictions will read

p 12 g
ng=1— ————, r=—5, 6.8

’ (N +6N) (N +6N)? (6.8)

with N = 60 and d N being a positive quantity in case the inflationary period is prematurely
arrested (see e.g. [70]), while it is a negative number if there is a second stage of insufficient

inflation, with a duration of |0 N| < 60 e-foldings (see e.g. [71, 72]).

7 Conclusions

In this paper we have discussed the interplay between the Swampland Distance Conjecture,
the physics at infinite distance singularities and its implications for inflation. Specifically,
we have pointed out that the emergent field metric predicted by the SDC (and confirmed
by explicit analysis in the context of Calabi-Yau manifolds [3]) is the same as the typical of
a-attractor models of inflation. The SDC therefore suggests that any scalar field travelling
along a mon-compact trajectory towards a boundary of the string moduli space will exhibit
the phenomenology of a-attractors for large enough parametrically field values, provided a
certain regularity on the scalar potential (see section 4). However, the conjecture implies
also that the limit where the universal inflationary behaviour emerges is the same where the
effective field theory is supposed to break down cause of the appearance of an infinite tower
of massless states. We have investigated these aspects and found a number of interesting
results:

e We have first pointed out that assuming validity of the EFT of inflation (i.e. H <
Agc) and eq. (1.1) automatically leads to a universal upper bound on the inflaton field
range in terms of the tensor-to-scalar ratio r measured at horizon exit. This bound
scales as Ap < —log(r) and, when compared with the Lyth bound (Ay = /1), it
defines an area of inflationary models consistent with the quantum gravity constraints
imposed by the SDC (see figure 1).

e We have argued that if a-attractors are realised within string theory and by means of
only one radial transverse direction evolving during inflation, then the kinetic met-
ric eq. (1.2) should vanish in the deep inflationary limit. This happens because the
physics emerges around infinite-distance singularities in field space. In Calabi-Yau
string compactifications, the symmetries of these spaces typically do not include the
inversion transformation, which makes this inflationary construction intrinsically dif-
ferent from the pole inflation scenario [29-31] (although with identical predictions).
Interestingly, this realization comes together with the additional feature that the de-
cay constant of the axion partner goes to zero in this limit, thus implying consistency
also with the bounds imposed by the WGC. The increase of the axion decay constant
towards the end of inflation might lead to interesting phenomenological consequences.
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e We have proven that, although the infinite long plateau typical of a-attractors is
forbidden by the SDC, these models can still deliver a sufficient amount of inflation
(N > 60) with cosmological predictions equal to eq. (4.1). For a-attractor models
arising at infinite distances, the upper bound on the total number of e-foldings is
given by eq. (5.4).

e The realization of a-attractors at infinite distances, allowed us to relate, through
eq. (5.1), the parameter « of these inflationary class of models with the parameter
d, the latter being intimately related to the fundamental geometric properties of the
singularity (see eq. (2.3) and eq. (2.4)). For saxionic trajectories, d is upper bounded
by an integer depending on the properties of the monodromy transformation of infinite
order around this point (which translates to the shift symmetry of the axion partner
in the effective theory), thus implying an upper bound eq. (5.5) on the tensor-to-scalar
ratio. It is also eventually related to the rate at which the infinite tower of particles
becomes light, as both parameters are connected to the asymptotic structure of the
kinetic term. More concretely, we get a ~ A™2 where \ appears in the definition of
the SDC eq. (1.1). A bound on A has, therefore, a direct impact on a-attractors.

Many of the results discussed in this paper are (model-independent) consequences of
applying the Nilpotent Orbit Theorem [41] to the Kéahler potential of Calabi-Yau compact-
ifications. Therefore, the validity of these conditions is restricted to these spaces, although
their deep relation to the SDC suggests that they might be valid in general. It is impor-
tant to remark, though, that they have only been proven for one-parameter degenerations,
meaning that there is only one saxion going to infinity while all the other fields are kept
finite. Even if we expect them to be true in general, we cannot apply yet our results to mod-
els like fibre inflation [61], which involves two fields moving towards a singular point located
at the intersection of multiple singular divisors (see e.g. point R of figure 2). Although we
have already outlined some of the generic expectations of multi-parameter degenerations
in section 6, we leave this interesting but more involved analysis for future work.

Finally, we want to remark that much more effort is still required to prove the con-
jecture and determine the parameter A in eq. (1.1) from first principles. This is essential
in order to ever give precise constraints on inflation which aim to be universal. Interest-
ingly, the mathematical structure underlying the infinite distance singularities can also be
used to potentially constrain the asymptotic structure of the scalar potential in flux string
compactifications. This would represent an essential complementary analysis, since in the
present work we have focused just on the kinetic structure of the inflaton field. We hope
to return soon to these interesting topics.
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A SDC vs validity of the EFT

Consider the moduli space of some string compactification. In general, there does not
exist a single effective field theory that is valid globally over the entire moduli space, but
we need to work with different effective descriptions which are valid over local patches of
finite size. To get these effective theories, we usually expand the field metric and physical
observables around special points which correspond to singularities of the moduli space.
These singularities can be either at finite or infinite distance. The presence of the latter
implies that moduli spaces have finite volume but are non-compact. When we move away
from the special point, corrections become more and more important and at some point the
local expansion fails. For instance, near an infinite distance singularity (like large volume,
large complex structure point or weak coupling points'!) the Kihler potential takes the
form given in eq. (2.3). Recall that this is a local expansion around the singularity at
¢ — o0o. Consequently, the exponentially suppressed terms become more important as we
move away from the singularity, and at some point (defined as the radius of convergence)
the effective description breaks down and needs to be replaced by another one.

There is some confusion whether this range of validity of the effective theory is the same
predicted by the SDC. The answer is no. The SDC is related to a complete breakdown of
the effective theory when approaching an infinite distance point (i.e. when moving towards
the boundaries of the moduli space), since the quantum gravity cut-off also goes to zero
there. Hence, we cannot just find another quantum effective field theory description (while
keeping the same fundamental degrees of freedom) that works when the first one breaks
down, as quantum gravitational effects become important. Furthermore, notice that the
SDC implies the breakdown of the effective theory when approaching the special point,
instead of when going away from it. In other words, precisely in the limit where the local
expansion is better justified, the SDC tells us that the effective theory must break down
due to an additional infinite tower of particles becoming light, which was not present in
the low energy effective theory. Therefore, as expected from a swampland constraint, this
breakdown cannot be seen without additional information of the UV completion.

The intuitive reason is because there are global symmetries that would be recovered
otherwise at the infinite distance boundaries of the moduli space, and global symmetries
are not allowed by quantum gravity [73]. Therefore, even if near the boundary it seems
we can always'? find a weakly coupled effective theory description enjoying approximate
global symmetries and which is seemingly under control from the point of view of QFT,

1\Most of effective theories obtained from string theory compactifications usually involve working near
one of these limits. This is why the SDC has the potential to constrain many inflationary models in string
theory. There can be, though, other examples of infinite distance singularities.

12The SDC is deeply linked to the appearance of dualities in string theory.
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Figure 3. Sketch of a moduli space with different local patches describing the different regimes of
validity of an effective theory. For simplicity, we only draw two singularities, assuming one of them
at infinite distance (¢ = oo) and the other one at finite distance (¢ = 0). The effective field theory is
valid at a finite region around the singularity. When going away (red or blue arrow), corrections will
become important and eventually has to be replaced by another effective description. Quantifying
these corrections defines the radius of validity (dashed circles) of the EFTs. Contrary, the SDC
gives information on how close we can go to the singular point (yellow arrow). Even if in this limit
the metric at leading order is well described by 1/¢? and corrections are negligible, there is an
additional infinite tower of particles which will yield an exponential drop-off of the energy cut-off.
This sets a new boundary (yellow dotted circle) and a corresponding area where the EFT breaks
down by quantum gravity effects (yellow area).

it must still breakdown continuously when approaching the infinite distance boundary by
quantum gravity effects to avoid the restoration of the exact global symmetry.

Of course, string theory has a way to resolve these infinite distance singularities (e.g.
by growing extra dimensions) so the global symmetry is embedded in a higher group of
diffeomorphisms or gauge transformations. But this changes drastically the effective theory
and the fundamental light degrees of freedom are intrinsically different.

Let us finally remark that the effective theory also breaks down at finite distance
singularities because of the presence of some new light state. However, since the number
of new degrees of freedom is expected to be finite, we can always integrate them in and
continue working with the same effective theory plus the new states. There is no need of
changing to a dual picture and, consistently, the quantum gravity cut-off does not go to
zero in these cases. There have been some works [13] studying if a Refined SDC [18, 19]
forbidding transplanckian geodesic field distances could still be valid in these regimes, even
if there is no infinite tower becoming light. They find agreement with the refined conjecture
in the sense that the analysed geodesics trajectories are still subplanckian.

B Comments on the inversion transformation

In this appendix we would like to further comment on the shortcomings of using an inversion
transformation ¢ — 1/¢ to relate a-attractor and pole inflation models.
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First of all, let us notice that the inversion transformation should not be understood
as a symmetry but more as a duality or field redefinition. It is part of the group of
linear transformations GL(2n + 2, R) which leaves invariant the K&hler potential up to
Kahler transformations. However, in general, these transformations do not correspond
to symmetries of the effective theory but rather to a choice of frame (field redefinitions
or duality transformations). The true symmetries of the action are a discrete subgroup
M € GL(2n + 2, R) called the monodromy group, which does not include in general this
inversion transformation. This is more clear if the scalar fields are part of N = 2 vector
multiplets together with U(1) gauge fields (as in the complex structure (Kéhler) moduli
space of IIB (ITA) Calabi-Yau compactifications). The scalar field metric is then related
to the gauge coupling, and the inversion transformation implies in turn a transformation
on the gauge coupling ¢ — 1/g and the exchange between electric and magnetic gauge
fields. At a given point of the moduli space, an effective description in terms of electric
gauge fields is dual to a description of the magnetic gauge variables, but if the electric
gauge coupling goes to zero, the magnetic one will diverge and there is no weakly coupled
effective Lagrangian that we can write for the magnetic variables. It is more useful then to
work with the electric fields. Similarly, for the scalar manifold, there are frames which are
more useful than others depending on the point of the moduli space. When approaching
an infinite distance singularity, there is a “clever” frame for the Kéahler potential in which
the corrections are exponentially suppresed with respect to the leading term, so the shift
symmetry of the axion is manifest. But in this frame, the singularity is located at ¢ — oo
so the result is only valid for large ¢. The Nilpotent Orbit Theorem naturally selects this
“clever” frame and gives the leading form of the Kéhler potential at any type of infinite
distance singularity, regardless of the specific Calabi-Yau compactification space or the
scalar field under consideration.

Notice that there can be exceptions for particular scalar manifolds in which the in-
version transformation is indeed a true symmetry of the theory, as in toroidal compacti-
fications. There, the monodromy group is SL(2,Z) and both limits ¢ — oo and ¢ — 0
correspond to infinite distance singularities. For Calabi-Yau compactifications, only special
examples exhibit infinite distance singularties at small ¢ which are in fact characterized
by small values of d in eq. (2.4) (in particular, d < 3 for Calabi-Yau threefolds [3]) which
imply in turn small values of . Clearly, one can always choose to work in the frame in
which the singularity is located at infinity, so the presence of the axion is manifest and
everything works as described above. However, in these cases, both 6 and 6’ behave as
axions in the effective theory.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

~ 93 -


https://creativecommons.org/licenses/by/4.0/

References

1]
2]

[3]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

C. Vafa, The String landscape and the swampland, hep-th/0509212 [INSPIRE].

H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl.
Phys. B 766 (2007) 21 [hep-th/0605264] [INSPIRE].

T.W. Grimm, E. Palti and I. Valenzuela, Infinite Distances in Field Space and Massless
Towers of States, JHEP 08 (2018) 143 [arXiv:1802.08264] [INSPIRE].

T.W. Grimm, C. Li and E. Palti, Infinite Distance Networks in Field Space and Charge
Orbits, JHEP 03 (2019) 016 [arXiv:1811.02571] [INSPIRE].

E. Palti, On Natural Inflation and Moduli Stabilisation in String Theory, JHEP 10 (2015)
188 [arXiv:1508.00009] [INSPIRE].

F. Baume and E. Palti, Backreacted Axion Field Ranges in String Theory, JHEP 08 (2016)
043 [arXiv:1602.06517] [INSPIRE].

I. Valenzuela, Backreaction Issues in Axzion Monodromy and Minkowski 4-forms, JHEP 06
(2017) 098 [arXiv:1611.00394] [InSPIRE].

S. Bielleman, L.E. Ibanez, F.G. Pedro, I. Valenzuela and C. Wieck, Higgs-otic Inflation and
Moduli Stabilization, JHEP 02 (2017) 073 [arXiv:1611.07084] [INSPIRE].

R. Blumenhagen, I. Valenzuela and F. Wolf, The Swampland Conjecture and F-term Axion
Monodromy Inflation, JHEP 07 (2017) 145 [arXiv:1703.05776] [INSPIRE].

E. Palti, The Weak Gravity Conjecture and Scalar Fields, JHEP 08 (2017) 034
[arXiv:1705.04328] [INSPIRE].

A. Hebecker, P. Henkenjohann and L.T. Witkowski, Flat Monodromies and a Moduli Space
Size Conjecture, JHEP 12 (2017) 033 [arXiv:1708.06761] [INSPIRE].

M. Cicoli, D. Ciupke, C. Mayrhofer and P. Shukla, A Geometrical Upper Bound on the
Inflaton Range, JHEP 05 (2018) 001 [arXiv:1801.05434] [INSPIRE].

R. Blumenhagen, D. Klawer, L. Schlechter and F. Wolf, The Refined Swampland Distance
Congecture in Calabi-Yau Moduli Spaces, JHEP 06 (2018) 052 [arXiv:1803.04989]
[INSPIRE].

G. Buratti, J. Calderén and A.M. Uranga, Transplanckian axion monodromy!?, JHEP 05
(2019) 176 [arXiv:1812.05016] [INSPIRE].

E. Gonzalo, L.E. Ibdfiez and A.M. Uranga, Modular Symmetries and the Swampland
Conjectures, JHEP 05 (2019) 105 [arXiv:1812.06520] [INSPIRE].

S.-J. Lee, W. Lerche and T. Weigand, Tensionless Strings and the Weak Gravity Conjecture,
JHEP 10 (2018) 164 [arXiv:1808.05958] [INSPIRE].

S.-J. Lee, W. Lerche and T. Weigand, A Stringy Test of the Scalar Weak Gravity Conjecture,
Nucl. Phys. B 938 (2019) 321 [arXiv:1810.05169] [INSPIRE].

D. Klaewer and E. Palti, Super-Planckian Spatial Field Variations and Quantum Gravity,
JHEP 01 (2017) 088 [arXiv:1610.00010] INSPIRE].

G. Obied, H. Ooguri, L. Spodyneiko and C. Vafa, de Sitter Space and the Swampland,
arXiv:1806.08362 [INSPIRE].

N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060 [hep-th/0601001] [INSPIRE].

— 94 —


https://arxiv.org/abs/hep-th/0509212
https://inspirehep.net/search?p=find+EPRINT+hep-th/0509212
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://inspirehep.net/search?p=find+EPRINT+hep-th/0605264
https://doi.org/10.1007/JHEP08(2018)143
https://arxiv.org/abs/1802.08264
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.08264
https://doi.org/10.1007/JHEP03(2019)016
https://arxiv.org/abs/1811.02571
https://inspirehep.net/search?p=find+EPRINT+arXiv:1811.02571
https://doi.org/10.1007/JHEP10(2015)188
https://doi.org/10.1007/JHEP10(2015)188
https://arxiv.org/abs/1508.00009
https://inspirehep.net/search?p=find+EPRINT+arXiv:1508.00009
https://doi.org/10.1007/JHEP08(2016)043
https://doi.org/10.1007/JHEP08(2016)043
https://arxiv.org/abs/1602.06517
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.06517
https://doi.org/10.1007/JHEP06(2017)098
https://doi.org/10.1007/JHEP06(2017)098
https://arxiv.org/abs/1611.00394
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.00394
https://doi.org/10.1007/JHEP02(2017)073
https://arxiv.org/abs/1611.07084
https://inspirehep.net/search?p=find+EPRINT+arXiv:1611.07084
https://doi.org/10.1007/JHEP07(2017)145
https://arxiv.org/abs/1703.05776
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.05776
https://doi.org/10.1007/JHEP08(2017)034
https://arxiv.org/abs/1705.04328
https://inspirehep.net/search?p=find+EPRINT+arXiv:1705.04328
https://doi.org/10.1007/JHEP12(2017)033
https://arxiv.org/abs/1708.06761
https://inspirehep.net/search?p=find+EPRINT+arXiv:1708.06761
https://doi.org/10.1007/JHEP05(2018)001
https://arxiv.org/abs/1801.05434
https://inspirehep.net/search?p=find+EPRINT+arXiv:1801.05434
https://doi.org/10.1007/JHEP06(2018)052
https://arxiv.org/abs/1803.04989
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.04989
https://doi.org/10.1007/JHEP05(2019)176
https://doi.org/10.1007/JHEP05(2019)176
https://arxiv.org/abs/1812.05016
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.05016
https://doi.org/10.1007/JHEP05(2019)105
https://arxiv.org/abs/1812.06520
https://inspirehep.net/search?p=find+EPRINT+arXiv:1812.06520
https://doi.org/10.1007/JHEP10(2018)164
https://arxiv.org/abs/1808.05958
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.05958
https://doi.org/10.1016/j.nuclphysb.2018.11.001
https://arxiv.org/abs/1810.05169
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.05169
https://doi.org/10.1007/JHEP01(2017)088
https://arxiv.org/abs/1610.00010
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.00010
https://arxiv.org/abs/1806.08362
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.08362
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://inspirehep.net/search?p=find+EPRINT+hep-th/0601001

[21]

22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

T. Rudelius, On the Possibility of Large Axion Moduli Spaces, JCAP 04 (2015) 049
[arXiv:1409.5793] [INSPIRE].

T. Rudelius, Constraints on Axion Inflation from the Weak Gravity Conjecture, JCAP 09
(2015) 020 [arXiv:1503.00795] [INSPIRE].

M. Montero, A.M. Uranga and I. Valenzuela, Transplanckian axions!?, JHEP 08 (2015) 032
[arXiv:1503.03886] [INSPIRE].

J. Brown, W. Cottrell, G. Shiu and P. Soler, Fencing in the Swampland: Quantum Gravity
Constraints on Large Field Inflation, JHEP 10 (2015) 023 [arXiv:1503.04783] [INSPIRE].

T.C. Bachlechner, C. Long and L. McAllister, Planckian Axions and the Weak Gravity
Conjecture, JHEP 01 (2016) 091 [arXiv:1503.07853] [INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Weak Gravity Strongly Constrains Large-Field
Azion Inflation, JHEP 12 (2015) 108 [arXiv:1506.03447] [INSPIRE].

R. Kallosh, A. Linde and D. Roest, Superconformal Inflationary a-Attractors, JHEP 11
(2013) 198 [arXiv:1311.0472] [InSPIRE].

D. Roest and M. Scalisi, Cosmological attractors from a-scale supergravity, Phys. Rev. D 92
(2015) 043525 [arXiv:1503.07909] [INSPIRE].

M. Galante, R. Kallosh, A. Linde and D. Roest, Unity of Cosmological Inflation Attractors,
Phys. Rev. Lett. 114 (2015) 141302 [arXiv:1412.3797] [INSPIRE].

B.J. Broy, M. Galante, D. Roest and A. Westphal, Pole inflation — Shift symmetry and
universal corrections, JHEP 12 (2015) 149 [arXiv:1507.02277] [INSPIRE].

M. Dias, J. Frazer, A. Retolaza, M. Scalisi and A. Westphal, Pole N-flation, JHEP 02 (2019)
120 [arXiv:1805.02659] [INSPIRE].

P. Agrawal, G. Obied, P.J. Steinhardt and C. Vafa, On the Cosmological Implications of the
String Swampland, Phys. Lett. B 784 (2018) 271 [arXiv:1806.09718] INSPIRE].

H. Ooguri, E. Palti, G. Shiu and C. Vafa, Distance and de Sitter Conjectures on the
Swampland, Phys. Lett. B 788 (2019) 180 [arXiv:1810.05506] InSPIRE].

N. Arkani-Hamed, S. Dimopoulos and S. Kachru, Predictive landscapes and new physics at a
TeV, hep-th/0501082 [INSPIRE].

J. Distler and U. Varadarajan, Random polynomials and the friendly landscape,
hep-th/0507090 [INSPIRE].

S. Dimopoulos, S. Kachru, J. McGreevy and J.G. Wacker, N-flation, JCAP 08 (2008) 003
[hep-th/0507205] [INSPIRE].

G. Dvali and M. Redi, Black Hole Bound on the Number of Species and Quantum Gravity at
LHC, Phys. Rev. D 77 (2008) 045027 [arXiv:0710.4344] [InSPIRE].

G. Dvali, Black Holes and Large N Species Solution to the Hierarchy Problem, Fortsch. Phys.
58 (2010) 528 [arXiv:0706.2050] [INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Emergence of Weak Coupling at Large Distance
in Quantum Gravity, Phys. Rev. Lett. 121 (2018) 051601 [arXiv:1802.08698] [INSPIRE].

A. Hebecker and T. Wrase, The Asymptotic dS Swampland Conjecture — a Simplified
Derivation and a Potential Loophole, Fortsch. Phys. 67 (2019) 1800097 [arXiv:1810.08182]
[INSPIRE].

— 95—


https://doi.org/10.1088/1475-7516/2015/04/049
https://arxiv.org/abs/1409.5793
https://inspirehep.net/search?p=find+EPRINT+arXiv:1409.5793
https://doi.org/10.1088/1475-7516/2015/09/020
https://doi.org/10.1088/1475-7516/2015/09/020
https://arxiv.org/abs/1503.00795
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.00795
https://doi.org/10.1007/JHEP08(2015)032
https://arxiv.org/abs/1503.03886
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.03886
https://doi.org/10.1007/JHEP10(2015)023
https://arxiv.org/abs/1503.04783
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.04783
https://doi.org/10.1007/JHEP01(2016)091
https://arxiv.org/abs/1503.07853
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.07853
https://doi.org/10.1007/JHEP12(2015)108
https://arxiv.org/abs/1506.03447
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03447
https://doi.org/10.1007/JHEP11(2013)198
https://doi.org/10.1007/JHEP11(2013)198
https://arxiv.org/abs/1311.0472
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.0472
https://doi.org/10.1103/PhysRevD.92.043525
https://doi.org/10.1103/PhysRevD.92.043525
https://arxiv.org/abs/1503.07909
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.07909
https://doi.org/10.1103/PhysRevLett.114.141302
https://arxiv.org/abs/1412.3797
https://inspirehep.net/search?p=find+EPRINT+arXiv:1412.3797
https://doi.org/10.1007/JHEP12(2015)149
https://arxiv.org/abs/1507.02277
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.02277
https://doi.org/10.1007/JHEP02(2019)120
https://doi.org/10.1007/JHEP02(2019)120
https://arxiv.org/abs/1805.02659
https://inspirehep.net/search?p=find+EPRINT+arXiv:1805.02659
https://doi.org/10.1016/j.physletb.2018.07.040
https://arxiv.org/abs/1806.09718
https://inspirehep.net/search?p=find+EPRINT+arXiv:1806.09718
https://doi.org/10.1016/j.physletb.2018.11.018
https://arxiv.org/abs/1810.05506
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.05506
https://arxiv.org/abs/hep-th/0501082
https://inspirehep.net/search?p=find+EPRINT+hep-th/0501082
https://arxiv.org/abs/hep-th/0507090
https://inspirehep.net/search?p=find+EPRINT+hep-th/0507090
https://doi.org/10.1088/1475-7516/2008/08/003
https://arxiv.org/abs/hep-th/0507205
https://inspirehep.net/search?p=find+EPRINT+hep-th/0507205
https://doi.org/10.1103/PhysRevD.77.045027
https://arxiv.org/abs/0710.4344
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.4344
https://doi.org/10.1002/prop.201000009
https://doi.org/10.1002/prop.201000009
https://arxiv.org/abs/0706.2050
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.2050
https://doi.org/10.1103/PhysRevLett.121.051601
https://arxiv.org/abs/1802.08698
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.08698
https://doi.org/10.1002/prop.201800097
https://arxiv.org/abs/1810.08182
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.08182

[41]

[42]

[43]

[44]

[45]

[46]

W. Schmid, Variation of hodge structure: the singularities of the period mapping, Invent.
Math. 22 (1973) 211.

C.-L. Wang, On the incompleteness of the weil-petersson metric along degenerations of
calabi-yau manifolds, Math. Res. Lett. 4 (1997) 157.

P. Corvilain, T.-W. Grimm and I. Valenzuela, The swampland distance conjecture for kahler
moduli, to appear.

PLANCK collaboration, Planck 2018 results. X. Constraints on inflation, arXiv:1807.06211
[INSPIRE].

PrLANCK collaboration, Planck 2018 results. VI. Cosmological parameters,
arXiv:1807.06209 [INSPIRE}.

D.H. Lyth, What would we learn by detecting a gravitational wave signal in the cosmic
microwave background anisotropy?, Phys. Rev. Lett. 78 (1997) 1861 [hep-ph/9606387]
[INSPIRE].

L. Boubekeur and D.H. Lyth, Hilltop inflation, JCAP 07 (2005) 010 [hep-ph/0502047]
[INSPIRE].

J. Garcia-Bellido, D. Roest, M. Scalisi and I. Zavala, Lyth bound of inflation with a tilt,
Phys. Rev. D 90 (2014) 123539 [arXiv:1408.6839] INSPIRE].

A.D. Linde, Chaotic Inflation, Phys. Lett. B 129 (1983) 177 [INSPIRE].

R. Kallosh and A. Linde, Universality Class in Conformal Inflation, JCAP 07 (2013) 002
[arXiv:1306.5220] [iNSPIRE].

J. Ellis, D.V. Nanopoulos and K.A. Olive, Starobinsky-like Inflationary Models as Avatars of
No-Scale Supergravity, JCAP 10 (2013) 009 [arXiv:1307.3537| InSPIRE].

D. Roest, M. Scalisi and 1. Zavala, Kdhler potentials for Planck inflation, JCAP 11 (2013)
007 [arXiv:1307.4343] [INSPIRE].

C. Cséki, N. Kaloper, J. Serra and J. Terning, Inflation from Broken Scale Invariance, Phys.
Rev. Lett. 113 (2014) 161302 [arXiv:1406.5192] [INSPIRE].

M. Ozkan and D. Roest, Universality Classes of Scale Invariant Inflation,
arXiv:1507.03603 [INSPIRE].

M. Scalisi, Cosmological a-attractors and de Sitter landscape, JHEP 12 (2015) 134
[arXiv:1506.01368] [INSPIRE].

E. McDonough and M. Scalisi, Inflation from Nilpotent Kdhler Corrections, JCAP 11 (2016)
028 [arXiv:1609.00364] [INSPIRE].

G. von Gersdorff and A. Hebecker, Kdhler corrections for the volume modulus of flux
compactifications, Phys. Lett. B 624 (2005) 270 [hep-th/0507131] [INSPIRE].

M. Berg, M. Haack and B. Kors, String loop corrections to Kahler potentials in orientifolds,
JHEP 11 (2005) 030 [hep-th/0508043] [INSPIRE].

M. Berg, M. Haack and E. Pajer, Jumping Through Loops: On Soft Terms from Large
Volume Compactifications, JHEP 09 (2007) 031 [arXiv:0704.0737] [nSPIRE].

M. Cicoli, J.P. Conlon and F. Quevedo, Systematics of String Loop Corrections in Type IIB
Calabi-Yau Fluz Compactifications, JHEP 01 (2008) 052 [arXiv:0708.1873] [INSPIRE].

— 96 —


https://doi.org/10.1007/BF01389674
https://doi.org/10.1007/BF01389674
http://dx.doi.org/10.4310/MRL.1997.v4.n1.a14
https://arxiv.org/abs/1807.06211
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06211
https://arxiv.org/abs/1807.06209
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.06209
https://doi.org/10.1103/PhysRevLett.78.1861
https://arxiv.org/abs/hep-ph/9606387
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9606387
https://doi.org/10.1088/1475-7516/2005/07/010
https://arxiv.org/abs/hep-ph/0502047
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0502047
https://doi.org/10.1103/PhysRevD.90.123539
https://arxiv.org/abs/1408.6839
https://inspirehep.net/search?p=find+EPRINT+arXiv:1408.6839
https://doi.org/10.1016/0370-2693(83)90837-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B129,177%22
https://doi.org/10.1088/1475-7516/2013/07/002
https://arxiv.org/abs/1306.5220
https://inspirehep.net/search?p=find+EPRINT+arXiv:1306.5220
https://doi.org/10.1088/1475-7516/2013/10/009
https://arxiv.org/abs/1307.3537
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.3537
https://doi.org/10.1088/1475-7516/2013/11/007
https://doi.org/10.1088/1475-7516/2013/11/007
https://arxiv.org/abs/1307.4343
https://inspirehep.net/search?p=find+EPRINT+arXiv:1307.4343
https://doi.org/10.1103/PhysRevLett.113.161302
https://doi.org/10.1103/PhysRevLett.113.161302
https://arxiv.org/abs/1406.5192
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.5192
https://arxiv.org/abs/1507.03603
https://inspirehep.net/search?p=find+EPRINT+arXiv:1507.03603
https://doi.org/10.1007/JHEP12(2015)134
https://arxiv.org/abs/1506.01368
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.01368
https://doi.org/10.1088/1475-7516/2016/11/028
https://doi.org/10.1088/1475-7516/2016/11/028
https://arxiv.org/abs/1609.00364
https://inspirehep.net/search?p=find+EPRINT+arXiv:1609.00364
https://doi.org/10.1016/j.physletb.2005.08.024
https://arxiv.org/abs/hep-th/0507131
https://inspirehep.net/search?p=find+EPRINT+hep-th/0507131
https://doi.org/10.1088/1126-6708/2005/11/030
https://arxiv.org/abs/hep-th/0508043
https://inspirehep.net/search?p=find+EPRINT+hep-th/0508043
https://doi.org/10.1088/1126-6708/2007/09/031
https://arxiv.org/abs/0704.0737
https://inspirehep.net/search?p=find+EPRINT+arXiv:0704.0737
https://doi.org/10.1088/1126-6708/2008/01/052
https://arxiv.org/abs/0708.1873
https://inspirehep.net/search?p=find+EPRINT+arXiv:0708.1873

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

(73]

M. Cicoli, C.P. Burgess and F. Quevedo, Fibre Inflation: Observable Gravity Waves from IIB
String Compactifications, JCAP 03 (2009) 013 [arXiv:0808.0691] [INSPIRE].

D. Ciupke, J. Louis and A. Westphal, Higher-Derivative Supergravity and Moduli
Stabilization, JHEP 10 (2015) 094 [arXiv:1505.03092] [INSPIRE].

B.J. Broy, D. Ciupke, F.G. Pedro and A. Westphal, Starobinsky-Type Inflation from
o’ -Corrections, JCAP 01 (2016) 001 [arXiv:1509.00024] [INSPIRE].

A.A. Starobinsky, A New Type of Isotropic Cosmological Models Without Singularity, Phys.
Lett. B 91 (1980) 99 [inSPIRE].

J.J.M. Carrasco, R. Kallosh, A. Linde and D. Roest, Hyperbolic geometry of cosmological
attractors, Phys. Rev. D 92 (2015) 041301 [arXiv:1504.05557] [INSPIRE].

S.K. Garg and C. Krishnan, Bounds on Slow Roll and the de Sitter Swampland,
arXiv:1807.05193 [iNSPIRE].

E. Silverstein and A. Westphal, Monodromy in the CMB: Gravity Waves and String
Inflation, Phys. Rev. D 78 (2008) 106003 [arXiv:0803.3085] [INSPIRE].

L. McAllister, E. Silverstein and A. Westphal, Gravity Waves and Linear Inflation from
Azion Monodromy, Phys. Rev. D 82 (2010) 046003 [arXiv:0808.0706] [INSPIRE].

A. Landete, F. Marchesano, G. Shiu and G. Zoccarato, Fluz Flattening in Azion Monodromy
Inflation, JHEP 06 (2017) 071 [arXiv:1703.09729] [INSPIRE].

D. Roest, M. Scalisi and P. Werkman, Moduli Backreaction on Inflationary Attractors, Phys.
Rev. D 94 (2016) 123503 [arXiv:1607.08231] INSPIRE].

P. Christodoulidis, D. Roest and E.I. Sfakianakis, Angular inflation in multi-field
a-attractors, arXiv:1803.09841 INSPIRE].

A. Linde, D.-G. Wang, Y. Welling, Y. Yamada and A. Achucarro, Hypernatural inflation,
JCAP 07 (2018) 035 [arXiv:1803.09911] [INSPIRE].

D. Harlow and H. Ooguri, Symmetries in quantum field theory and quantum gravity,
arXiv:1810.05338 [INSPIRE].

— 97 -


https://doi.org/10.1088/1475-7516/2009/03/013
https://arxiv.org/abs/0808.0691
https://inspirehep.net/search?p=find+EPRINT+arXiv:0808.0691
https://doi.org/10.1007/JHEP10(2015)094
https://arxiv.org/abs/1505.03092
https://inspirehep.net/search?p=find+EPRINT+arXiv:1505.03092
https://doi.org/10.1088/1475-7516/2016/01/001
https://arxiv.org/abs/1509.00024
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.00024
https://doi.org/10.1016/0370-2693(80)90670-X
https://doi.org/10.1016/0370-2693(80)90670-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B91,99%22
https://doi.org/10.1103/PhysRevD.92.041301
https://arxiv.org/abs/1504.05557
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.05557
https://arxiv.org/abs/1807.05193
https://inspirehep.net/search?p=find+EPRINT+arXiv:1807.05193
https://doi.org/10.1103/PhysRevD.78.106003
https://arxiv.org/abs/0803.3085
https://inspirehep.net/search?p=find+EPRINT+arXiv:0803.3085
https://doi.org/10.1103/PhysRevD.82.046003
https://arxiv.org/abs/0808.0706
https://inspirehep.net/search?p=find+EPRINT+arXiv:0808.0706
https://doi.org/10.1007/JHEP06(2017)071
https://arxiv.org/abs/1703.09729
https://inspirehep.net/search?p=find+EPRINT+arXiv:1703.09729
https://doi.org/10.1103/PhysRevD.94.123503
https://doi.org/10.1103/PhysRevD.94.123503
https://arxiv.org/abs/1607.08231
https://inspirehep.net/search?p=find+EPRINT+arXiv:1607.08231
https://arxiv.org/abs/1803.09841
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.09841
https://doi.org/10.1088/1475-7516/2018/07/035
https://arxiv.org/abs/1803.09911
https://inspirehep.net/search?p=find+EPRINT+arXiv:1803.09911
https://arxiv.org/abs/1810.05338
https://inspirehep.net/search?p=find+EPRINT+arXiv:1810.05338

	Introduction
	Swampland distance conjecture
	Evidence at infinite distance singularities

	SDC and inflation
	alpha-attractors and string theory
	Review: alpha-attractors = pole inflation
	String realisation of alpha-attractors at infinite distance (i.e. alpha-attractors = pole inflation) 

	Swampland constraints on alpha-attractors
	Universal bound independent of lambda 
	Bounds on lambda, alpha and r 

	Comments on the multi-field case
	Saxionic trajectories
	Saxion-axionic trajectories

	Conclusions
	SDC vs validity of the EFT
	Comments on the inversion transformation

