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ABSTRACT: Infinite distance limits in the moduli space of a quantum gravity theory are
characterized by having infinite towers of states becoming light, as dictated by the Distance
Conjecture in the Swampland program. These towers imply a drastic breakdown in the
perturbative regimes of the effective field theory at a quantum gravity cut-off scale known
as the species scale. In this work, we find a universal pattern satisfied in all known infinite
distance limits of string theory compactifications, which relates the variation in field space
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of the mass of the tower and the species scale: A~ = 7—3 in d spacetime dimensions.
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This implies a more precise definition of the Distance conjecture and sharp bounds for
the exponential decay rates. We provide plethora of evidence in string theory in diverse
dimensions and with different levels of supersymmetry, and identify some sufficient conditions
that allow the pattern to hold from a bottom-up perspective.
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1 Introduction

A long-standing dream for an effective field theorist is to determine the cut-off scale at which
the effective field theory (EFT) must break down and new physics should arise. The logic of
naturalness has served this purpose in the history of High Energy Physics, but we might be
living times of change, where this logic is failing for the first time when applied to the mass of
the Higgs boson or to the cosmological constant. Instead, a more modern perspective suggests
to use guiding principles arising from requiring ultra-violet (UV) consistency of the EFT; in
particular, consistency with a UV completion in a Quantum Gravity (QG) theory — since
our universe of course includes gravitational interactions. The power of UV consistency to
constrain low energy physics is supported by results of the Swampland [1-7] and the S-matrix
bootstrap [8, 9] programs. Moreover, they can provide information about the scale at which
the EFT (weakly coupled to Einstein gravity) drastically breaks down and must be replaced
by a quantum gravity description. Interestingly, in certain regimes of the space of parameters
of the EFT, this cut-off scale can be much lower than the Planck scale.

The Distance Conjecture [10] in the Swampland program provides the concrete mechanism
by which the EFT drastically breaks down: the existence of an infinite tower of states
becoming light in the perturbative regimes. The presence of a tower signals the breakdown of
semiclassical Einstein gravity at a cut-off scale known as the species scale [11-15]. In string
theory, all continuous parameters are given by the vacuum expectation value of some scalar
fields, so scanning over different values of the EFT parameters is tantamount to moving within
the scalar field space of the theory (known as the moduli space if they happen to be exactly
massless). From this perspective, perturbative regimes correspond to infinite distance limits
in field space, where one typically recovers some approximate global symmetry [16-21]. Since
global symmetries are not allowed in quantum gravity, it is precisely in these perturbative
corners where the quantum gravity cut-off (i.e., the species scale) can get much lower than
the Planck scale, possibly leading to observable quantum gravity effects at low energies.

However, the Distance Conjecture does not specify the rate at which the tower becomes
light, only that it should do so exponentially in terms of the traversed geodesic field space
distance. Therefore, it is not possible to give a quantitative bound on the EFT cut-off
unless we specify the lowest possible value for this exponential rate. Moreover, to derive
the species scale one needs to know in principle about all towers of states becoming light,
and not only the leading (i.e. lightest) one, which complicates the story considerably. In
recent years, a lot of work has been dedicated to sharpen this conjecture and constrain the
nature of the tower of states in the context of string theory compactifications, with the
goal of finding perhaps some universal bound for the exponential rate of the mass of the
tower, and as a byproduct, the cut-off scale.

In this work, we have found that all (up to now explored) string theory examples seem to
follow a very simple and sharp pattern relating the characteristic mass of the leading tower
of states my, and the species scale Agp, which is given asymptotically by
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where the product is taken using the metric in the moduli space and d is the spacetime



dimension of our theory. This is quite surprising given the rich casuistics that typically arise
when checking diverse string theory compactifications. In a companion paper [22], we present
the pattern and its consequences, while here we will mainly discuss the string theory evidence.
Notice that when written in terms of the number of light species (i.e. the number of weakly
coupled fields whose mass falls at or below the species scale), (1.1) reduces to

Ve VN _ (1.2)
my, N
since Agp = Mp1.q N —1/(d=2)  The universality of the pattern, which becomes independent
of the number of spacetime dimensions or the nature of the infinite distance/perturbative
limit, is at the very least tantalizing, and suggests that there might be an underlying reason
constraining the structure of the tower. Notice that (1.2) puts constraints on the variation
on the density of states below the species scale and the rate at which they are becoming
light. Roughly speaking, the more dense the spectrum becomes, the faster the species scale
goes to zero and therefore the slower the tower should become light.

Since by definition my < Agp, eq. (1.1) implies a definite bound on how slow the tower
mass can go to zero asymptotically in comparison to the species scale. Upon using our pattern

above, we obtain a lower bound for the exponential rate of the tower given by \/dlfy which
reproduces precisely the bound proposed in the sharpened Distance Conjecture [23]. This is
closely related to the Emergent String Conjecture [24], as the bound is saturated by a tower
of oscillator modes of a fundamental string, while Kaluza-Klein modes usually have larger
exponential rates. Hence, understanding the pattern (1.2) from the bottom-up opens a new
avenue to test the Emergent String Conjecture independently of string theory.

In this paper, we provide evidence for the pattern by checking multiple string theory
constructions in different number of spacetime dimensions and with different amounts of
supersymmetry. This includes setups with maximal supergravity, theories with sixteen or
eight supercharges and 4d A/ = 1 settings arising from diverse string theory compactifications.
For each different level of supersymmetry, we have selected a few representative examples
to illustrate the realization of the pattern. In certain moduli spaces, we can even derive
the pattern in full generality. However, for the moment, it should be taken purely as an
observation, since we do not have a clear-cut argument that allows us to discern whether
it is a lamppost effect or a general feature of quantum gravity. We believe, though, that it
is interesting either way. In the former case, it provides at the very least an elegant and
universal constraint that summarizes the casuistics of infinite distance limits observed in
known string theory compactifications. In the latter case, it could be the definite criterium
that characterizes the tower of the Distance Conjecture and constrains its exponential mass
decay rate, providing therefore information about the quantum gravity cut-off of an EFT
from the bottom-up perspective. The aim of this work is to bring the attention to this pattern
S0 as to invite everyone to test it in more examples and look for a bottom-up rationale. On
the quest for such a bottom-up explanation we have also investigated whether the pattern
could arise from the Emergence Proposal [2, 3], and identified some sufficient conditions that
the structure of the towers of states should satisfy to allow eq. (1.1) to hold, which can be
motivated by Swampland or string theory considerations.



The outline of the paper is as follows. We start with an explanation of the pattern and
its consequences in section 2, and provide evidence for it in large classes of string theory
compactifications in the rest of the paper. Section 3 is dedicated to setups of maximal
supergravity, sections 4 and 5 to theories with sixteen and eight supercharges, respectively,
whilst section 6 analyzes diverse 4d N' = 1 string theory compactifications. In section 7, we
give the first steps towards providing a bottom-up rationale and identify some underlying
sufficient conditions. We conclude in section 8 with some final remarks.

Guide to read this paper. Since this is a long paper, we provide here a guide to help the
reader navigate through it, according to their interest. Thus, a minimal read would include,
apart from the introduction and conclusions, sections 2 and 7. The first one describes in
detail how and why the pattern works, even in the multi-moduli case (see also section 3.1),
as well as its most immediate consequences. The latter explains how it can be motivated
from a bottom-up perspective, emphasizing what are the sufficient conditions for it to hold,
based both on Swampland considerations and examples taken from the rest of the text. With
this, one can get a general understanding of the pattern. In a companion paper [22], we
summarize the main results of these two sections and present the pattern for a more general
audience, including some further remarks. On the other hand, the reader interested in the
details behind its realization in concrete string theory constructions is encouraged to go
through sections 3 to 6, which constitute the bulk of this paper. In these sections, several
string theory examples in different dimensions and with different levels of supersymmetry are
thoroughly discussed. The different setups can be read independently, and can also serve as
a review of the string theory tests of the Distance conjecture along different types of infinite
distance limits that have been performed in the literature in the past years.

2 The pattern and its consequences

Consider a d-dimensional theory containing a set of massless scalars (moduli), weakly coupled
to Einstein gravity as follows

£scalar = ;?sz(qb) a¢z ’ a¢] ) (2'1)
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where G;;(¢) is the field space metric in the moduli space M, spanned by the vacuum
expectation value (vev) of the massless scalars. According to the Distance Conjecture [10],
we should have an infinite tower of states becoming exponentially light along every infinite
distance geodesic within this moduli space. In other words, along any such limit there should
exist a tower with scaling m ~ e *2¢ ag Ay — 0o, where A is an order one coefficient and
Ay denotes the traversed geodesic distance.
Following [23, 25, 26], let us define the (-vectors of the towers — also referred to as
scalar charge-to-mass ratios! — by

("= —0"logm, (2.2)

'The name originates from the Scalar Weak Gravity Conjecture [27], as these vectors measure the strength
of the scalar force induced by the moduli in comparison to the gravitational one (see also [28-32]).



where the index is raised with the (inverse) field metric G¥(¢). These (-vectors provide
information about how fast the tower becomes light. More concretely, the exponential rate of
the mass of the tower is given by the projection of 5 along the asymptotic geodesic direction,
ie. A= 5 . T, where T is the normalized tangent vector of the geodesic approaching the
infinite distance limit. Note that A depends on the trajectory taken, so that is not an intrinsic
property of the tower m. Given the set of all possible towers becoming light, we will denote
by my the one that does so at the fastest rate (i.e. A is the largest exponent).

Due to the presence of the infinite towers of light states, the EFT dramatically breaks
down at some cut-off scale known as the species scale Ay, [11-15]. Above this scale, it is not
possible to have a semiclassical Einstein gravity description anymore. The value of the species
scale will depend on the nature and mass of the towers becoming light. In general, it is given by

MPl;d
1
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Agp >~ , (2.3)
with N being essentially the number of species — i.e. weakly coupled light fields — at or
below the species scale itself. In other words, it is given by

N= /0 M mydm. (2.4)

where p(m) is the density of species per unit mass. Hence, not only the leading but all light
towers of states indeed matter when computing Ag,. Given the masses and structure of the
towers, the species scale can be computed using the above two equations. This cut-off can
be motivated both by perturbative arguments of renormalizing the graviton propagator [33—
37] as well as black hole entropy arguments [14, 15]. Equivalently, the species scale also
determines the scale at which higher derivative gravitational terms become of the same order
as the Einstein tree-level one, which has been proven to be a more powerful technique to
identify the species scale in string theory setups [38-41] (see also [42] for a derivation in
the context of S-matrix bootstrap).

Since the towers become massless asymptotically, the species scale will also vanish in the
infinite distance limit, but this typically happens at a different rate than that of the towers.
Analogously, following [43], we can define the Z-vectors as follows

ng = —9'log Agp (2.5)

providing the rate at which the species scale goes to zero asymptotically.

Depending on the infinite distance limit under consideration, we will have a different
microscopic interpretation of the leading tower and the species scale, which is tied to the
value of their exponential rates. In principle, the relation between my and A, is independent
of their exponential decay rates as we move in the moduli space M.

However, interestingly, by exploring a plethora of string theory compactifications, we find
that the variation of the mass of the leading tower and the species scale seem to be always
related by the following simple constraint that is satisfied asymptotically:

1

G- Zsp = G (9;logmy) (9;log Asp) = T3

(2.6)



where d is the spacetime dimension of our theory. This pattern holds universally in all the
string theory examples that we present in this paper, regardless of the nature of the infinite
distance limit and the microscopic interpretation of the light towers. Even more interestingly,
using (2.3), we can re-write the pattern as

GY (0;logmy) (9jlog N) = —1, (2.7)

which is moreover independent of the number of dimensions. This hints toward a universal
relation between the density of states becoming light and their characteristic mass. The
faster they become light as we approach the infinite distance limit, the less dense the towers
can get, and viceversa. In some sense (that we will make more concrete later), the variation
of the mass and the number of states in the moduli space act as ‘dual variables’.

Implied bounds on the exponential decay rates. Notice that a relation like (2.6)
implies a lower bound for the scalar charge-to-mass ratio of the leading tower asymptotically,
since the latter should be always lighter than the species scale, i.e. my < Agp. This consistency
condition implies |(; - Zsp\ < |G|? and, therefore,

1

A2 > 2.
|Gl Z =5 (2.8)

which leads to the lower bound for the exponential rate of the leading tower

1
d—2
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recently proposed in the sharpened Distance Conjecture [23]. Analogously, in those cases
(as it happens in all known examples) in which there exists a tower { o Zg, satisfying the
pattern (2.6), then one gets an upper bound on the exponential rate of the species scale
since |Zyp| < |¢], yielding

1
d—2

Asp = ’ZSp’ < (2.10)
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which matches the recently proposed bound in [39]? based both on EFT arguments and
string theory evidence.

Notice that the above bounds are always saturated by the oscillator modes of a funda-
mental string. Hence, if we assume that Kaluza-Klein (KK) towers always have a larger
exponential rate \; (as indeed happens in all examples known so far), we are essentially
recovering the Emergent String Conjecture (ESC) [24] as well, assuming that membranes
decay at a slower rate than particles and strings, which is the case in all known string theory
examples (see also [44]). It would be interesting, though, to show that the only possible
towers of states satisfying the pattern are indeed KK towers or oscillator string modes (as
implied by the ESC) from a purely bottom-up perspective.

2The pattern (2.6) is only valid asymptotically, and this is why it is consistent that the constant in the
1

i This might get modified when moving to the interior of

upper bound for the species scale is fixed to
the moduli space.



We want to remark that the pattern (2.6) is much more concrete than previous analyses
as it provides a sharp equality relating the asymptotic behavior of the species scale and the
leading tower of states, instead of just some bound on their respective decay rates. We expect
that, upon further exploration, this may highly constrain the nature of the possible towers
of states predicted by the Distance Conjecture.

Furthermore, we can also recover the recently proposed lower bound for the exponential
rate of the species scale (named the Species Scale Distance Conjecture [43]),

1

Vd-Dd-2)

if we assume (based on string theory evidence) that the maximum possible value for the

Asp > )\sp, min — (211)

exponential rate of the leading tower is given by that of a KK tower decompactifying one
d—1
d—2"

in the present paper can be equivalently seen to provide further evidence in favor of the
bound (2.11).

(unwarped) extra dimension, i.e. A¢, max = In this regard, all the examples analyzed

First steps towards decoding the pattern. Before getting into more complicated
examples, let us first show how the pattern is satisfied for the case of a single modulus
and a single tower of states becoming light. Let us consider two cases; either the leading
tower is a KK tower or a tower of string oscillator modes, as dictated by the Emergent
String Conjecture and as observed in all string theory examples so far. The species scale
associated to a KK tower decompactifying n (unwarped) extra dimensions is given by the
higher dimensional Planck mass

MKK T3
Asp = Mpy,a4n = Mpr;a <Mn> ; (2.12)
Pl.d

as can be derived from applying (2.3) and (2.4) to an equi-spaced tower with my, = K/ "MKK, n,
where k = 1,...,00. By dimensional reduction of the theory, it is also well-known that the
exponential rates of the KK tower and the species scale read

[d+n—2 n
CKK,n: m, ZKK’n:\/(d—I—n—Q)(d—QV (2-13)

where Zkk , can be obtained from (ki,, upon using (2.12). It can be easily checked that

this always reproduces the pattern (2.6) independently of the number of dimensions that
get decompactified,

1
CKK,n : ZKK,n = d_9" (214)

Let us remark, though, that the above expressions for the exponential rates are valid when
decompactifying to a higher dimensional vacuum, since the story is more complicated when
the theory decompactifies to a running solution instead, as recently shown in [26]. We will
comment more on this in section 4.



The other relevant case is that of a tower of string oscillator modes. If these states
arise from a fundamental string, we have

COSC - = Zosc 5 (215)

since the species scale coincides with the string scale (up to maybe logarithmic corrections
that will not be relevant here) due to the exponential degeneracy of states at the string
scale. It is then automatic that

1

osc * Zosc = . 2.1
¢ — (216)

In summary, for a single modulus, the pattern implies that the exponential rate of the
species scale verifies Asp = ((d — 2)X;) " or, in other words, Agp ~ mtl / (d_Q)/\E, which holds
regardless of whether we consider KK or stringy towers. In the multi-moduli case, though,
these vectors are not parallel to each other in general. Thus, the pattern is not giving a
direct relation between the exponentlal rates along a given trajectory, but rather between the
scalar charge-to-mass vectors Ct and Zsp as we take an asymptotic limit. This is essential
for the pattern to hold in a multi-moduli setup.

At this moment, the claimed universality of the pattern should surprise you for two
reasons:

o The structure of the tower fixes the relation between m; and Ag, at a given point of
the moduli space. However, a priori, this relation is independent of the exponential
decay rate of my and Ay, as we move in moduli space. The pattern implies that they
are not independent but can be derived from each other, leading to a universal relation
satisfied both for KK and string towers.

¢ The pattern is satisfied even in the presence of multiple towers, when the species scale
is not simply determined by the leading tower. For instance, we will see that there can
be regions of the moduli space where e.g., the leading tower is a KK tower while the
species scale corresponds to some string scale. Even then, the pattern is still satisfied as
the angle between the vectors precisely compensates for the change in the magnitude,
such that (2.6) holds in a non-trivial manner. The same occurs when decompactifying
to a larger number of dimensions than those associated to the leading tower, due to the
presence of other subleading KK towers that change the value of the species scale.

Sometimes, it gets useful to define the convex hull of the (-vectors of all light towers
in a given asymptotic regime [25], since this provides us information about which tower is
dominating along each direction. Analogously, one can define the convex hull of Z-vectors
of the species scale as in [43], thus informing us about the nature of the infinite distance
limit, namely the quantum gravity theory above Ag,. Notice, though, that these convex
hulls can only be defined if there is a region of moduli space in which the hull of the scalar
charge-to-mass vectors does not change. In such a case, it follows from (2.6) that both
polytopes are dual to each other, as hinted in [43]. This implies, in particular, that given any
one of them one can simply retrieve the other upon imposing the aforementioned relation as



a constraint. Therefore, both convex hulls contain the same information. It is then equivalent
to keep track of all towers becoming light along a given trajectory (which allows one to
compute the species scale), than to focus just on the leading tower along all asymptotic
geodesics of a given asymptotic regime. Starting from a tower in some particular limit, we
can then use the pattern to predict the nature of the towers in other asymptotic limits,
and even reconstruct global information about how different limits (and different duality
frames) glue together in moduli space.?

In the upcoming sections we will test this pattern in the multi-moduli case within several
familiar string theory vacua, differing in the number of spacetime dimensions, the amount of
supersymmetry preserved, etc. We will see that the pattern is always satisfied, independently
of how complicated the tower structure may look like a priori.

3 Derivation in string theory setups with 32 supercharges

We begin by deriving the pattern in string theory compactifications with 32 supercharges,
i.e. maximal supergravity setups arising from toroidal compactifications of M-theory. The
advantage of these setups is that the (-vectors associated to the leading towers of states
take some very specific values that remain fized as we move within the moduli space. This
will allow us, in turn, to show that the pattern (2.6) is verified in full generality at every
infinite distance limit of the moduli space.

Due to the simplicity of these setups, we can basically summarize the results in two main
scenarios that highlight the key features underlying the realization of the pattern. Hence,
we will first explain these main features, and then exemplify them in concrete examples of
M-theory toroidal compactifications down to d = 9,8 later on. We finish the section by
generalizing the discussion to any number of spacetime dimensions for the sake of completeness.

3.1 Summary of underlying key features

Consider a D-dimensional theory compactified down to d = D —n spacetime dimensions, both
preserving maximal supersymmetry in flat space. As shown in [23], such setups in Minkowski
space satisfy the Emergent String Conjecture [24], in the sense that every infinite distance
limit corresponds either to an emergent string limit or to some decompactification. Hence,
there are essentially two main scenarios, depending on whether the species scale associated
to a given asymptotic regime corresponds to a higher dimensional Planck mass or to the
fundamental string scale. In the following, we explain the underlying key features that make
a relation like (2.6) to be satisfied in these two cases, which we will later exemplify in some
concrete examples. For a detailed derivation of the relevant formulae involved see appendix A.

Perturbative string limit. This first scenario is characterized by having the species scale
equal to the string scale. Hence, the Z-vector of the species scale is the same than the
(-vector associated to the tower of string oscillator modes. However, this does not necessarily
mean that the tower of string modes is the leading one. As noted in [46], if we have both a

3This will be explored in more detail in [45] where we will present some rules about how to glue different
asymptotic limits together, which can be equivalently derived from maximal supergravity string theory setups,
or from assuming the pattern (2.6).



>

(KK,2
ZKK,Q Cosc - Zosc
0sc n =2 ¢
1 >
(a) KK and emergent string limit. (b) Two KK limits.

Figure 1. Sketches depicting two possibilities in multi-field limits for maximal supergravity, both
in d = 8, with vectors associated to light towers in blue and to the species scale in red. (a)
Decompactification of two internal dimensions and an emergent string limit. The species scale is
controlled by the oscillator modes of the string unless we move along the decompactification direction,
where it coincides with the ten-dimensional Planck mass. In this case, p and (25 denote the normalized
radion and the ten-dimensional dilaton. (b) Two decompactification limits, of one and two internal
dimensions, with towers 5KK7 1 and 5KK72 (as well as the total volume, Q?KK 3). Note that unless we
decompactify a single cycle, the species scale is controlled by the eleven-dimensional Planck mass.
The axes p and p’ correspond to the normalized radions associated to decompactifying the 1- and
2-cycles, respectively.

KK and a string tower becoming light, the species scale will indeed correspond to the string
scale (even if the KK tower is parametrically lighter) as long as the string scale remains
below the species scale associated to the KK tower (i.e. the higher dimensional Planck mass).
Hence, the most general scenario with Ag, ~ my can contain both KK and string modes
below the species scale. For the sake of concreteness, let us focus on the KK tower associated
to the overall volume of the compactification space and the oscillator modes arising from a
fundamental string already existing in the higher dimensional theory. We can then restrict
to a slice of the tangent space of the moduli space spanned by the overall volume modulus
p and the string dilaton <Z§ The relevant (-vectors for such towers within this subspace are
(in the flat frame {¢, p}, cf. eqs. (A.1)—(A.8)) [23, 43]:

o d+n—2 = n
KK, = (M/E)  BKign = <O’\/(d+n_2)(d_2)) ’

a)sc = gosc = (

(3.1)

1 n
\/W’\/(d+n—2)(d—2)) '

These vectors are plotted in figure 1(a). The tangent vectors of asymptotic geodesics in this
slice of the moduli space are radial vectors (i.e straight lines passing through the origin) [23].

,10,



As explained in section 2, to obtain the exponential rate A of a tower (or the species scale)
along a given geodesic, we just need to compute the projection of the associated (-vector
(resp. Z-vector) along such direction. The larger this projection is, the fastest the mass (or
the species scale) goes to zero asymptotically. The leading (i.e. the lightest) tower of states is
therefore the one with the largest projection of 5 over such direction; and the same applies to
the species scale, which will be the one with the largest projection of Z.

If we move parallel to fKK,n, both the Planck scale and the string scale decay at the
same rate, so we can simply take the species scale vector as Z}Kn Otherwise, for any other
intermediate direction, Ag, will be given by the string scale, as it always remains below the
Planck scale, so we should take instead gosc On the other hand, the leading tower is always
the KK one, except if we move parallel to COSC, where both towers present the same exponential
rate.* Tt is clear from section 2 that CKK n ZKK n = d 5 and COSC . _’OSC = d 5 for each tower
independently, but it is less obvious that the pattern will continue working when considering
both towers simultaneously. We find here that even in the case in which the species scale is
the string scale and the leading tower corresponds to the KK tower, the pattern still holds:

- - 1

C:KK,n “ Zose = m . (3.2)
This can be easily understood geometrically from figure 1(a) as follows. Since Zose 18
perpendicular to the convex hull generated by 5KK” and C_;)SC, it turns out that 505(: is the
projection of QTKKn along the direction associated to ZOSC, so that the pattern holds in general.
Alternatively, the projection of Zose along the direction determined by 5KK,n coincides with
ZKK, n since the radial component of ZOSC arises from changing the masses to lower dimensional
Planck units and it is therefore equal to the radial component of ZKK n as can be seen in (3.1).

Decompactification limit. The second scenario occurs when all the light towers below
the species scale are KK modes (possibly decompactifying to different number of dimensions),
and we do not find any additional tower of string modes before reaching the lightest higher
dimensional Planck mass. Hence, the species scale is a Planck scale in higher dimensions.
For concreteness, let us focus on a two-dimensional slice spanned by two KK towers decom-
pactifying to d +n and d + n’ dimensions, respectively, with associated volume moduli p
and p/. The (-vectors are given by [23]

(KK = <ijd—|—n—2>
B d+n—|—n—2
ik = n'(d+n—2) d+n— )(d — 2)

Depending on the infinite distance trajectory that we explore, the species scale will correspond

(3.3)

to the Planck scale of decompactifying n, n’ or n + n’ extra dimensions. The associated

4Note that precisely in this case the limit qualifies as equi-dimensional, in the notation defined in [24].
Such limits probe gravitational theories in the same number of spacetime dimensions as the starting point of
the (infinite distance) trajectory. The fact that there is a KK tower decaying at the same rate than the string
tower along this direction is also expected from the Emergent String Conjecture [24].
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Z-vectors are [43]

Zxn = (O’\/(d+n—2)(d—2)> ’

> B n'(d+n+n —2) n' n
ZKK w0 = (\/(d+n’—2)2(d+n—2)’ d-2+n/\/(d+n—2)(d—z)> 34

ZKK, naw = (\/(d+n—2)(d+n+n'—2)7 \/(d+n—2)(d—2)> :

All these vectors are represented in figure 1(b). The species scale corresponds to the lightest

Planck scale along any chosen infinite distance trajectory. Hence, it will always be given
by ZKK ntn/ iD the entire asymptotlc reglme unless we move parallel to either CKK n O
CKK,n , in which case it reduces to ZKK,n or ZKK’n , respectively. However, the leading tower
corresponds to decompactifying only n or n’ extra dimensions unless we move precisely parallel
to Z_‘KK’nJrn/. The latter case would physically correspond to an isotropic decompactification
of both n- and n/-dimensional internal cycles, with an effective KK tower of charge-to-mass
vector given by (cf. eq. (A.15))

R B n'(d+n+n'—2) n(d+n+n'—2)2 (3.5)
Kiontn" =\ @+n—2)n+ )2\ (n+n)2(d+n—2)(d—2) ) '
Again, the pattern is clearly satisfied whenever we move along the asymptotic trajectories

determined by any of the individual KK towers (due to (2.14)), but it also nicely holds for
intermediate directions within the asymptotic regime, since

CkKom - ZKKomin' = CKK ' * ZKK ntn/ = df12 (3.6)
Notice that such relation may be easily understood from geometrical considerations as
follows. The species vector fKK,nMM appears to be always perpendicular to the convex hull
generated by fKKn and EKK n (see figure 1(b)), such that they both project to fKK’nJrn/
along the direction determined by the former. Alternatively, gKKvnjLn/ projects to ZKK”
(analogously Z,?KKH/) along the direction determined by EKK” (respectively fKK,n/), which
may be understood again as coming from a change of Planck units in both cases, given the
commutativity of the compactification process (see appendix A).

Summary. What can be learned from the two scenarios above? The species scale vector
Z always happens to be perpendicular to the convex hull of the light towers of states.
Conversely, the leading scalar charge-to-mass vector C_; is orthogonal to the convex hull
generated by the species vectors. This is a feature that will hold in general for M-theory
toroidal compactifications, as we show below. In fact, such constraints are restrictive enough
so as to ensure that, once we assume that the pattern (2.6) is verified by any pair of collinear
vectors f and Z (i.e. when both are associated to the same tower of states), then the pattern

extends automatically to any other asymptotic limit of the moduli space.’

S5For instance, if (: is orthogonal to the convex hull generated by le (the total specie scale) and Z,;t (the one

obtained only from considering the leading tower), then satisfying (: 2= d 5 guarantees that Ct sp = ﬁ,

as the difference between the two species scale vectors is given by a vector which is orthogonal to Ct~
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Notice, however, that the same story does not apply immediately when the amount of
supersymmetry of our theory is reduced, since then the charge-to-mass and species vectors
can ‘slide’ (or jump) non-trivially depending on where we sit in moduli space, see section 4.
In any event, most of our efforts in the upcoming sections will be dedicated to show that,
even in such cases, the pattern is still verified at any infinite distance boundary, and it does so
in a way that can be easily understood from pictures similar to those shown in figure 1 above.

3.2 Maximal supergravity in 9d

Next, we will illustrate the above general scenarios in concrete examples, starting with
the unique 9d N = 2 supergravity theory arising from compactifying M-theory on a two-
dimensional torus. The (- and Z-vectors of the towers of states and the species scale for
this particular setup have been recently analyzed in [23] and [43] respectively. Here we will
build upon these results and simply check if the pattern (2.6) is verified, paying special
attention to the way in which this happens.

Consider M-theory compactified on a T? with a metric parametrized as

gmn:6U<1 n ) , (3.7)

™ \ 71 |7
where 7 = 7 +i7o denotes the complex structure of the torus and U controls its overall volume

(in M-theory units). The scalar and gravitational sectors in the 9d Einstein frame read [23]

2 _ 87’87’}
27'22 '

1
Soq D / SC— [R =2 o (3.9)
2K§ 14

This theory has a moduli space which is classically exact and parameterizes the manifold
Mumod = SL(2,Z)\SL(2,R)/U(1) xR, where we have taken into account the SL(2, Z) U-duality
symmetry associated to the full quantum theory [47, 48].

In the following, we will effectively forget about the axion 71,% since it plays no role in
our discussion [43], and we moreover define canonically normalized fields U and 7 as follows

(14 A R
U:/ig §U7 T2 :ng\/i‘r. (39)

As discussed in [23], the relevant towers of states becoming light at the infinite distance

limits of this moduli space are %—BPS particles. For this particular example, the convex hull

determined by the (asymptotic) scalar charge-to-mass vectors of all light towers is spanned
by Kaluza-Klein modes with the following (-vectors:

(kK1 = (\/?’1»4,\%) ; (ki1 = (\/?1»4,—\2> ; (3.10)

as well as M2-branes wrapping the compactification manifold, with

vz = (—\/f, 0) . (3.11)

Tn other words, we restrict ourselves to explore geodesic paths that leave the axionic component of 7 fixed

to a constant value, since any other geodesic reaching infinite distance within SL(2,RR)/U(1) can be mapped
to the former via some modular transformation.
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We have adopted the notation Q?: (CU, C%). Notice that they all satisfy the relation \5\2 =8/7,
in accordance with (2.13) above for d = 9 and n = 1.
On the other hand, their associated species scale vectors, Z , are seen to be given by [43]

foci= (B) . - (W)

Z = / —
KK, 1 KK, 1 112 " " 16

112 7 1
216 (3.12)

- 1

2= (-57m0)

corresponding to the appropriate 10d Planck mass of the decompactified (dual) theories. In
particular, since |Z|? = m = =, these saturate the lower bound proposed in [43]
for the decay parameter, \g,, of the species scale.

As explained in [43], a crucial ingredient when determining the set of all possible species
scales is the concept of effective tower [49]. Indeed, for intermediate directions between 5KK 1
and 5KK 1/, despite one KK tower being (in general) parametrically lighter than the other, one
still needs to account for bound states thereof in order to properly compute the species scale
in that asymptotic regime. Upon doing so, one arrives at the following species scale vector [43]
2

0],

— 1
=, (3.13)

. 1,4 .

ZKK,2 = 9 (CKK,1 + CKK,l/) = <
to which we can associate an effective (averaged) mass scale and charge-to-mass vector
as follows

(kK2 = % (5KK1 + 5KK,1/> = (\/31»4,0) . (3.14)
The physical interpretation for (3.13) is clear. It simply corresponds to the 11d Planck scale,
signalling full decompactification of the internal torus. On the other hand, the charge-to-mass
vector (3.14) is a meaningful quantity only when one takes the decompactification limit in
an isotropic way, namely for an asymptotic vector T= Oy Still it may be useful to think
in terms of ‘averaged’ geometric quantities when computing the species scale vectors and
checking the pattern (2.6) explicitly, as we discuss later on in this section.
Apart from these, there is also another set of %-BPS states comprised by critical type
ITA strings arising from M2-branes wrapped on a non-trivial 1-cycle. These can be seen
to lead to the following charge-to-mass vectors

which coincide with those of their associated species scale [46] and moreover satisfy | Zosc|? =
A5 =1 (cf. (2.15)).

In figure 2 we depict the convex hulls associated to the towers of states along with
their species scale vectors [43], which are constructed from the expressions (3.10)—(3.15).
Notice that there is a Zs symmetry with respect to the 7-axis, which may be thought of
as a discrete remnant of the U-duality group of the theory, more specifically its associated
Weyl group (see footnote 11). Therefore, it is enough to focus just on the upper-half plane
in order to check the pattern (2.6).
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‘\ A 7/\- — ’¢'
\ Type ITA CKK,l .’
Type I1B *

‘

Cosc,Fl o Cosc :Zosc‘
CKK,Q
O >
U
M-theory

Cosc,Dl = Cosc’:
Type I1B

Type ITA
/ CKK, 1",

’ .

Figure 2. Convex hulls spanned by the species scale (red) and mass scales of the leading towers (blue)

o : ) : o1 1 1 _ 1
in nine-dimensional maximal supergravity. The 1-spheres of radii T3 T 7 and T V56

are plotted in dashed lines. Also plotted in distinct shades are the different duality frames of the
theory. Notice that both type IIA and type IIB string theory have two different duality frames, while
there is a single one for M-theory.

First, notice that for those directions in which both & and Zsp are aligned — i.e. for T
parallel to the C_} associated to any leading tower m; — the condition f; . Z_’;p = ﬁ = %
is satisfied. Moreover, this turns out to be sufficient for the pattern to hold also along
intermediate directions. The reason behind is a duality between both convex hull diagrams.
In fact, as one can see from figure 2, the vertices from one correspond to edges of the other
and viceversa, the latter being orthogonal to the former. Therefore, it follows that whenever
we take & (analogously Zsp) to be given by any of the two vertices generating an edge of its
corresponding diagram, its inner product with the dual gsp (analogously C_;) orthogonal to

such edge reduces to that of the previous ‘parallel’ cases and thus satisfies the pattern (2.6).

3.3 Maximal supergravity in 8d

As our second example, we now take M-theory compactified on a T2, leading to 8d N = 2
supergravity, whose bosonic action reads as follows [50]

1 8 1 ’ ! 1 oot 1 2
Sgq = 2Kv%/d 2 /jg |:R i 1 <gmm gnn + 6gmngm n > 3gmn39m'n’ — M (86) +...,
(3.16)

where g, is the internal metric, V3 its overall volume in M-theory units and the scalar ¢
arises by reducing the 11d 3-form field along the 3-cycle. The dots in (3.16) above indicate
higher p-form fields also present in the gravity supermultiplet.

As is well-known, the Narain moduli space (see e.g., [51]) of such toroidal compactification
— which is again exact at the classical level — is enhanced thanks to the additional compact field,
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c¢(x), to a coset space of the form My,,q = SL(2,Z)\SL(2,R)/U(1) x SL(3, Z)\SL(3,R) /SO(3),
where the discrete piece corresponds to the U-duality group of the eight-dimensional theory [52].
Instead of choosing a parametrization which makes the U-duality group manifest, we take
here the same approach as in [43] and simply dimensionally reduce the 9d theory described
in (3.8) on a circle. Upon doing so one arrives at

Sea = 2% /d% V=5 [R — (90)" - 072 - @p)°| + ... (3.17)

with p denoting the canonically normalized radion associated to the extra circle within T3
and the ellipsis indicate further compact scalar fields and higher p-forms in the theory.

Similarly to the previous 9d example, the convex hull spanned by the different towers
is generated (saturated) here by 3-BPS particles (strings) [23].” Let us start with the BPS
particles. The advantage of choosing the parametrization in (3.17) is that one can essentially
read off most of the scalar charge-to-mass vectors characterizing the infinite towers of states
from the previous 9d example, by simply dimensionally reducing those. Therefore, for the
KK towers one obtains

o 1 1 3 - 1 1 3
CKK,I = <ﬂ7\/ﬁ’\/ﬁ) 3 CKK,I’ - <_2742’\/ﬁ) )

- 7
CKK,l” = (07 \/;) O) 3

where the last (-vector arises from the extra S' and the notation is 5 = (C%, ¢P ¢ U). Anal-

ogously, one finds a triplet of towers comprised by M2-branes wrapping different 2-cycles

(3.18)

within T3, with the following charge-to-mass vectors

du1 = (\27\/%’\/1171) ’ G = (\}5’ \/54;2’\/1171) 7 (3.19)
- 1 8 |
M1 = (Qm’_\/;) '

where the last one is inherited from the 9d setup, whilst the first two are new [43]. Notice
that these vectors already generate the convex hull of light towers, see figure 3(a). However,
there also exist additional towers of states associated to the oscillation modes of critical
(type ITA) strings, whose (-vectors read as

ew= (5575 37m) . o= (35 75— 2m)

B 5 1 (3.20)
VT 0 — —_— —
COSC ( Y 21 9 \/ﬁ) Y

and which happen to lie at the extremal ball, thus saturating the sharpened Distance
Conjecture [23]. The first two are inherited from the 9d example above (cf. (3.15)), whilst the
third one arises from the M2-brane of 11d supergravity wrapped along the additional circle.

"A complete list of the relevant towers of %—BPS states in the present eight-dimensional setup can be found
e.g., in table 1 from ref. [43].
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On a next step, one can analogously compute the would-be species scale vectors within
each asymptotic direction of the 8d moduli space. This was done in [43], and we simply state
here the results highlighted there. First, for the triplet of type IIA critical strings one finds
Z-vectors which coincide with those of their associated charge-to-mass ratios, namely (3.20).
Additionally, one can extract a total of six species scale vectors from the n = 1 towers —
thus signaling decompactification of one extra dimension — arising either from Kaluza-Klein
modes or the M2-particles (see egs. (3.18) and (3.19)) via the relation [43]®

= n -
Bt = g (3:21)

with n € N being an effective density parameter [49] capturing the number of spacetime
dimensions that decompactify upon taking the asymptotic limit (see also (2.12)).
However, this turns out not being enough so as to fully generate the convex hull diagram
for the species scale vectors. Indeed, as discussed in [43], the role of generating/saturating
towers gets exchanged between the two hulls, and it is now crucial to take also into account the
combined effective towers. In particular, one can easily construct %—BPS particles from bound
states of the aforementioned n = 1 towers [50], resulting in the following n = 2 triplets [43]

. 1 3 o 1 1 3
Z = 07777 ; Z = ’ 5 5
KK,2 < 12 4\/14> K2 (8\/5 VA2 8\/14)

= _(_1 1 3)
KK, 2" — 8\/57\/4@’8@’

for Kaluza-Klein bound states, where the notation follows that of (3.13). Analogously,

(3.22)

one finds

R
M2=\" /a2 av1d) M2 \8v2’ 2y’ 814/’

> 1 1 5 (3.23)
Z =\ - ) s )
M2 ( 8v2' 242 8\/14>
for bound states (with n = 2 again) of M2-particles and also
z B (0 1 1 ) Z B ( 1 1 1 )
KK-M,2* 7\/437 2\/ﬁ ) KK—M,2 - 4\/57 2\/43,4\/ﬂ ) (3 24)

. 1 1 1
Z _ " = , = 5 5
KM, 2 (4\/5 212 4\/14>

arise from BPS bound states between wrapped M2-branes and KK replica [43]. These come
along with their corresponding ‘effective’ {-vectors, which are parallel to the Z ones and
may be defined as in (3.14) above. All these species scales correspond to the Planck scale
of the possible two-higher dimensional theories (i.e. 10d theories) that arise in the diverse
decompactification limits.

8Relation (3.21) arises from the usual dependence of the species scale on the characteristic mass of the

infinite tower of states, namely Asp ~ mb.2t" | with n denoting the density parameter of the tower [46, 49].
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(a) Towers {(7};. (b) Species scales {Z;} ;.

Figure 3. Convex hull conditions for the masses {(;}; and species scales {Z}; of the leading

S . . . . . ‘ ) o1 1
towers in eight-dimensional maximal supergravity, containing the ‘extremal balls’ of radii Tis T 7

and ——=2—— = —L_ respectively. The string towers are depicted in red . whilst KK towers
v/ (d—1)(d—2) NZvX )

associated to decompactification of one, two and three dimensions appear in blue ., green - and
yellow I:l, respectively. Note that the string vectors coincide in the two diagrams.

Additionally, there is an SL(2,Z)-doublet of n = 3 towers, signalling full decompactifi-
cation of the 3-torus back to 11d M-theory, whose species scale vectors read

- 1 2 - 1 2
Zrxs=(0,——, ——) . Zuys=(0-——o ——=_). 3.25
KK,3 ( VA2 3\/14) M3 ( Nz 3\/14> (3.25)

With this at hand, one can draw the corresponding species scale convex hull diagram,
which is depicted in figure 3(b). In order to check (2.6) one can do as in the 9d example
above and focus — thanks to the U-duality group of the theory — on a strictly smaller
polyhedron. Indeed, since the symmetry group of the convex polytope is Se x S, it is
enough for our purposes to take 1/12 of the full diagram, namely the one containing e.g.,
the set {5KK,1”, C_;SC, 5KK_M,2,5KK7 o, 5}(}(3} Figure 4 depicts the aforementioned vertices
and the fundamental domain they span, as well as the discrete symmetries associated to the
diagram. As can be easily verified, along these directions the product a . Zsp = ﬁ = % is
verified since the species scale and the charge-to-mass vectors are aligned. As also happened
with our previous example, this is all we need to check in order to get convinced that the
pattern holds along every asymptotic (intermediate) direction as well, since from figure 3
it becomes clear that the vertices spanning one convex hull are orthogonal to the faces of
the other, and viceversa.
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3

Figure 4. Sketch of the fundamental domain Fg of the S3 x Sy = <y, a:y’=a’=e, yay = a‘1> X
2

<x txt = e> symmetry group acting on the scalar charge-to-mass vectors associated to the relevant
towers in 8d maximal supergravity. The figure also shows the towers spanning the fundamental
domain as well as the individual actions of the symmetry group. An analogous fundamental domain
for the species scale polytope from figure 3(b) could be built, as both {(;}; and {Z;}, present the
same symmetries.

3.4 Maximal supergravity in d < 8

After the previous concrete examples, we will argue in what follows that the results discussed
there hold more generally in the context of maximal supergravity. The strategy will be to
isolate the key ingredients from the nine- and eight-dimensional setups and translate them
into the more general case in d spacetime dimensions. This is done in section 3.4.1, whilst
the computational details are relegated to section 3.4.2.

3.4.1 A sketch of the proof

The argument proceeds in a recursive manner, relying essentially on the duality properties of
the theory as well as the uniqueness of maximal supergravity for d < 9 [52].

Let us start by noticing from the examples above that the charge-to-mass vectors
associated to towers with density parameter n lie always along a facet? of the convex hull
polytope with dimension equal to n—1 (see figures 2 and 3(a)), whilst those vectors controlling
the species scale belong to a facet of codimension n (cf. figures 2 and 3(b)).!® This holds

9 Actually, they are located at the point of the facet closest to the origin.
10T he vectors associated to string towers, having density n — oo, appear at facets of maximal (co-)dimension
for the charge-to-mass (resp. species) diagram.
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in lower spacetime dimensions as well, since the length of the vectors is fully determined
once d and n are specified (cf. (2.13)), and it is indeed a clear manifestation of the duality
between both convex hulls in the sense that the facets of one correspond to the vertices
of the other, and viceversa.

One also notices that the diagrams present some symmetry properties that reflect the
U-duality group of the quantum theory (see table 1 below). This, in turn, allows us to restrict
ourselves to some fundamental domain (i.e. a subset of the original convex hull) containing all
the relevant information for the diagram, whilst the remaining parts of the hull appear to be
mere copies of the former, obtained upon acting with the different elements of the symmetry
group. In fact, one may view such fundamental domain as the region whose boundaries
precisely arise as fixed submanifolds under some element(s) of the symmetry group, which
moreover coincides with the Weyl subgroup associated to the U-duality group (see figure 4).!!

Therefore, what we need first to know is how to select a fundamental domain Fy, in
practice. For this, we note that the towers of states with n = 1 arrange themselves into a
single irreducible representation of the U-duality group for d < 9, as shown in the second
column of table 1. These include perturbative (i.e. KK, winding modes, etc.) as well as non-
perturbative states (wrapped branes, KK-monopoles, etc.), and for us it will be enough to
focus on just one of them, which we take to be of perturbative nature, namely a Kaluza-Klein
vector. Hence, we work inductively, starting from M-theory compactified on T* down to
d+1 = 11—k dimensions, where we assume the pattern (2.6) to hold. Then, we dimensionally
reduce on an extra circle, leading to M-theory on T* x S' ~ T*+1 and we consider the ‘cone’
of asymptotic directions comprised by the large radius direction (of the additional S') and
the KK replica of the vectors determining some fundamental domain, Fg1, in the parent
(d + 1)-dimensional theory. Upon doing so, one can easily check (see section 3.4.2 below) that
eq. (2.6) is verified along any asymptotic trajectory within Fy. Finally, since the pattern
has already been shown to hold for k = 1,2,3 (corresponding to maximal supergravity in
ten, nine and eight dimensions, respectively), one concludes that it extends to all lower
dimensional cases as well.

3.4.2 Relevant computations

The aim of this subsection is to provide some of the details that corroborate our claims
before regarding the analysis of the pattern (2.6) in d < 8 maximal supergravity. Let us
assume that we have already fixed a fundamental domain F,, as outlined in section 3.4.1.
Such polytope is thus generated by the reference n = 1 tower, with charge-to-mass vector

" Consider some EFT with a n-dimensional moduli space M, parametrized by the scalars {¢‘}]_;. The
U-duality group G of said theory transforms said scalars in a way such that the different states of the EFT
are mapped to one another. However, if we are interested only in non-compact scalars (thus ignoring compact
axionic fields, since they play no role for our considerations, see [43]), some of the transformations of G might
affect only the compact scalars, which we left fixed. These transformations are the elements of a mazimal torus
of G, Te¢ — G, which is the maximal Abelian, connected and compact subgroup of G. As in general T is not a
normal subgroup of G, in order to properly quotient G by T, the normalizer N¢(Tc) ={g € G : gTc = Tag}
is introduced, corresponding to the largest subgroup of GG such that T is a normal subgroup. Then the Weyl
group of G is defined as W(G) := N¢(T¢)/Ta, and it will correspond with the symmetries of the non-compact
scalars (and thus of the different vectors under consideration). It is finite (there are only so many ways of
exchanging points) and a subgroup of GL(R™), where m < n is the number of unbounded moduli.
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d U-duality group | Irrep. {51} 7 Sym. group Order
10A 1 1 1 1
10B SL(2,7) 2 Zo =~ Sy 2

9 SL(2,7Z) 231 Ty~ Sy 2

8 SL(2,Z) x SL(3,Z) | (2,3) Sy x S5 12

7 SL(5,Z) 10 Ss 120

6 SO(5,5,7) 16 | W (Spin(5,5)) 1920

5 Eg(6)(Z) 27 W (Es) 51840

4 Ern)(Z) 56 W (E) 2903 040

3 Ey(s)(Z) 248 W (Es) 719953920

Table 1. U-duality representations of the particle multiplets in M-theory on T* [50] for 10 > d > 3.
Note that there are two possibilities for d = 10, corresponding to ten-dimensional type ITA and type
IIB supergravities. The second column shows the vector and charge representations for n = 1 BPS
towers, which for d < 9 arrange into a single irrep. Additionally, the symmetry group acting on the
¢ (equivalently Z)-vectors is displayed, which corresponds to the Weyl subgroup of the associated
U-duality group, as well as its finite order [53]. The latter controls the number of copies of F; that
comprise the convex hull of (- or Z-vectors.

Q?KKJ, together with the KK replica of those vectors determining the fundamental domain
of the theory in one dimension higher (see figure 4). In the following, we will denote the
latter as {5KK,n+1}, with n € {1,...,10 — d, 00}. First, we notice that whenever we focus
on a given direction determined by some 5 within F4, the pattern is automatically satisfied,
since both the species and charge-to-mass vectors are associated to one and the same tower
and thus parallel to each other (cf. (2.14)). The non-trivial task is to show that eq. (2.6) is
still satisfied along intermediate directions as well, where the vectors {g:;, Zsp} are no longer
aligned. To do so, we first prove the following claim:

Claim 1. The leading tower of states within Fy always corresponds to 5KK,1- Additional
towers my can become light at the same rate along certain asymptotically geodesic trajectories,
characterized by some normalized tangent vector T.

This can be easily shown upon computing the inner product between 5KK,1 and any
other charge-to-mass vector belonging to the set {(kk, n+1}. One finds

d+n-—1

T o L |5KK,n+1|27
(d—2)(n+1)

(3.26)
where we have used eq. (A.15) in the second equality. The fact that it coincides with

. . . 1 o .
(KK, 1" CKK,n+1 = CKK,1 [n—l—l (CKK,1 + nCKKn)] =

|5KK,,L+1 |2 implies, geometrically, that the segment of the hull determined by both vectors is
indeed orthogonal to fKK n+1 itself (see e.g., figure 1). Now, given any normalized tangent
vector T, we can split it into parallel and perpendicular components with respect to the plane
spanned by 5KK,1 and 5KK,n+1, such that 7 = Tl + TL, where Tl = afKK’l + bEKK,n+17
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and with a, b > 0. Therefore, we have

T (5KK,1 — (kK np1) =TI (5KK,1 — (KK, nt1)
= alxx.1 - (Ckr.1 — Cki,ni1) + bCkk nt1 - (Cki.1 — CKK.nt1)

= a (|Ckk,11* = [Ckk, nt1/?) > 0, (3.27)
>0

so that the ZKK 1 tower always becomes light faster than 5KK7n+1 except for a = 0, namely
when 71 EKK n+1, in which case they do so at the same rate. This ends our proof of Claim 1
above. On the other hand, the species scale strongly depends on the chosen asymptotic
trajectory (see e.g., figure 3). Hence, in order to check the pattern (2.6), one needs to
demonstrate the following statement:

Claim 2. For any possible species scale vector spanning Fy, that we collectively denote
{ZxK ni1} withn € {1,...,10 — d, o0}, we find:

(KK, 1 ZKK, nt1 = T 5 (3.28a)

, ; 1
CKK,n'+1  ZKK,n+1 = 57— - (3.28b)

In particular, the second equality holds provided the parent vectors satisfy the pattern in the
higher (d + 1)-dimensional theory.

Note that the first part of the claim above trivially follows from egs. (3.21) and (3.26).
The second statement, however, requires a bit more work. Intuitively, it means that the con-
dition (2.6) is consistent (or preserved) under dimensional reduction. Thus, we take, without
loss of generality, some vector ZﬂKK,n—&-l as the one dominating certain asymptotic region of
moduli space within the fundamental domain, and we consider the inner product (3.28b).
Here, 5KK n/+1 is taken to be any other charge-to-mass vector within F,; such that it verifies
the pattern with respect to ZKK,,LH in the parent (d + 1)-dimensional theory. Recall that,
upon dimensionally reducing some vectors Q_;g;ril), and Z}gj? on a circle, one gets [43]

kK, = (C @) 1) ZKK 01 = <Z(d+1) 1) (3.29)

, KK, n/, (d—l)(d—?) ) ;n+1 KK,n » (d—l)(d—2) >
where the first components of both vectors are directly inherited from the ones of the theory
in d + 1 dimensions, whilst the last entry corresponds to the S' radion direction (see also

appendix A). Hence, requiring (kk, n/+1 to verify the pattern in the higher-dimensional theory
translates into the following statement

2d+1) Fd+1) 1
KK,n' * ZKK,n = -1 (3.30)

such that we finally obtain

CKK, n/+1 * ZKK,n+1 = {n’ 1 (CKK,l +n’ CKK,n') 'ZKK,n+1
_ 1 C (d+1)  Z(d+1) .
r+1 KKn KKn (d—l)(d—?)
1
= — 3.31
o (331)
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where in order to arrive at the last equality one needs to use eqs. (3.28a) and (3.30) above.
This completes the proof of Claim 2, which ensures that both convex hull diagrams, namely
that associated to the (-vectors and the species one, are completely dual to each other (with
respect to a sphere of radius ﬁ), as also happened for the 9d and 8d case. This proves that
the pattern (2.6) holds in complete generality in flat space compactifications with maximal
supergravity. For completeness, let us mention that this property holds as well between
vectors in- and outside the selected fundamental region (see e.g., figures 2 and 3). Notice that
this follows immediately from the analysis restricted to Fy just performed, since any vector
outside the fundamental domain can be reached from another one within the latter via the
action of some element g € G of the finite symmetry group G of the diagram. However, since
G is a subgroup of the U-duality group of the theory (cf. table 1), and this itself is a subgroup
of the coset which parameterizes the moduli space (see e.g., [54]), the scalar product defined

with respect to the bi-invariant metric G;; is automatically preserved.

4 Examples in setups with 16 supercharges

As we lower the level of supersymmetry, Kaluza-Klein replica are not necessarily BPS anymore,
and the vectors generating the convex hull of the towers and the species scale can change
upon exploring different regions of the moduli space. Satisfying the pattern in those cases
becomes less trivial and provides strong evidence for it beyond maximal supergravity. In this
section, we will discuss certain slices of the moduli space of heterotic string theory on a circle,
for which all asymptotic corners (as well as how they fit together) are well-known [55]. In
this case, it is still possible to define a globally flat metric'? which will allow us to draw the
convex hull in a global fashion [26], and discuss how it changes as we move in moduli space.
For completeness, we will also briefly discuss the case of M-theory on K3, before turning in
the rest of the paper to more complicated lower-supersymmetric 4d setups.

4.1 Heterotic string theory in 9d

A typical example of a theory with 16 supercharges is that obtained by the compactification
of the heterotic string on S'. This results in an 18-dimensional moduli space My = R x
SO(17,1; Z)\SO(17,1; R) /SO(17), parametrizing the 10d dilaton ¢, radion p and the 16
Wilson lines. We can then study two-dimensional {¢, p} slices of My with fixed Wilson
line moduli. In particular, we will be interested in two concrete slices of the moduli space
of rank 16 (for the gauge group), which can be obtained by compactifying the SO(32) and
FEg x Eg 10d heterotic string theories on a circle, with all Wilson lines turned off. We expect
equivalent results for the disconnected components of the moduli space with lower rank [26, 55].
Depending on the values taken by the dilaton and radion vevs, the theory can be better
presented in terms of a different dual description, resulting in a finite chain of duality frames,
as shown in figure 5 and described in more detail in [26, 55]. Both slices present a self-dual line
at p = %cf) (the dashed line in figure 5 below) splitting each diagram in two mirrored regions.

12When referring to a ‘flat’ frame in a certain moduli space we always ignore the compact (axionic) directions,
since taking them into account usually introduces a non-vanishing curvature, thus obstructing the definition of
a global flat chart.

— 23 —



Type I KK h Het-SO(32)| | M-th Kkh &’  Het-Fg x Eg

(a) SO(32). (b) Es x .

Figure 5. Scalar charge-to-mass vectors for the towers (blue) and species scales (red) observed for
the SO(32) and Eg x Ex slices of the heterotic on S! moduli spaces, depending on whether the infinite
distance limits (along the non-dashed regions) are above or below the self-dual line (dashed), following
the convention for the canonically normalized moduli as in [26].

The most interesting duality frame is that corresponding to type I’ string theory, which
is an orientifolded version of type ITA on a circle, with two O8~ planes at the endpoints of
the interval and 16 D8-branes, whose location determines the gauge group (16 of then stacked
on one orientifold for SO(32) and a symmetric pair of 8 D8-stacks for Eg x Eg), with the
dilaton running between the O8~ planes and the branes [56]. As a result, the large radius
limit of type I’ leads to decompactification to a running solution of massive type IIA in 10
dimensions (rather than a higher dimensional vacuum). This makes the scalar charge-to-mass
vector of the type I’ KK tower (which is non-BPS) to change non-trivially as we move in
moduli space. The main result of [26] shows that warping effects make this vector to slide
perpendicularly to the self-dual line as we move along a trajectory parallel to self-dual line
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and change the distance to the latter (see figure 6). As a function of the asymptotic direction,
though, it is simply seen as a jumping of the KK vector from one unwarped value to the
other as we cross the self-dual line. This jump occurs in opposite directions for the SO(32)
or Eg x Eg theories. This implies that, in each duality frame, the location of the (-vectors
of the towers is the same as in the above moduli spaces of 9d maximal supergravity (with
32 supercharges). This is clear upon comparing figure 5 with figure 2 of section 3.2. The
lower level of supersymmetry plays only an important role when determining how to ‘glue’
the different patches altogether, which occurs in a very non-trivial way.

Hence, as long as we do not move parallel to the self-dual line in the type I’ region, it
is then clear that the pattern (2.6) is satisfied, since the distribution of the towers and the
species scale vectors is locally the same as in maximal supergravity. Each region will be
characterized by a different realization of the species scale (either the 10d string scale or
the 11d M-theory Planck scale), such that the convex hulls of the towers and species scale
are dual to each other and the pattern is thus realized. The tower vectors were already
computed in [26], so we are simply computing the species vectors as well here in order to
represent everything together in figure 5 below.

It remains to be seen, though, whether the pattern will also hold if moving parallel to the
self-dual line in the type I’ region. As explained, this limit decompactifies to a running solution
in massive type ITA with a non-trivial spatial dependence of the dilaton. In particular, this
changes the exponential rate of the KK tower in comparison to the unwarped result (2.13),
as computed in [26]. For the Eg x Eg slice!® one has

1 2 5
_— 4.1
2 1+43e%8’ 2ﬁ> (4.1)

5 4 .3 o
e_2ﬁ¢c+2¢3(1 + 362¢B)_1 = (kK1 = (

which is written in a basis of flat coordinates {¢p, ¢c}.'* Each of these coordinates measures,
respectively, the moduli space distance perpendicular and parallel to the self-dual line in the
type I frame. As already mentioned, this implies that the type I’ KK modes move orthogonal
to the self-dual line as a function of ¢p (see figure 6). At each side of the self-dual line (i.e.
in each of the type I’ frames) we seem to have a different tower of KK states, whose scalar
charge-to-mass ratio coincides when moving exactly along the interface. We expect that these
towers actually correspond to different sets of states that are mapped to each other upon
performing the duality. If that is the case, they should both contribute to Ay, yielding a
lower value for the species scale (i.e. a larger value of the exponential rate) than what each
tower alone would yield. The type I’ string oscillator modes, though, are not expected to
contribute since the string perturbative limit is obstructed. Computing this species scale
from top-down string theory would be a project by itself, so we leave it for future work. Here,
we will simply determine what should be the value for the species scale along the self-dual
line such that the pattern holds even for these decompactifications to running solutions. We
hope that this can be useful to elucidate the fate of the pattern in these special cases.
Along the self-dual line, the scalar charge-to-mass vector of the KK towers is given
by é;ff = (0, 2\%), with an associated species scale geﬁ“ that should also point towards

13The SO(32) is analogous but with slightly more cumbersome expressions, see section 3 in [26].

"This amounts to a clockwise Z + arctan (%) turn from the {¢, p} coordinates shown in figure 5.
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CK K, T (dual)

M-th

Z

osc, |

» (dual)

Figure 6. Details of the Eg x Ejg slice of My, parameterized in terms of {¢p, ¢c}. When moving
with 7' = (0,1), thus parallel to the self-dual line, the type I’ KK tower (and its dual) has a scalar

charge-to-mass vector (kxk, v whose expression depends on the distance ¢p of the trajectory to the
self-dual line (cf. eq. (4.1)), coalescing for ¢ — 0 to (0, %ﬁ) The fixed Zog = (0, %ﬁ) vector
satisfying the pattern is also depicted. Additional Z-vectors associated to the obstructed emergent

string towers as well as the heavier Planck masses are also presented. The SO(32) slice has an
analogous behavior, with (ki 1 located on the other side of the self-dual line, see [26].

this direction. For decompactification limits, the species scale can be computed [46, 49]
(see also (7.8)) in terms of an effective tower meg n ~ nl/pEEmeﬁ‘70 with peg = >_; p; and
My ~ nt/ Pim; 9. We do not expect peg = 1 since this would correspond to having a single
KK tower decompactifying one dimension, nor peg = 2 since it would rather indicate a
double decompactification. In fact, for the pattern to hold, we can check that the required
value for the density parameter is something in between, namely p.g = %, which can be
obtained upon identifying

e
A m —2+pest __2 -
eff = eff =e 5\/?¢C$Zeﬁ*:(
Mpy;9 Mpy;9

2
0, m) . (4.2)

This value would imply C_;ff By = 5KK71/ Zog = EKK’I, (dual) * Zog = %, satisfying the pattern

for any ¢p > 0. Along the self-dual line, the type I’ radion (in 10d Planck units) and string
—_ V7

coupling scale as Ry Mpy;10 = gy 54 ¢56°9C . This implies that the species cut-off should

scale as ﬁf’m ~ (Ry Mp;, 10)_13725 ~ gf’% , although it is not possible for us to elucidate the
separate dependence on the radion and the dilaton. It would be interesting to check, from
string theory, whether this behaviour of the species scale is indeed realized and the structure
of the KK towers (taking into account the large warping associated to decompactifying to
a running solution) is such that effectively implies peg = %. Hence, whether the pattern is

fulfilled in this particular asymptotic direction remains open and is left for future investigation.

— 26 —



4.2 M-theory in 7d

For completeness, let us consider M-theory compactified on a K3 surface, leading to a
supersymmetric setup in 7d with 16 supercharges as well. This example will resemble many
features that will be explained in more detail when discussing 4d theories arising from
Calabi-Yau compactifications. Furthermore, our analysis here nicely complements the work
performed in [57], where the emphasis was placed on the leading tower of states rather
than the species scale.

For simplicity, we will focus on attractive K3 manifolds, namely those K3 spaces where
the rank of the Picard group is maximal.'®> For such manifolds, the complex structure is
completely fixed (see e.g., [59] for details on this), so that both the 7d lagrangian as well
as the mass of the different (non-)perturbative states depend only on the Kéhler moduli
{t®}. The latter arise, as usual, as expansion parameters of the Kéhler 2-form J = t%w,,
where {w,} constitutes a basis of H%!(X3,Z).

All in all, the relevant piece of the 7d (bosonic) reads as follows (see e.g., [60])

1 7 9 2 b
S7q4 D 2ﬁ%/d z+/—g [R— %((‘NogV}(g) — Ggp (at - Ot )} , (4.3)

where we have defined Vi3 = %nabtatb with 74, = w, - wp denoting the intersection form of

the K3 surface, and % = t%/ Vll(/g are rescaled moduli subject to the constraint %nabfafb L.
The moduli space (which is classically exact [61]) can be seen to be isomorphic to Mrq =
0(3,19;Z)\O(3,19;R)/O(19) x R4 [58], where the overall volume parameterizes the R

factor with a metric of the form Gy, v, = ﬁ. The coset piece admits a natural metric
K3
as well, which is given by [57]
tats .
Gap = / Wa A *wp = —— — Nap = taly — Nab (4.4)
K3 Vi3

where the indices are lowered with the intersection form 7.

Regarding the infinite distance boundaries of such moduli space, there are several of
them, according to which moduli are sent to infinity: the large volume point, the small ‘radius’
limit, a unique type of infinite distance degeneration at constant Vg3 [57] and combinations
thereof. We discuss each of them in the following.

The large/small volume limits. Let us start with the large volume singularity Vs — 0o,
which of course lies at infinite distance in the field space metric defined from the action (4.3)
above. It corresponds to the decompactification limit, where the K3 manifold grows large
and we come back effectively to 11d supergravity. Thus, the infinite tower of asymptotically
light states is given by the KK tower, whose mass is

) . 9 1
M:VKg/QO — CKK,K3_(707"'70)’ (4.5)

where we have used that the 7d and 11d Planck scales are related by Ml‘;’h 7= Ml‘;’l; 11VK3. The
associated species scale corresponds to the 11d Planck mass, such that upon taking the inner

15The Picard group is defined as Pic(K3) = H'(K3) N H?(K3,Z), such that it corresponds to (dual) curve
classes which have some holomorphic representative [58]. For attractive K3s, rk(Pic(K3)) = 20.
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product between EKK k3 and Zsp = %5}{1{, k3 (cf. eq. (3.21)) we find that 5KK K3 * ?:"Sp = é,

in agreement with (2.6).

The small ‘radius’ limit, namely Vi3 — 0, is of different physical nature. One can argue
that it corresponds to an emergent string limit [24], where an asymptotically tensionless
and weakly coupled heterotic string emerges at infinite distance. Indeed, it is possible to
construct an heterotic-like string by wrapping the M5-brane on the whole K3 surface [62, 63],
with a tension in 7d Planck units which reads as follows

Ts 3/5 > ( 3 1 )
= Vg — . =(—-——=—,0,...,0) . 4.6
M]%]ﬂ (osc, M5 10 VKB ( )

Moreover, there are additional 1 5-BPS states arising from wrapped M2-branes on certain
holomorphic curves within the K 3, which moreover correspond to perturbative winding
modes of the dual heterotic string on T3.'® Their mass dependence can be deduced from
the DBI action, and yields [46]

(a)

M2 ay,~1/5 _ 7ay,3/10 >(a) 3 1 1 >
M2 gy =yt = =(-——=—0,...,——,...,0) , 4.7
Mpy.7 M2 ( 10 Vs ta (4.7)

where the non-zero entries correspond to the overall volume component and the one associated
to the rescaled t* modulus (see discussion after eq. (4.3)). It is therefore clear that, upon
contracting Ct = {COSC NS5, CM2} with Zsp = COSC NS5, one obtains Ct sp = 5, thus fulfilling
the pattern.

Infinite distance at fixed (overall) volume. Let us consider now infinite distance limits
with the overall volume kept fixed and constant. In fact, as demonstrated in [57] (see also
earlier related works in [29, 64]), for such a limit to exist it must be possible to select some
wo = 3, cw, € HYY(X3,7Z) (with ¢® > 0) such that!”

i

J =t + thw; with =0, t! = —, o — o0, (4.8)
o
where i = 1,...,19 and the basis {wp,w;} verifies that wo - wp = 0 and 3, a’ wo - w; = Vi3 +

O(1/c%). Geometrically, the very existence of such a limit enforces the attractive K3 to
admit some elliptic fibration over a P'-base, with the genus-one fibre Cy being Poincaré dual
to the Kéhler cone generator wy. Such holomorphic curve shrinks upon taking the limit (4.8),
whilst the base grows at the same rate so as to keep the overall Vi3 fixed and finite.

16Note that since Hz(K?),Z) defines a lattice of signature (3,19) there are precisely 3 non-equivalent
holomorphic curves with non-negative self-intersection, and thus non-contractible. These should correspond to
the 3 winding modes sectors of the dual heterotic string on T®.

"The fact that the limit (4.8) leads to an infinite distance with respect to the metric (4.4) follows from the
asymptotic dependence of Ggp:

> [ . dte dib < 20
A= ab—— —— ~ 1 ,
/lda deada /ldog(t)—>oo

where we have used that G;; = 10i70; (tﬂ)2 + O(0°), Goj = noniot’t° — nos + O(1/0*) and Goo = no;jniot't’.
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Given the behavior of the different 2-cycles along the limit (4.8), there are potentially two
kinds of infinite towers of states. First, there are the supergravity KK modes associated to the
P!'-base, whose volume grows asymptotically. The mass scale of such tower behaves as follows

mKK’PI _ 1
Mpl; 7 ({{O) 1/2

- 9 1 1
= 1:(,~,O,...,O>, 4.9
V?{/;O KK,P 20 VK?) 270 ( )
so that it becomes (exponentially) light upon probing the ° — oo limit. In addition, there
is a second infinite set of states becoming light even faster, which arise from M2-branes
wrapping the genus-one fibre. Their mass is controlled by the volume of the latter

3/10
MM2 —1/5 _ Vi3 - ( 3 1 1 )
:V V = — :> = —7777707...70 9 4.10
Mpy,; 0 7K3 {0 2 10 Vi3’ 9 (4.10)

and they can be seen to correspond to the dual KK replica implementing the duality between
M-theory on K3 and F-theory on K3 x S! [57, 65]. However, in order to correctly interpret
what is the resolution of the singularity in QG, we need to study the behavior of the species
scale. One can thus associate two such scales, one for each tower, as follows (cf. (3.21))

Ao e Vi - ( 11 1 >

2M2 o - — Zpg=(-——" —0,....0), 411
Mpl; 7 ( M2) ({O) 1/6 P18 20 VK?) 60 ( )
Aplg 2/7 1 - <9 1 1 >

2PLY = = = Zpg=(——,—.0,...,0), (412
Mpy. 7 (mKK’Hﬂ) (70) /7 VLTO PO \T0 Vs T (4.12)

which coincide with the 8d Planck scale'® (in the F-theory frame) and the 9d Planck scale,
respectively. We are not done yet though, since both sets of states can be combined together
forming bound states, namely the wrapped M2-branes may have non-trivial momentum along
the P!-base. Furthermore, such ‘mixed’ states contribute to the computation of a third
candidate for the species scale, whose Z-vector reads (see eq. (A.14))

Zpi10 = % (5M2 + 25KK,IF”) = (f()Vle’ 4%0>0, . -,0> ; (4.13)
thus signalling towards decompactification to 10d type IIB string theory. In figure 7 all these
vectors are plotted, both for the scalar charge-to-mass and species scale are shown, including
those relevant in the large/small K3 volume limit, as previously discussed.

With this, we are now ready to check what is the minimum Ag, dominating the asymptotic
physics along the limit (4.8). Indeed, it is easy to see either from the formulae above or
the diagram in figure 7, that this becomes the 10d Planck scale. Therefore, such limit may
be interpreted as some ‘nested’ decompactification, first from 7d M-theory to 8d F-theory
(as remarked in [57]), and then up to ten dimensions, effectively sending all supersymmetry
breaking defects (i.e. D7-branes and O7-planes) to infinity and thus restoring maximal (chiral)
supergravity in 10d. Hence, a quick computation reveals that the pattern 5]\/[2 . ZPL 0=+

5
is also verified in this limit (to leading order in 1/¢9).

5/

8This can be easily checked upon identifying Rs = (?}?7/46, where Rg denotes the radius (in 8d Planck units)
K3

of the F-theory circle, as well as the relation between the 8d and 7d Planck scales, namely Ml‘gl; .= Mf;’l; 32T Rs.
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Figure 7. Convex hulls for the lightest towers (blue) and species scale (red) in M-theory compactified
on an attractive K3 surface, using a flat frame {°, ]A}K?,}7 in which the equations of the different vectors

are &)Sc, M5 = gosc, M5 = (7%a0>, 5M2 = (7%31)a 5KKfcf‘f,3 = (ﬁv%), Q_“KK7 Pt = (%a%)a
(KK, K3 = (%\/57())7 Zpl g = (—ﬁ,%), 2Zp1, 10 = (ﬁ&)» Zpl g = (7%/57%) and Zpy, 11 =

(%, 0). It is easy to see that both polytopes are dual to each other (with respect to the 1-sphere of

radius \/(1172 = %), and thus the pattern is satisfied. The different limiting theories, which can be

deduced b;z looking at the dominant species scale in each region of the moduli space, are also shown

for completeness.

Mixed limits. To conclude, let us briefly comment on the possibility of superimposing any
of the previous limits, thus sending both the overall K3 volume and the £° Kéhler modulus
to infinity at different rates, a priori. In fact, upon comparing the different species scale that
can arise (and even compete) at distinct corners of the moduli space, one can indeed separate
these asymptotic regions into different sectors, depending on which specific scale dominates
(see figure 7). In any event, one can still verify that the pattern is respected in all such cases,
due to the non-trivial gluing conditions between the different patches.

5 Examples in 4d N = 2 EFTs

We now turn to theories with 8 supercharges. In particular, we will focus on 4d N = 2
setups arising upon compactifying type II string theory on Calabi-Yau threefolds. The
singularity structure of the moduli space of these theories is very rich and has been thoroughly
studied in the past, providing for different types of infinite distance limits. We will first
introduce the basic notation in section 5.1 and then study different concrete examples in later
subsections, as well as presenting general arguments in favour of satisfying the pattern in full
generality within the vector multiplet moduli space. Section 5.6 analyzes the effect of (towers
of) instanton corrections on singularities located classically at infinite distance, which are
nevertheless excised and deflected within the true quantum hypermultiplet moduli space.
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5.1 Setting the stage: the vector multiplet moduli space

Let us start by reviewing the main ingredients that will be necessary in what follows so as
to check the pattern (2.6) in 4d N' = 2 setups. Such theories arise upon compactifying e.g.,
type ITA string theory on a Calabi-Yau threefold, X3, and in the low energy regime they
may be described by the following (bosonic) action [66]

1
22

1
— ﬁ—i / G, ;dz" A *xdz? + hpg dg? A xdq?,

1 1
Suq = /R* 1= SReNapFA A FP — lmNapPA A +F?

(5.1)

where F'B = dAP, with B = 0,...,h"!(X3), denote the field strengths associated to the
Abelian U(1) gauge bosons belonging to the vector multiplets as well as the graviphoton. On
the other hand, the complex scalars z% = b® +it%, a = 1,..., h"!, describe the (complexified)
Kahler sector of the theory and determine altogether the vector multiplet moduli space [67],
whereas the scalars in the various hypermultiplets (including e.g., the complex structure
moduli) are denoted collectively by ¢”.

Since we will only be interested in the computation of the relevant scalar charge-to-mass
vectors as well as the corresponding species scale, we will focus on the scalar-tensor sector of
the action (5.1) and effectively forget about the vector fields. In particular, we will need the
explicit expression for the moduli space metrics. The Kéahler moduli {¢* 31:11 can be used
to expand the Kéhler form J = t%w,, where {wa}lei is a basis of integral 2-forms dual to
a basis of Mori cone generators in Ha(X3,Z) [21]. With this choice, one finds the following
metric for the scalars within the vector multiplets [67, 68]:

4
Gal; = 8a8l;KkS = aaag <_ ].Og 3]C> N (52)
where % = %Iﬁ:abctatbtc = % / s ININT = V(X3) denotes the volume of the threefold in
string units, Ky is the Kdhler potential [69] and kg are the triple intersection numbers
of the Calabi-Yau X3, given by

Kabe = / Wa A wp A we . (5.3)
X3

The analysis of the hypermultiplet sector will be postponed until section 5.6. By Mirror
Symmetry (see e.g., [70]), this effective theory can be equivalently described as arising from
compactifying type IIB on the mirror Calabi-Yau threefold, such that the role of Kéhler and
complex structure moduli get exchanged. The different types of infinite distance limits in the
vector multiplet sector can then be nicely classified using the theory of Mixed Hodge Structures
within the complex structure moduli space of type IIB [16, 71]. However, in the present work,
we will analyze each of these limits using the language of type IIA compactifications, since the
microscopic interpretation of the corresponding asymptotic limit (either decompactification
or emergent string limit [24]) becomes more apparent from this point of view.

Classification of infinite distance limits at large volume. From the perspective of
type IIA string theory, we need to particularize to the large volume patch, where one can
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Type [18] | Type [24] Intersection numbers
IVy — rk(k(™) = rk(ngn)) =1 and rk(ﬁ:gg)) =d
111, J-class A | tk(k(™) =0, rk(m(z”)) =1 and rk(ng;)) =c+2
1T, J-class B rk(k(™) = rk(f@gn)) =0 and rk(n((;g)) =b

Table 2. Infinite distance limits in the large volume regime within the vector multiplet moduli space
of type IIA compactified on a CY3. They can be classified in terms of the behavior of the triple

intersection numbers K4 via Mixed Hodge Theory [18], or using a purely geometrical analysis [24]. The
following notation has been introduced: &%) = 3" | kigp, K5 = S Rijas K =30 Kk

and rk(-) denotes the rank of the corresponding matrix.

safely ignore both o/ and worldsheet instanton contributions which further correct the form
of the metric displayed in (5.2). Still, the structure of possible infinite distance singularities
is very rich as we review in what follows. Following [16, 18, 71], we can parametrize infinite
distance limits within the Kéhler cone, in terms of trajectories of the form

(Y =t .. t" =00, n<hb(X3), (5.4)

with b* approaching finite values. The several distinct types of infinite distance limits have
been thoroughly studied and classified by different means in [18, 24|, and can be divided into
three classes shown in table 2 below, according to the behavior of the intersection numbers
Kabe 10 terms of the asymptotic direction taken. More details about the notation in terms
of Roman numerals can be found in [16] whilst the notation in terms of J-class A/B can
be found in [24] (see also [72]). Geometrically, these three classes correspond to different
fibration structures: the unique limit in which the overall volume of X3 blows up uniformly,
thus corresponding to the large volume point; the ones in which the CY3 possesses an elliptic
fibration over some Kéahler two-fold; and those in which the threefold develops either some
K3 or T* fibration over a P!'-base. We will consider in the upcoming subsections specific
examples of each representative class of limit followed by a general analysis of each singularity
type, providing all of them more evidence in favour of the pattern here described.

In table 3, we summarize the microscopic interpretation of the leading tower of states
becoming light at each type of infinite distance limit, as well as the physical realization of
the species scale for each case. Recall that, in this section, we consider infinite distance
limits lying purely within the vector multiplet moduli space, while all hypermultiplet scalars
(including the 4d dilaton) remain fixed. To achieve this, sometimes we will need to co-scale
properly certain ten-dimensional variables [24]. For instance, if we want to keep the 4d
dilaton, @4 = ¢ — %log V, fixed and finite, one needs to rescale accordingly the 10d dilaton ¢,
which will bring us to the strong coupling regime of type IIA as we will see below in more
detail. For other limits involving also the hypermultiplets, see section 5.6.

5.2 Type IV limits: M-theory circle decompactification
5.2.1 A simple example: the quintic

As our first example, we consider a one-modulus case and we explore the large volume point,
which is always present within the vector multiplet moduli space [18]. For concreteness,
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Type [18] | Type [24] | Fibration structure | Dominant Tower | Agp
I\ — Unspecified DO Mpy. 5
111, J-class A | Elliptic Fibration | D0 and D2 on T? | Mpi.¢
11, J-class B | K3 or T* Fibration | NS5 on K3/T* | v/Tkss

Table 3. Infinite distance limit classification according to refs. [18] and [24]. We also show the kind
of asymptotic fibration structure exhibited by the threefold as well as the dominant tower(s) of states
controlling the species scale for each case.

we will particularize to the quintic threefold studied in [73, 74], which may be defined as
a family of degree 5 hypersurfaces in P*. Such threefold presents 101 complex parameters
(appearing in the quintic polynomial) associated to complex structure deformations, as well
as a single (complexified) Kéahler structure modulus that we denote by z = b+ it. Within
the vector multiplet moduli space one finds three singularities: the large volume point at
z — ioo, the conifold locus, that is located at z ~ 1.211, and the Landau-Ginzburg orbifold
point, which happens for z = (1 +icotr/5) [75].
Close to the large volume point, the Kahler potential behaves as [74]

25676
—Kis — 2901 .3 40 '
¢ — +0 (1), (5.5)
with ¢ = Im z, such that the moduli space metric can be approximated by
3 1
Gz = =~ s 1/t°) . :
4(Imz)2+0</ ) (5.6)

Next, we need to compute the scalar charge-to-mass vector associated to the leading infinite
tower of states, as well as the corresponding species scale. Regarding the former point,
there is indeed a plethora of perturbative (e.g., KK modes) and non-perturbative states
becoming light upon exploring the large volume singularity (see e.g., [18, 24, 76]). The
former can be easily seen to be subleading (contrary to what happens in the 4d N’ =1
heterotic example from section 6.2), whilst the latter arise as %—BPS bound states of DO-
and D2-branes wrapping minimal 2-cycles of the CY3, whose mass is controlled by the
normalized N' = 2 central charge'®

m
1 \ eKkS/2|ZHA| |n0 + n2,a2a‘ 5 (57)

(X )
where ng, na , € Z correspond to DO- and D2-brane charges, respectively, and the subscript
a indicates the holomorphic 2-cycle wrapped by the 2-brane. For the quintic, given that
ht! = 1, the previous mass formula reduces to

mngp ~ |n0 + n22|
Mpy; 4 t3/2

(5.8)

Any state with D2-brane charge (i.e. ng # 0) will scale as mpa ~ t_1/2Mp1;4, while for ng =0
we have instead mpg ~ t=3/ 2Mp1;4. This means, in particular, that the leading tower becomes

19We do not consider here magnetically charged states corresponding to wrapped D4- or D6-particle
states [77], since they do not become massless in the limit of interest (see e.g., [76]).
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that comprised by DO-branes alone, whilst there is another one (which is additive, in the
sense of [46, 49]) made out of bound states of DO- and D2-particles [18].2°
Therefore, from eq. (5.8), we obtain

- 3 - 3
(po = —0; logmpo = % = |Cpo| = \/g, (5.9)

where we have used the field space metric (5.6) to compute the norm of the charge-to-mass
vector, namely |5D0| = 2G*?0, log mpg Oz log mpg. Note that this precisely matches that of a
KK decompactification of one extra dimension, cf. (2.13). This is of course no coincidence
since the DO-branes correspond to the KK tower of the M-theory circle, so that the large
volume limit induces a circle decompactification to a 5d N' = 1 theory described in terms
of M-theory on the same threefold X3 (see section 5.2.2 below).

The species scale can then be computed as usual for a single KK tower [46], leading to

1/3 1 1
~N——— ~ ——— 1
MP1-4> V(X3)1/6 A2 (5.10)

which goes to zero upon exploring the t — oo limit, as expected. It moreover matches with
the 5d Planck scale, as we show later on. Hence, from eq. (5.10) one obtains
- 1

Zsp = —0O¢log Agp = 5 (5.11)

such that upon contracting with (5.9) using the moduli space metric (5.6) we find

—

- 1
CD() ' Zsp = 5 s (5.12)
thus fulfilling the pattern in the present d = 4 setup.

5.2.2 General story

The above large volume singularity is always present within the vector multiplet moduli space
of any type ITA CY3 compactification, such that the results found for the quintic can be
easily extended to the more general case, as we argue in the following.

Recall from (5.1) that the relevant piece of the 4d lagrangian obtained from type ITA
compactified on a generic threefold is [66]

1

1 U |
L11A, 4 D 573 — 5Ga,,(t) ot . ot — 3 (8log V)? — (p4)? (5.13)

where we defined Ggp, = 2G_; (cf. (5.2)) and we split the Kahler coordinates into unimodular
ones, 1% = t%/ V13— which satisfy the constraint xq.t%t°1¢ = 6 — and the overall volume

20In general, it becomes difficult to properly argue for the existence of an infinite tower of states which
become asympotically stable [16, 78]. This is why in the original work [16], the monodromy transformations
characterizing the infinite distance singularities were exploited, in order to argue at least for the existence
of the monodromy tower, which may or may not be the leading tower depending on the case. In certain
circumstances, however, one may instead use dualities to support the existence of the tower, as happens in the
present case, where the DO-tower corresponds to the KK replicas of the 5d fields along the M-theory circle, see
section 5.2.2.
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modulus V. Now, since we take a limit here where V — oo with the 4d dilaton fixed and finite,
the 10d dilaton needs to be co-scaled, such that we end up probing the strong g, regime, i.e.
¢ — oo, which can be better described by M-theory. Comparing then the lagrangian (5.13)
with the one obtained by dimensionally reducing M-theory on the same manifold times a
circle of radius Rs (in 5d Planck units), which reads [79]

1

fcdxaaﬁ-aﬁ-—Z(angQQ

5 (dlog Vs)? | (5.14)

1 1
Lo D =R — - =
M-th, 4d 2 5 1

we arrive at the following moduli identifications (taking also into account quantum cor-
rections [80-82])

RE=V(X3),  Vs(X3)=e 294, (5.15)

where V5(X3) denotes the volume of the threefold measured in 11d Planck units.
With these identifications at hand it is now easy to see how the masses of the DO- and
D2-particles in 4d Planck units are translated into 5d quantities [46]

]C;DO = V8refs/2 = % = T}(K’S )
mp2 _ /87T6Kk5/2|ta| _ 711'6 _ M2 7
Mpy. 4 Y/ Mp. 4

where in the last expression we have considered a single D2-brane wrapping some 2-cycle once
and for simplicity we have set the corresponding axion vev b® to zero. Proceeding similarly
to what we did in the quintic example, and taking the limit V — oo (whilst keeping the £
fixed and non-degenerate) we obtain the following charge-to-mass and species vectors

1

— 0.17
5 61D

(Cooly = Oy loglmpo) = 55 (Zaphyy = ~Ov log(Ay) =
where the remaining components of the vectors, namely those arising from log-derivatives with
respect to the £ fields, are vanishing. Note that the species scale, as computed from (5.10),
coincides asymptotically with the 5d Planck mass, which can be related to the 4d one
by MPQ,I; 52T R5 = Mlgl; 4- Therefore, upon contracting them using the moduli space metric
in (5.13), i.e. Gyy = #, we find that 5D0 . Zsp = % is again fulfilled.

Interestingly, there is an alternative very simple way to show the realization of the pattern
in general for this type of limit. The leading tower of states is made of D0-branes, so that
we can write (f), = GTGbaglgs
the species scale vector is given by Zsp = %5]30 (cf. eq. (3.21)). Therefore, we may have

. Furthermore, since we decompactify a single extra dimension,

alternatively computed the inner product as follows

2 10Ky 30K 1
A a — - 1
0~ Zsp = 155 © g 3 (5.18)

where in order to arrive at the r.h.s., one needs to use the no-scale property of the vector-
multiplet metric (5.2), namely K,G*K;, = 6.
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5.3 Type III limit: partial decompactification
5.3.1 Example: Type ITA on P(1:1:1:6:9)[18]

As a second example, we consider type ITA string theory compactified on the threefold X3 =
P(1:1.1.69) (18], which may be seen as an elliptic fibration over a P-base, with h'! = 2 [83].
We denote the (real-valued) Kéhler moduli by {t!,#?}, which at large volume control the
N = 2 Kihler potential

4
e e = gnabctatbtc = 12(t1)3 + 12(t")% % + 4t (12?2 + ..., (5.19)
with kqpe being the triple intersection numbers in an integral basis of H? (X3) and the ellipsis

denote further perturbative and non-perturbative a’-corrections. From this one may already
compute the (inverse) moduli space metric, whose entries read

3(t1)4 3(t1)2(t1+t2)
. 2(th)? T2W T , (5.20)
fw 9(t4)2 + 79(1’;)3 + 312 + (¢2)?

On the other hand, the infinite distance boundaries present in this example were analyzed
from the MHS point of view in [71], and three types of infinite distance limits were found
therein: (3) t' — oo with ¢? finite (a Type IV singularity), (7) t*> — oo with ¢! finite (a
Type Iy singularity) and (i) t!,t?> — oo (a Type IV singularity). The asymptotic regime
in the latter case can be divided into two subregions (i.e., growth sectors) depending on
whether ¢! > 2 or t2 > t! as t',t? — oc.
In what follows, we will study each of them in turn, to show that the pattern

1

_ (Gabaa 108 Mtower O l0g Asp) ’t(a) =5 (5.21)

t(o

indeed holds for any trajectory t(o) within each region, upon replacing Ay, with the properly
identified species scale in each growth sector. This is summarized in figure 8(a), where the
leading towers of states and species scales are shown.

Notice that in this example, unlike the situation in simple toroidal compactifications
where the (-vectors remain fixed (see examples from sections 3 and 6), both the mass
formulae and the metric Gy, vary non-trivially across the moduli space. For the latter,
and using (5.19), one finds

% % 12 % % t
Glpisyz = (2(t1) 2D ) +0 <(t1)3> . Glesp = (2(t3) 2(tl)> +0 <(752)3> . (5.22)
2(t1)2 6(t1)2 2(t2)2 (t2)2

Consider first limits with ¢! > t2. As one can see, in the asymptotic regime, t?> becomes

irrelevant and its growth rate does not affect the expression for the metric G,;. One can check
that indeed this happens as well for any mass scale or species cut-off along this limit. Therefore,
in such cases My becomes effectively one-dimensional, with any original dependence on
t? effectively lost. However, this is not the case when t? > t!', where subleading ¢! terms
enter in the expression of the metric, as well as towers and species cut-offs. More generally,
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Figure 8. For type ITA string theory on P(1L116:9[18] the infinite distance limits are classified by
their singularity type according to [18], as well as their leading tower and species scales, as depicted in
figure 8(a). Figure 8(b) shows the relevant (scalar) charge-to-mass vectors for towers (blue) and species

scales (red) in a flat frame {#,§} (where {§ > v2& > 0} = {t' > 0, 12 > 0}), with (ps = (—%, 1),

5D0 = (%, 1), pr 6 = (O, %) and ZpL 5 = (3—\1@, %) As argued in the text, along the t* > ¢? regime
(orange), where the leading tower of states is given by mpo whilst the species scale is set by Mpy;s,
asymptotically the moduli space becomes effectively one-dimensional. The other two relevant scales,
namely mp2 and Mpy, ¢ also become parametrically light at the same rate as the 5d Planck scale for
these directions. The different duality frames are identified.

a simple computation reveals that the slice of the moduli space parametrized by {t!,#?} is
Riemann flat, such that global flat coordinates may be defined as follows

tl

1 t
{3%— \/il()gt1+0<t;> , ) = log t* <1+(9 <752>> }, with § > V22 >0, (5.23)

which can then be used to depict the different (- and Z-vectors, see figure 8(b) below. Finally,
the t! > t2 region is asymptotically mapped to the one-dimensional ‘boundary’, namely
to the line {§ = /22}.2!

Growth sector t! >> t? with t!,t2 — oco. This includes the particular case of sending
t! — oo with #? finite (a Type IV singularity), since it shares the same leading behavior of the
mass of the towers as well as the species scale. The asymptotic behavior for the volume reads

_ 3,13 2,1
V_ia)@+0@ﬁ)) (5.24)
Following the discussion of the previous section, this limit corresponds again to decompacti-

fying to 5d M-theory, as expected from being a Type IV singularity together with the above

2INotice that the fact that the moduli space in flat coordinates ends precisely along the line aligned with the
1

Va2 "

the decay rate for the species scale recently proposed in [43], from being immediately violated. This provides

vector fpl, 5 prevents the Species Scale Distance Conjecture, namely the lower bound Asp >

further (strong) evidence for the latter, which was only shown to hold in maximal supergravity setups.
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behavior of the volume modulus. Thus, it is clear that the pattern will hold in this limit due

to the general argument around eq. (5.18), but let us show it explicitly here for illustrative

purposes. By repeating the same kind of computations as in the previous example we find
Mpo Kis/2 1 mp2 Kis/241 1

=V 8meks/ 7 ~ = V8metks/ftt ~ 5.25

Mpr. a (t1)3/2 Mpr.4 i (2> (5.25)

for the mass scale of the D0- and D2-particles, respectively. Strictly speaking, there are two

possibilities for obtaining four-dimensional BPS states from wrapped D2-branes, since there
exist two different non-trivial classes of holomorphic curves within P(L1169)[18]. The one
corresponding to the mass scale computed in (5.25) is associated to the ‘horizontal’ class [83],
namely the fibre of the elliptic fibration. For the other ‘vertical’ class, since the supersymmetric
cycle wrapped by the 2-brane is topologically equivalent to a rational — i.e. a P! — curve
that is moreover contractible, there is only a finite number of associated Gopakumar-Vafa
(GV) invariants [80, 81] which are non-zero (see e.g., [83, 84]). This means, incidentally,
that such D2-particles do not give rise to an infinite tower of states becoming massless upon
exploring the t' — oo limit, such that we can safely ignore them for our purposes here.

As discussed in the previous subsection, the species scale can be computed through
DO-brane state counting, arriving at the following result

1/3
Ap [ mmo U (5.26)
Mpy. 4 Mpy. 4 (t1)1/2”

which is nothing but the 5d Planck scale.
With this, we now have all the necessary information so as to check whether the

pattern (2.6) is satisfied. Thus, let us first compute the charge-to-mass vectors of the leading
set of states, namely the DO-brane tower, as well as the species vector obtained from eq. (5.26)
above. The former is given by
2o — (3¢" + %) 3t1 + 242
PO\ 6(#1)3 + 6(¢1)202 + 261(12)2 7 6(t1)2 + 66142 + 2(2)2 )

(5.27)

where the notation is 5 = ({1, (2), and which at leading order becomes just Q?DO o~ (2%, %)
The latter, on the other hand, is simply proportional to the charge-to-mass vector associated

to the DO-branes, such that Zsp = %EDO. Hence, upon contracting both vectors using the

1 1

p= g3 =35I8 verified

inverse moduli space metric (5.20), one confirms that indeed 5D0 . ZS
ezactly, namely even before performing the expansion in #2/t!.

Growth sector t? > t! with t1,t2 — oco. For this growth sector, the situation turns
out to be quite different. First, note that it includes the particular limit of sending > — 0o
with ¢! finite (a Type IIly singularity [71]) and, as can be easily checked, the volume (5.19)
is dominated by the last term in the r.h.s.

RPN 17,2
V=t (1+o(#/2)), (5.28)
which implies the following asymptotic dependence for the inverse metric components (to

27 =30
G - (—3(t1)2 (t2)2 ) : (5'29>

leading order in ?)

— 38 —



The QG resolution of the singularity requires from a double decompactification to 6d F-theory
on the same elliptic threefold X3 [24, 46, 85]. This may be intuitively understood by looking
again at the asymptotic behavior of the mass scales of the infinite towers of light states??

mpo 1 mp2 Vit (5.30)
Mpiy V2’ Mpy, 4 27

which present both the same dependence, contrary to the previous case (cf. (5.25)). Addi-
tionally, one can form %—BPS bound states of DO- and D2-particles upon turning on some
(quantized) worldvolume flux F' for the wrapped D2-brane [88]. As a consequence, and
following the algorithmic computation of the species scale proposed in [49], one arrives at
a cut-off of the form

1

~ (Npo Npg)'/? ~ Nk (5.31)

where Npg, p2 counts the number of D-brane states of the specified kind falling below the

A
Mpi 4

species scale. This moduli dependence of the species scale indeed matches with the result of
the 6d Planck scale (see discussion around (5.38) below). We can then compute the scalar
charge-to-mass vectors for the two towers of states, which to leading order in 1/¢2, read as

- 1 1 - 1 1
(Do = <2t1’tz> ) (p2 = (_21‘,1’t2> . (5.32)

Analogously, one finds for the species vector

AN < 5 1 ) , (5.33)

4627 212

such that upon taking the product with respect to the (inverse) moduli space metric (5.29),
the pattern (2.6) still holds for both towers. Notice that in order to arrive at this result it is
crucial to take into account that t!/t?> — 0 asymptotically along the limit of interest.

5.3.2 General story

The previous example contained two types of limits, one belonging to the category of
section 5.2 and a new one: a partial decompactification to 6d F-theory. Let us elaborate a
bit more on this second case, which corresponds to the regime where t> grows faster than
t1. From (5.29), one can check that the length of the tower of bound states charge-to-mass
and species vectors behave as follows

- 1, - - 3 1 > 1

— |- == =)l~1 Zon| >~ = 5.34
I¢(po, D2y ‘2(CDO + (p2) ’(2t27 tg)‘ : | Zsp] 5 (5.34)
to leading order in the expansion parameter ¢! /t2. These indeed coincide with the typical
values for Kaluza-Klein vectors associated to a two-dimensional compact manifold, matching
with the microscopic interpretation of the singularity as a decompactification from 4d to 6d.

22For the D2-branes wrapping the elliptic fibre k € Z \ {0} times one obtains [86, 87)
ni = xu(Xs) =2 (A" (X3) — h*1(X3))

thus behaving like a KK spectrum associated to a circle reduction from 5d to 4d.
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Our aim here will be to stress that this will be generically the case whenever we explore
a type T? limit in the language of [24] (or a Type III singularity in the language of [16]).
Subsequently, this will allow us to show that the pattern (2.6) holds in general for such
kind of infinite distance limits.

Let us consider an infinite distance limit in which the curve associated to the fastest
growing modulus has the intersection numbers of a Type III singularity (see second row
in tables 2 and 3). It was shown in [24] that, geometrically, this corresponds to a limit in
which the Calabi-Yau threefold exhibits an elliptic fibration over a Kéhler surface Bs, and
the volume of the latter grows faster than the fiber (i.e. belongs to the type T? class). After
resolving any Kodaira-Néron type singularity that may be present [89], we can then divide the
Kéhler moduli into two sets: those parametrizing fibral curves, {t‘}}, and the ones inherited
from the base, {t;'}. The limit at hand then corresponds to

¢ = const., ty = &%, with ¢ — oo, (5.35)

accompanied by a suitable co-scaling of the 10d dilaton — so as to keep fixed all moduli in
the hypermultiplet sector. Microscopically, the Quantum Gravity resolution of the singularity
requires from a double decompactification to F-theory on the same elliptic threefold Xs,
as we review in the following.

On the one hand, at the level of the spectrum, one finds — at least in the simplest
instances — only two infinite sets of asymptotically light states: those comprised by D0-branes
and D2-branes wrapping the elliptic fibre class. Notice that, since the volume of the latter
2-cycle, which we denote by Vr2, does not diverge in the limit (5.35), the central charges
associated to both towers of states are controlled by the same quantity, namely the (square
root of the) overall threefold volume:

mMDpo ™ mp2 ™
=4/, =1/ V2, 5.36
Mp; 4 1% Mp. 4 v T (5.36)
and indeed they furnish the Kaluza-Klein replica along the torus of the 6d F-theory mass-

less fields.
From this set of (asymptotically light) towers, one can easily compute the species scale

dominating the infinite distance limit. In fact, upon using type IIA /F-theory duality [24], we
conclude that the species scale should be controlled parametrically by the six-dimensional
Planck mass, namely?

2 2 1/2
2 Mgy, Mpy 4V 1

Mgy, 6 ~ R§/3R5 Y V- RS Y

(5.37)

with Rg and Rj being the corresponding radii of the 6d-to-5d and 5d-to-4d circle compact-
ifications (measured in the 6d and 5d Planck units respectively). Indeed, one can check

that (cf. eq. (5.36))
2 1 2
Mp1. ¢ [ MDo MD2 ~ Asp (5.38)
Mpya ) M§1;4 Mpya) '

in agreement with the usual species counting computation [46, 49].

ZThe second equality in (5.37) follows from the moduli identifications Rs = V'/3 (cf. (5.15)) as well as

—4/3 \Z
RG = V1T/23 [18]'
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On the other hand, for the Kéhler potential one finds the following leading asymptotic
behavior [24, 90]

2
Ki = —log (”2 (cat) mast®e” + 0<a>) , (5.39)

where ¢, are some positive coefficients?* determined by the particular fibration structure
of the threefold and 7,3 denote the intersection numbers of the two-fold base [18]. From
eq. (5.39) one can compute the moduli space metric, which reads as follows

1 82[(ks 1 (const.) 1 aQKks 1 (const.)
0= 3 gt~ Gaz™ +00/0)] . Gar =57 ot = 65+ 0(1/0)]
1 aszs (const.)
b= 5amany = Cw T O1/0), (5.40)
where all the constant matrices above have full rank except for G((l%OHSt'), which has rank one.

Armed with all this, one can readily check upon using the no-scale property of the
(leading order) metric G,g, namely

Kys Kys
0 C‘;Gaﬁa =y, (5.41)
oty oty
that the product
. o 5.35) 1
CDO7 D2 Zsp = (GABaA log Mtower 8B IOg ASp) ( = ) 5 s A7 B = {a'7 6} ) (5'42>

is indeed satisfied for any trajectory of the form specified in (5.35) above. To see this, it is
important to realize that any term involving derivatives with respect to the fibral moduli,
%, provides ultimately a contribution to the scalar product g:; . Zsp which is of O (1/0) or
higher, such that it goes away upon taking the infinite distance limit. For this same reason,
the result also applies to more general limits in which the fiber volume is also sent to infinity,
but at a slower rate than that of the base.

5.4 Type II limits: emergent string limits
5.4.1 Type IIA on ]P)(17172$2,6) [12]

As a final example, we consider type ITA string theory compactified on the threefold X3 =
P(1:1:226) [12], which was originally introduced and studied in [91, 92]. Such two-parameter
CY3 can be seen as a K3 fibration over a P!-base [24] (see also [75]), whose Kéhler moduli
{t!,+?} appear in the Kihler potential as follows?®

32

e Kis — g(t1)3 +16(t)2 2 + ..., (5.43)

24The coefficients ¢, in eq. (5.39) determine the generic elliptic fibre class [Cy2]. Hence, in terms of a
basis {C}} of generators of the relative Mori cone M(X3/Bz), the former becomes Cr2 = ) caC§, where the

notation follows that of [90].
25Here t? measures the classical volume of the P'-base, whilst ¢! parameterizes the volume of a second P!

corresponding to a rational curve (of non-negative self-intersection) inside the K3-fibre [91].
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where the ellipsis denote further o/ as well as worldsheet instanton corrections which are
exponentially suppressed in the asymptotic limit. The (inverse) moduli space metric that
derives from such Kéhler potential reads

1 (t1)2 _g(t1)2
G L= <—§(t1)2 %(t1)2—|—§ ( )2) ' (5‘44)

Using the nomenclature of MHS, we have the following infinite distance limits (see e.g., [93, 94]):
(i) t' — oo with t? finite (a Type IVy singularity), (i) 2 — oo with ¢! finite (a Type II;
singularity), and (i) t*,t> — oo (a Type IVq singularity). The Type IV singularities will
again correspond to M-theory circle decompactifications, so the analysis of sections 5.2.2
and 5.3.1 carries over. In fact, notice that all t>-dependence essentially disappears when
taking the limit ¢! > t?> > 1. As a consequence, the moduli space becomes effectively
one-dimensional within such regime, as also happened in the example from section 5.3.1
above. Moreover, the fact that the {t!,#} slice of the moduli space is Riemann flat allows
us to define some global flat coordinates,

A ty 1 > t! S I
z=1lo t1+(9<>, =—logt’[14+ 0| = , with §>—22>0, 5.45
{ g L) 0= pls 2 §> 5tz (5.45)

which we will use to depict the different relevant (- and Z-vectors in the present setup. Let
us also mention that the ¢! > ¢? region is again mapped to the line {j) = %@} For clarity
reasons, however, we will use the {t!,#?} coordinates for our subsequent analysis.

On the other hand, things get more interesting upon probing the limit > — oo (either
with ¢! fixed or growing at a smaller rate), since the QG resolution of the corresponding
Type II singularity is of a different type than the ones discussed so far. The purely geometric
analysis of [24] shows that it corresponds to an emergent string limit in which a critical
heterotic string becomes asymptotically tensionless at the infinite distance boundary. This
string can be seen to arise from an NS5-brane wrapping the K3-fibre [95], whose quantum
volume remains constant along the limit. It is clear then that the pattern (2.6) is going to be

satisfied in this case, since the species scale is equal to the string scale, whose exponential
1

Vd—2

dimensions. Nevertheless, let us check it explicitly by computing the relevant vectors in

rate should simply be if corresponding to the fundamental string propagating in d
this regime. We first calculate the leading contribution to the threefold volume in (5.43),
which scales asymptotically as follows

V=22 (1+0(1/12)) . (5.46)

Next we need to determine both the charge-to-mass vectors associated to the leading tower
of states and the appropriate species scale. There is indeed a plethora of potentially light
towers, both of perturbative and non-perturbative nature. First of all, one finds a critical
string — of heterotic nature — arising from wrapping an NS5-brane on the K3 surface,
whose tension behaves as

27
Tnss = 5,3 Vks, (5.47)
S-gs
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with £, = 27V the fundamental string length and Vg3 the volume of the K3-fibre. Notice
that along the t2-limit that we consider here, the volume of the fibre either remains constant
or grows at a smaller rate, since V3 o (t1)2. Hence, upon properly co-scaling the 10d dilaton
so as to keep the 4d one fixed and finite (see discussion at the end of section 5.1) one arrives at

Tnss _ Vs 1
Mg, 2V

- - 1 1
- Cosc7 NS5 = Zosc, NS5 = <3ZL/27 2152) ) (548>
which holds at leading order in ¢!/t2. Apart from these, there are also additional infinite
towers of states which become asymptotically massless in the limit of interest. These can be
seen to correspond to Kaluza-Klein modes associated to the diverging P!'-base, with mass
e2e1 1

2
Mgk, p

= ~ = 5.49

M§1,4 47TV[FD1 t2 ’ ( )

as well as non-perturbative states arising from DO0- and D2-branes wrapping the rational
curve within the K3-fibre, whose masses scale as follows

mpo ﬁ 1 mp2 ﬁtl 1
Mpy. 4 TopL/2 tl(t2)1/2 ’ Mpy. 4 Ve (t2)1/2 :

(5.50)

The latter infinite set of D2-branes are mapped through type ITA /Heterotic duality [96] to
winding modes of the dual heterotic string on K3 x T2 [97, 98]. Note that all these towers
decay at the same rate than the string along the infinite distance limit under consideration.

From the above mass formulae one may readily compute the associated charge-to-mass
vectors upon taking derivatives with respect to the non-compact Kihler fields,?® yielding
(to leading order):

- 1 - 1 1 - 1 1
=10,— ~ ==, ~—,— . 5.51
CKK, P ( ’2t2) ; (Do <t1’2t2> (D2 <3t2 2t2) (5.51)
Therefore, taking into account that the species counting is dominated by the excitation modes
of the dual heterotic string, such that gsp = Zosc, NS5, one can explicitly check that

.- 1

Ct . Zosc, NS5 — 5 5 (552)

where t € {KK, D0, D2, NS5} includes all the light leading towers, and we have made use
of the inverse metric shown in eq. (5.44). In fact, the above inner product holds exactly
(i.e. even before taking the infinite distance limit) for all charge-to-mass vectors except for
C_'KKHM, in which case (2.6) is satisfied at leading order in t!/¢2.

To summarize, consider some limit of the form t(o) = (t!,¢?) = (061,062), with the
vector e belonging to the first quadrant of S'. If e? > e!, we get an emergent string limit
and the analysis above applies. If el > €2, we rather decompactify to 5d M-theory and the

268trictly speaking, the vector 5KK p1 presents an additional non-trivial component due to the dependence of
the KK scale on the 4d dilaton in (5.49). Such component, despite not contributing to the inner product (5.52)
below, must be taken into account when computing the length of the charge-to-mass vector, thus leading to a
perfect matching with (2.13) for d =4 and n = 2.
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Figure 9. For type ITA string theory on P(1:1:22:6)[12] the infinite distance limits are classified by
their singularity type according to [18], as well as their leading tower (blue) and species scales (red),
as depicted in figure 9(a). Figure 9(b) shows the relevant (scalar) charge-to-mass and species vectors
in the flat frame {§ > %zfc > 0} given in (5.45), with the ¢! > #2 asymptotically corresponding to the
one-dimensional region {# = v/29}. For this direction the string tower falls as fast as the 5d Planck

mass, which sets the species scale. The vectors are given by &)SC = Zoge = (0, %), 5D0 = (1, %)
and Zp]’ 5 = (%, ﬁ) The different duality frames are identified.

general argument of section 5.2.1 carries over so that the pattern also holds. In figure 9(a)
these limits, as well as the leading towers and species, are depicted, while in 9(b) the
associated scalar charge-to-mass vectors (which in this case are constant in flat coordinates)
are represented. Hence, the pattern

Gt - Zsp

o) = (Gabaa log Mower Op log Asp) ‘t(a) =3 (5.53)
is verified for any asymptotic trajectory t(o).

Finally, let us remark here that some of the towers of particles in the present setup,
such as the one associated to mgy p1, suffer from the sliding phenomenon first described
within the heterotic string theory context in ref. [26] (cf. section 4.1). Moreover, note that
the charge-to-mass and species vectors arrangement in figure 9(b) corresponds to a rotated
version of that shown in figure 1(a), thus making manifest that they both share the same
physical interpretation.

5.4.2 General story

Here we want to generalize our previous discussion so as to systematically check the pattern
for any Type II singularity (in the MHS nomenclature) located within the large volume
patch. The following analysis builds on the intuition gained from the previous P(1:1:2:2.6) [12]
example and it parallels that from section 5.3.2 above.

First, notice that this class of limits can be equivalently described in a purely geometrical
way as exhibiting some kind of asymptotic surface fibration [24], where the fibre is isomorphic
to either a K3 or a T* two-fold (see table 3). This allows us to separate the Kihler moduli
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into t°, which measures the volume of the P!-base, and {t‘}‘ 21:’11_1 which are instead associated
to the K3/T* fibre. Let us then consider the particular infinite distance limit described by

§ = const. , ' =0, with 0 = o0, (5.54)

which indeed belongs to the K3/T* class. Microscopically, such a limit is believed to
correspond to an emergent heterotic (or type II) string limit, where the critical string arises
from compactifying an NS5-brane on the generic K3 (respectively T*) fibre.2” Mirroring
our discussion in section 5.3.2, we both look at the relevant light spectrum and the moduli
space metric. Regarding the former, one finds a %—BPS string obtained by wrapping the
NS5-brane on the generic fibre (that is assumed to be fundamental), DO-branes as well as
D2-branes wrapped on 2-cycles within the fibre class, and a (double) KK tower associated
to the base of the fibration. Their mass/tension read as

Tnss _ Vks mpo VT
M., 2V’ Mpyy  VVU2°
() mt$ m #4
by _ *F”f , KKP _ | (5.55)
Mpyy VY Mpy. 4 VATVp1

with V the overall threefold volume, Vg3 = % JisJ A J that of the fibre and Vp1 = ¢
controls the volume of the P!-base.

On the other hand, for the Kéhler potential one finds the following leading asymptotic
behavior [24]

Ky = —log (O’ naﬁt?t? + O(O’O)) , (5.56)

where 1,3 = Koo denotes the intersection form associated to the K3/ T4-fibre. From this
one can compute the moduli space metric, which can be expanded as a power series in 1/t
similarly to the case of partial decompactification in F-theory (cf. eq. (5.40)).

With this, we can finally prove that the pattern (2.6) holds for the present Type II
degenerations. Indeed, using the fact that (to leading order in 1/t%)

=2 5.57
otY oto ’ (5:57)
which can be seen as a sort of no-scale property of the metric Gog = %g:olggg, the product
> o 5.54) 1
(t : Zosc, NS5 = (GABaA IOg Miower OB IOg Asp) ( = : 5 5 A7 B = {CL, 6} ’ (558)

is indeed satisfied for all t = {KK, D0, D2, NS5}. We stress the fact that eq. (5.58) holds
to leading order in 1/t°, since it can be seen upon using the metric derived from (5.56)
that any term involving derivatives with respect to the fibral moduli, e contributes at
order O (1/0) or higher. Once again, this is the reason why the result also applies to more
general limits in which the fiber volume is also sent to infinity, but at a slower rate than
that of (any curve in) the base.

2TThis is difficult to prove in general, since one would need to study the excitation spectrum of the world-
volume theory of the wrapped NS5-brane and match it (at all mass levels) with that of the fundamental dual
string, which is of course a very non-trivial task.
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5.5 Comments about the complex structure moduli space of type IIB

Let us briefly mention here how the previous analysis extends to the vector multiplet moduli
space of type IIB string theory compactified on the (mirror) threefold Y3. In principle, via
Mirror Symmetry, a similar story should hold also for the complex structure moduli space of
type IIB on Y3, where the charge-to-mass and species vectors must behave in the same fashion
as in its type IIA counterpart. In practice, however, the microscopic physics is oftentimes
lurked, preventing us from performing a clean geometrical analysis as in type IIA. The reason
for this is two-fold: first, it is difficult to argue for the existence of infinite towers of BPS
bound states, since not every BPS charge may be actually populated due to the possible
presence of walls of marginal stability (see footnote 20).2® Therefore, it is usually not at all
clear which is the lightest tower, whose (-vector we would need to compute. Related to this,
the fact that we cannot determine all towers of states becoming light for each limit means
that the species scale can be hard to calculate, in general.

Our aim here will be to comment on how some of these difficulties can be sidestepped,
using both techniques from the Mixed Hodge Structure literature (see e.g., [16, 71]) as well
as building on our previous type ITA analysis. Thus, regarding the leading tower of states, we
will assume that there is at least one tower given by D3-branes wrapping the fastest shrinking
3-cycle. This can be motivated from the examples of sections 5.3.1 and 5.4.1, where there was
always some DO or D2-brane tower becoming light at the fastest rate (even in the emergent
string limits, cf. (5.50)). These states are all mapped through Mirror Symmetry to certain
D3-branes wrapping special Lagrangian 3-cycles. From this, one can deduce at least one
co-leading scalar charge-to-mass vector C_;, whose components read

1 0K

(Cps)i = C20Im 2t

(5.59)

where {2} denote the complex structure moduli and K is the associated Kihler potential
(see section 5.6 for details on this).

To compute the species scale, on the other hand, one needs to know not only how many
towers there are but also their microscopic degeneracy. However, we will avoid having to
deal with these subtleties by looking instead at certain moduli dependent functions that
correct the 4d N = 2 two-derivative lagrangian, which have been recently argued to capture
the (global) behavior of the species scale within the vector multiplet moduli space [38, 39]
(see also [40, 41, 99] for related works). Following these works, we will take the topological
genus-one partition function Fj, which reads as

1
2

Y- 1
Fi (3 + A%l — x( 3)) Kes +  logdet G, + log I£1?, (5.60)

12

to give a proxy for the number of species in the vector multiplet sector. Here, h?! is the
(complex) dimension of the moduli space, x denotes the Euler characteristic of the threefold
(cf. eq. (5.73)) and f(z) is an holomorphic anomaly which can be generically fixed upon

is the metric on the complex structure sector derived from the Kéhler potential K g

comparing with the known asymptotic behavior of F; [100, 101].

28Notice that the results of ref. [78] suggest that a tower of electric BPS states would always exist as long as
we also have the corresponding BPS extremal black hole solution for large charges.
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For concreteness, we particularize in what follows to the large complex structure (LCS)
regime, where a plethora of infinite distance degenerations may occur. Let us note in passing
that the argument works equally well for any other such singularity, not necessarily belonging
to the LCS patch. We will thus need the leading order behavior of F, which is given by [101]

2
Fi i JANcoy+ ...

2 .
= Jdmz + .., 5.61
12 Jx, co,;Imz + ( )

_2n
12
where X3 is the mirror threefold with associated Kéahler 2-form .J, ¢y denotes its second
Chern class and the ellipsis indicate further subleading contributions when Im 2 > 1. From
this, one obtains [39]

1 C2,i log Im 2*
(Zsp)i = —81 log Asp = 56@ logfl = 72] TN 2 + O (Im Zi y (562)
where we have used that Ag, = Mpy.4 N_1/2, with N = Fi;. Therefore, what we want to
show here is that the product

I 1 g , 1 g ,
G Zop = — 3G G 2 — g 2

4 fJ/\CQ_ 2 fJ/\CQ7 (5'63>

gives % regardless of the kind of limit that we explore. Note that in the previous expression
we have substituted the metric element along the saxionic directions G;; in favour of K;; =
0;0; Ks.

In a nutshell, this follows from the homogeneous dependence of the quantities exp(Kcs)
and [ J A ¢y with respect to the complex structure moduli z¢. Indeed, for Type II, III and
IV degenerations in the complex structure moduli space, Mixed Hodge Theory tells us that
the Kéahler potential behaves (to leading order) as follows (see e.g., [71])

Ko — Kes —wlogo, as Imz* — ocImz* with 0 — oo, (5.64)

with w = 1,2, 3 respectively, and where the set {2%} C {2'} denotes those moduli which are
sent to infinity upon approaching the infinite distance singularity. From the above relation
one can prove a number of useful identities. In particular, one finds

Imz%0,Kes = —w—+..., Imz°Im 22 0,0, Kes = w + . .. | (5.65)
which can then be used to show that

KKKy =w+ ..., (5.66a)
K%Ky =—-Imz%+ ..., (5.66b)

where the corrections in all previous expressions vanish asymptotically. The first relation
is nothing but the familiar no-scale condition of the metric G;;, whilst upon plugging the
second one into eq. (5.63) we obtain

- o Imz%cy 1
= % = _, 5.67
Gt Zsp 2[JNey 2 (5:67)

where one needs to use that Im 2% 9, log ([ J A ¢2) = 1 in order to arrive at the final result,
which again follows from the asymptotic homogeneity of the integrated second Chern class.
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5.6 The hypermultiplet moduli space

Up to now we have restricted ourselves to a purely classical analysis, where quantum
effects can be safely neglected. The purpose of this subsection is to study the fate of the
pattern (2.6) within heavily quantum corrected moduli spaces, thus providing strong evidence
for its robustness. We will still restrict ourselves to 4d N = 2 setups, now focusing on
the hypermultiplet sector, which locally decouples — at the two-derivative level — from
its vector multiplet counterpart [102]

M= MVM X MHM . (5.68)

In type ITA CY3 compactifications, the first factor in (5.68) is described as a projective special
Kiihler manifold of complex dimension h''*(X3) [103] (cf. discussion around (5.2)), and the
second piece is a quaternionic-Kihler space parametrized by 4(h%!(X3) + 1) real scalars [104].
The former includes the Kéahler structure deformations of the compactification space Xs,
whilst the latter contains the complex structure moduli, which are parametrized by complex
coordinates, 2! = (1, zi), arising from the periods of the holomorphic (3,0)-form  as follows

ZI ,
doZr owin 21= [ e mE)= [ o (5.69)
I

The Ar- and B”-cycles introduced above define an integral symplectic basis of H3(X3),
such that

A;-B' =—-B’. A =6, (5.70)

where I,J = 0,...,h%1(X3). Apart from these, the hypermultiplet sector includes the 4d
dilaton ¢4, which controls the Planck-to-string mass ratio Mlgl; 4/m?2 = dme™2%4 a compact
scalar field o which is dual to the Neveu-Schwarz 2-form By, and a total of 2h%! +2 additional
axions arising from the periods of the Ramond-Ramond 3-form field

=1 ¢, & :/ Cs. (5.71)
Ay B7

Classically, the sigma-model metric for this set of fields reads as follows [105, 106]

o 64304 - - 2
hq dgPdg? = (dea)® + Gde'dz? + —— (do — (Crd¢” - ¢7ady))
24 ~ - _
- 62 (tmB)~* 7 (4l — Bried™) (ady — Byract) | (5.72)

where G;; is the metric on the space of complex structures [67]
Gj; =005 Kes, with K = —log [1/9 A Q} , (5.73)

and By (z%) denotes a complex matrix whose precise form will not be needed (see e.g., [77] for
more details on this). Quantum-mechanically, however, the above line element receives both
perturbative and non-perturbative corrections, the latter due to e.g., Euclidean D2-brane
instantons wrapping special Lagrangian (sLag) 3-cycles [107]. In general, such corrections
are difficult to obtain (see appendix B for details). Our discussion here will closely follow
the general analysis presented in [108, 109], where the effect of the aforementioned instanton
corrections on certain classical infinite distance singularities was studied.
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5.6.1 Classical infinite distance points

In the following, we will focus on trajectories within My which lie entirely along the
non-compact directions, namely we set the axion vevs to zero value. This allows us to
compute the relevant metric components, i.e.

ds?pg = 2(des)? + 2Gﬁdzid2j + (axions) , (5.74)

even after taking into account perturbative and non-perturbative corrections [108, 109] (see
appendix B.1). Here we will be interested in studying the realization of the pattern (2.6)

along a certain family of trajectories, which can be parametrized as follows?”

Im z¢ ~ o¢ , e ? ~o® o — 0, (5.75)

with e!,e? > 0. Note that such paths correspond to geodesic trajectories with respect to
the classical hypermultiplet metric. We now consider different scenarios depending on the

precise values of e = (e!,e?).

Weak string coupling point. For the case in which we take e = (0,e?), the only
contribution to the classical moduli space distance Ayy arises from the 4d dilaton piece.
The leading tower of states are the oscillation modes of the fundamental string, whose mass
behaves asymptotically as follows (we set e? = 1 without loss of generality)

2 2
Mg e“P4 1
(MP1;4> 2 (5.76)

thus leading to a charge-to-mass vector whose only non-zero entry corresponds to the 4d
dilaton field:

Cose = (Cpu s --) = (=1,0,...,0) . (5.77)

Notice that, since the volume of the CY threefold is kept fixed, the associated KK-scale
also behaves like (5.76) asymptotically, namely mgk ¢ = ms/ V1/6 ~ o1 Tts charge-to-mass
vector, (kk,¢, may be easily obtained and indeed coincides with that of the fundamental type

ITA string except for an extra non-trivial component along the overall volume direction3?
. 1
gKK,Gz(gm,gv,...):(—LW,o,...,o). (5.78)

On the other hand, the species scale coincides with the string scale, such that upon taking the
inner product between the previous vectors and Zsp, one gets C: . gosc = %, in agreement with
the pattern (2.6). To show this, one needs to use that G,,,, = 2 as well as the factorization of
the vector multiplet and hypermultiplet metrics, cf. (5.68). For completeness, let us mention
that even though the scaling of the 10d dilaton in (5.75) has been chosen so as to probe

29Recall that since we focus on trajectories lying entirely in the hypermultiplet moduli space, the overall
volume V of the CY3 is assumed to be fixed. Hence, the 10d and 4d dilaton agree up to this constant
volume factor.

30Note that upon computing the norm of the vector (5.78) using the metrics in egs. (5.74) and (5.13) one
gets |Ckk| = \/g, in agreement with (2.13) for d =4 and n = 6.
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the weak coupling behavior of the fundamental type IIA string, one could also in principle
consider trajectories with e? < 0, thus exploring the strong coupling regime. It turns out,
however, that both kind of limits are related by SL(2,Z) duality (see appendix B.2 for details),
such that everything said so far trivially extends to this dual scenario as well. In particular,
for such S-dual limit the dominant critical string becoming light corresponds to a D4-brane
wrapping the reference sLag 3-cycle of the CY manifold with T3 topology [110], which is
precisely mapped via Mirror Symmetry to a D1-string in the type IIB dual picture [44].

LCS point. Let us now turn to the other (more interesting) possibility, namely we consider
the case e = (e!,0) in (5.75), thus exploring the LCS point at fixed dilaton vev. Note that
the string scale is now fixed in Planck units, such that it can no longer provide for the
leading tower of states. Moreover, the overall threefold volume is kept constant, but the fact
that we take a large complex structure limit means that the compact manifold develops a
highly anisotropic behavior, as can be confirmed by looking at the volume of supersymmetric
3-cycles, I' = nf A; +n;B’. The latter can be computed in string units as follows [24]

g\
y :/ N / i) 5.79
r r\/g (ifQ/\Q) o re ( )

where 6 determines the appropriate calibration 3-form. For the limit of interest, such volumes
are controlled by the period vector II(z%) = (Z°, Zi,.Fj,fo)T, as well as the would-be Kéahler
potential (5.73), thus leading to the following schematic behavior

Vi ~ {(zi)—3/27(zi)—1/27(zi)1/27(zi)3/2} ) (5.80)

Therefore, it becomes clear that the relevant set of asymptotically light states are linked to
the fastest shrinking/growing 3-cycles, namely the one associated to the reference period
(i.e. Ag) and its symplectic dual (B?), respectively. These determine the KK scale, which
behaves as follows (we henceforth set e! = 1 for simplicity)

2 2
MKK, B\ _ 1 Mg N 1 (5.81)
Mpi. 4 Vé/o?’ Mp. 4 o’ '

and the tension of the dual type ITA string arising from a D4-brane wrapping the reference

Ap-cycle (see discussion after (5.78))

2
TD4 VAO s 1
= ~ . 5.82
<M§1;4> Js (Mp];4> o3/2 ( )

Notice that since the KK tower (5.81) is parametrically heavier than the mass scale of the

emergent dual type ITA string, the limit thus explored is pathological, as defined in [24] (see
also [44, 109]), in the sense that upon approaching the singularity it seems that one can
in principle retrieve a fundamental string in less than ten spacetime dimensions. Despite
this abnormal behavior, the pattern (2.6) seems to be nevertheless satisfied, as one can
readily confirm:

- - dlogmpy ;; 0log Ag dlog mpy Odlog Ag
N A 22 GY D G¥ara p
(b1~ 21 Olm z* Olm zJ 0Py dpy
3 1 1
=3t3— 3 (5.83)
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where we have defined G;; = ZGZ; and we made use of the no-scale property of K. close
to the LCS point, which reads K; K% K3 = 3. Similarly, for the scalar product between the
lightest KK tower and the species scale one finds

Core o+ Zog = 0log KK, B (~ij 0log ASP dlog mkx, po Gmmal()g Asp
’ Olm z* Olm 2J dpa D4
1 1 1
T1T1 2 5.84
17173 (5.84)

At this point, one would be tempted to conclude that the pattern (2.6) also seems to hold
for the hypermultiplet sector in N' = 2 theories. However, as already mentioned, such
moduli space receives strong quantum corrections, such that it is not clear at all whether the
conclusions drawn from the present classical analysis will survive after taking into account
perturbative and non-perturbative gs-corrections. In the following, we will argue (building on
earlier works in the topic [44, 108, 109]), that the effect of including such quantum corrections
is to correct the pathological behavior exhibited in egs. (5.81) and (5.82), while ensuring
that the pattern is still fulfilled.

5.6.2 Instanton corrections

As explained in [108, 109], the reason why the previous classical analysis is incomplete hinges
on the presence of large quantum corrections which had been ignored so far. Such quantum
effects arise from Euclidean D2- as well as NS5-brane instantons, and when taken into account,
they may strongly modify the tree-level hypermultiplet metric displayed in eq. (5.72). In fact,
the classical LCS singularity above gets heavily corrected and is traded at the quantum level
for another infinite distance degeneration, now at weak 4d string coupling. However, a careful
analysis on this matters becomes rather intricate, requiring moreover from the introduction
of several new tools. Therefore, in order to not complicate unnecessarily the main discussion
in this section, we summarize here the upshot and the main intuition behind it, leaving the
details for appendix B (see in particular the discussion in section B.3).

The argument goes as follows. One can indeed exploit the SL(2,7Z) symmetry that
the hypermultiplet moduli space enjoys (even at the quantum level) to translate any limit
of the form (5.75) into a dual one at weak string coupling and fixed complex structure
moduli. Hence, it gets sufficient to know how the weak coupling point is affected by the
aforementioned quantum corrections. Fortunately, we do not expect neither perturbative nor
non-perturbative effects to play any important role at weak coupling, since those should be
suppressed along the limit g4 = g5V ~/2 — 0. This can be confirmed upon looking at how the
moduli space metric deviates from the tree-level one. Indeed, there appear additional terms
which at leading order behave as follows [107, 111] (see appendices B.1 and B.3 for details)

6dsiing = 6dsiin10op + 0T Deinst ~ g3 + Z Q, ek 50, (5.85)
¥

where the sum runs over all (towers of) D2-brane instantons with action denoted by S, , ~ g%;
(cf. eq. (B.15)). Hence, it is enough to use the classical approximation (5.72) for all practical
purposes here, such that we conclude that the calculations performed after (5.76) remain

valid, and the pattern is still verified for all trajectories of the form (5.75).
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5.6.3 Intertwining the vector and hypermultiplet sectors

Finally, let us briefly consider the possibility of taking limits which imply moving both in the
vector and hypermultiplet moduli spaces. As a representative example, we analyze in what
follows the large volume limit at fixed 10d string dilaton, corresponding to decompactification
from 4d to 10d type IIA supergravity. In terms of the appropriate 4d variables, we send
YV — oo and, consequently, ¢4 = ¢ — %logV — —o00. This means, in particular, that the
string mass becomes light in 4d Planck units

mg = (471')71/2 Mp1;4 et = (47[')71/2 MP1;4 e? V71/2 — 0. (586)

Furthermore, for such a decompactification limit, the overall KK tower becomes asymptotically
massless at a faster rate,

MKK,6 = Ms V_1/6 = (47[‘)_1/2 Mp1;4 et V_1/6 = (471‘)_1/2 Mp1;4 €¢ V_2/3 — 0, (5.87)

so that it corresponds to the leading tower, since the DO/D2-brane towers are of course
slightly /much heavier than mg for the limit at hand. Regarding Ag,, we note that the
10-dimensional Planck mass scales asymptotically like the string scale,

Mpy.10 = (471')1/8 mg e ¢t — (47r)73/8 Mpy. 4 e%‘p“ Y-8 — (477)73/8 Mpy. 4 e%‘b Y12 , (5.88)

so that we conclude that the species scale is set by the string scale. Therefore, sticking
to the {p4,V} basis, one obtains

—

- - 1 -
gt:CKK,GZ(:l?WvO?”'aO)a Zsp:Zosc:(*laO)”-aO)a (589)

for the charge-to-mass and species vectors, such that upon using the relevant metric compo-
nents Gy, = 2 and Gyy = #, it can be readily checked that indeed ( - Zsp ﬁ = %,
thus fulfilling the pattern.3!

In general, one can take several combinations of limits involving moduli from both

sectors of the 4d N' = 2 moduli space, resulting in different microscopic interpretations of the
singularities. Some of them will be subjected to strong quantum corrections, as previously
discussed, but nonetheless we expect the pattern (2.6) to be satisfied in all such cases, as
they will simply correspond to combinations of the building blocks already discussed.

6 Examples in 4d N =1 EFTs

In this section we will check different examples of 4d N = 1 EF TS realized by compactifications
of different string theories. The instances here considered were already studied in [21] in
the context of EFT strings, but no mention to the species scale was made in most of the
cases. For these examples, we will first identify what are the leading towers and species
scales, and later on we show that C: . Zsp = dle = % is fulfilled in all infinite distance limits.
While this is not a general proof that the observed pattern holds for any 4d A/ = 1 theory,

it serves as a powerful indicator for the case.

31This particular limit is analogous to the large volume limit of a toroidal decompactification. It is then

also verified that 5KK,6 . Zpl, 10 = % with ’Zpl, 10 = (—%, 5, 0,..., 0)7 as derived from (5.88).
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6.1 M-theory on Gs-manifolds

We first consider a M-theory compactification on a 7-dimensional smooth (Ga-manifold
X [112, 113], with a corresponding associative 3-form @ (for which the G2-holonomy condition
requires d®, d x ® = 0) and volume in ¢1; units

1
L&:f/¢A@L (6.1)
TJx

In the large volume regime, the A = 1 chiral coordinates can be written as t/ = a/ +is/,
upon expanding the 11d and associative 3-forms as follows

t=a+is=[Cs+i0] = #[%;] € H3(X,C), (6.2)

where [¥;] are the Poincaré duals to a basis of 4-cycles spanning the torsion-free part of
H4(X,Z). Up to irrelevant constants, the Kéhler potential can be obtained from (6.1) as
K = —3logVx, with ® and *® being functions only of the saxions [114-116]. The 11d

spacetime-metric has the form
ds? = e24ds? + 2,ds% | (6.3)

where ds?X is the dimensionless X line element compatible with the Gs-structure, and the
Weyl rescaling factor so as to obtain the 4d Einstein frame metric is given by

2 2
24 EllMPl;4

4
47Vx (6-4)

We will consider Joyce’s compact model (see [117-119] for more details on these manifolds),
where X is the resolution of T7/T', with the 7-torus parametrized by {ya ~ ya + 1}7_;. Here
I" denotes a finite group preserving the associative three form

® = n123 + N145 + N167 + M246 — N257 — M347 — 1356 (6.5)

where 1gpe = 10 A My A e and {n, = Radya}zzl denoting the T7 7-bein, with the torus radii
{R,}7_, given in M-theory units. For our particular example, we will take T' = Zy X Zg X Zo,
whose generators {«, 3,7} act on the toroidal coordinates as follows:

a: (Y, y7) = (Y1, Y2, Y3, —Ya, —Ys5, —Y6, —Y7)

1
B : (yh ey ?J?) — (yh —Y2, —~Y3,Y4, Y5, 5 — Y6, _y7) ’ (66)
1 1
v (yl) .. 7y7) — (_y17y27 —Y3,Y4, 5 — Y5,Y6, 5 - y7) )

which leave invariant the seven 3-forms 74 from (6.5). The latter moreover span H?(X,Z),
so that they can be identified with seven 3-cycles {C% ~ T3}7_,  each of them parametrized

a=1>
by (YassYay» Yarx ), With the same indices as the dual 3-form 7g,4,4,, precisely as

al1234567
ar[1112233
as[2464545
ax|3576776
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Surviving after the singularities are resolved,*? we can introduce seven untwisted saxions
s = D, a=1,...,7, (6.8)
Ca
from where we find s* = R,, R, Ra) . It is then straightforward to show that in the large
volume limit, the volume of the T7/(Zy x Zy x Zs3) manifold is given by Vx = Ry... Ry =
(s'...sT)!/3 in 11d units, modulo subleading corrections. The KK scale associated to the
decompactification of any individual radius R, is thus given by

2 2 2
A4PL11<_ A4Ph4 - AIPL4

2 —
MKK, R, = R T Ry | strstrsin (6.9)
whilst the K&ahler potential and metric for the saxion moduli space read
)
Ky = —log(s*...s") +const. = Gy, = L] (6.10)

2(51)2'

' o0 while leaving the remaining saxions

As an illustration, let us check the limit s
fixed and finite. From eqgs. (6.7) and (6.9) this is seen to correspond to decompactifying
R1, Ro, R3 — o0, resulting in three KK towers becoming light:

Mpi4 Mpy.4 Mpy.4

I y MKK,Ry = —7=——=; MKK,R3 = 77— - (6.11)

MKK,R; =
5253 slstsd sls6s7

As we are decompactifying three internal dimensions, the species scale will correspond to
the 7d Planck mass,

Agp = Mpy.7 = (R4RsRsRy)"® Mpy; 11 = (R4RsRﬁR7)1/5V§1/2MP1;4

= ((81)352 . .s7>_1/10 Mp.

)

4. (6.12)

From these, one can easily obtain the following charge-to-mass and species vectors (in a
flat basis)

o 1 1 1 - 1 1 1
CKK,31=<0000>, <KK,RQ=(00 00>,

C—» _(1000011> Z»_(?) 1 1 1 1 1 1)
KK, R3 ) Sp 5\/575\/575\/575\/575\/575\/575\/5 ’

which indeed result in 5KK R; Zsp = leQ = % being satisfied for ¢ = 1, 2,3. In the following,

we will show that this is still the case for any other infinite distance limit that we may
consider. Note that, since the transformation between {R;}7_; and {s'}7_, is bijective, it
is equivalent to work with one parametrization or the other. However, in order to better
identify the leading tower and species scale, we will henceforth sitck to the former.

Let us first analyze the species scale. Hence, consider the decompactification of n radii
{Ri}?zl C {R;}!_, from 4 to d = 4 + n dimensions. In this limit, the species scale will be

32In the resolution process of the T7/F singularities, which are located at the disjoint union of twelve T3,
3 x 12 = 36 extra 3-cycles {C"" 36 | are introduced, resulting in 36 additional twisted saxions, 5% = féa P.
We will consider asymptotic limits in which these remain fixed, and thus are subleading for the computations
we are interested in.
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given by the d-dimensional Planck mass, which depends on vol {;_4, namely the volume of

the remaining compactified dimensions, i.e. vol{;_4 = RVXR . Thus,
1--

-Lin
1

1 _ n n T nt2
d—2 2(n+2 »
Agp ~ Mpy,an ~ Mpr;11 vol {2y ~ Mpy. 4 Vy 2" [H Ri]
i—1

7
~ MPl 4 H R n+2( +]Idec( )) , (6.13)

=1

where Igec(i) = 1 if R; is decompactified and 0 otherwise.

On the other hand, for the leading tower, given the decompactifying radii {R i, C
{R;}I_,, it will correspond to the KK modes associated to vol; ~ R;...R,_. , where
{R;}"max C {R;}7_, are the radii decompactifying fastest. Notice that nmyay < n. Therefore,
we obtain

Mpy. 11 Mpy.4 L T S0
1/Nmax ~ 1/nmaxV1/2 MP1;4 H Rz ’ (614)

my ~

vol vol

where Tyax(i) = 1 if R; € {R;}™ and 0 otherwise.
We further have string oscillator towers resulting from Mb-branes wrapped around 4-
cycles in the internal geometry. In the limit in which a single saxion is sent to infinity,
= Ry, Ry, Ry, — 00, we have that the total volume scales as Vx ~ (sa)l/3 — 00, whereas
the dual 4-cycle — with volume m”gﬁ (see [21] for more on the dual-saxion formulation)
— shrinks, so that M5-branes wrapped along the latter become tensionless strings from the
4d perspective. Their tension and tension scale as

2
T 12 Vx Mgy,
M5,a ™~ MPL11 ~
Ry, Ro; Ray Ry, Ro, Ray

— Mgq ~ Mpp.g(Ra; Ra, Ray ) Y2 (6.15)

With this, we can finally evaluate the inner product
Zp - G = G 9 log Agy g, log my, (6.16)

where the main difficulty lies in the fact that the expression for the moduli space metric has
been given in terms of the saxions and not the radii (see eq. (6.10) above). To solve this, it is
easier to use an intermediate ‘logarithmic’ parametrization, namely we define R; = exp(p;)
and s’ = exp(c?), which yields the following (inverse) metric

GRZ'RJ‘ OR; aR] Gs s = 2R;R; apl 8/)] 5IJ

~ 0sT 0s7 Yoo 9o’

(no sum over i, j), (6.17)

where the diagonal nature of G,r,s has been used so as to reach the r.h.s. Analogously, the
relation between & and p' can be extracted using e.g., eq. (6.9), from where we find

7 7
. . . 1, 4 : 1
20i = ol 4 o7 o E Pj:>,0¢:§(0[1+0‘]’+0' 6 E (6.18)
j=1 J=1
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or equivalently, using (6.7),

2 2 2-1-1-1-1

2-1-1 2 2-1-1

o2t 22

coowith M=o -1 21 2-1 21|, (6.19)
~1 2-1-1 2-1 2

~1-1 2 2-1-1 2

—1-1 2-1 2 2-1

)
Il
=
SH

Notice that the matrix M is symmetric and invertible. With this, we finally obtain

1
GRiRi — 2RiRjMi]MjJ51J = <6” — 9) R;R; (no sum over i, j), (6.20)
which can be used to evaluate (6.16). We first consider limits in which the species scale is given
by a higher-dimensional Planck mass (so that the leading tower is not the string one). Taking

a limit in which we decompactify n directions, where n.,.x of which do so at the fastest rate:

= - 1 ! i 1 1 ]Imax ( n .
ZorG= g 2 (7 5) (34 m?) (5 + 1wt
1,]=—

1

1 I n 1 noo 5ii
== *61] *523]1 ec ] 5U]Imax ) ]Imax )1 ec .
= ( 55 4 M)+ g 6 () (W)
n Lgec (] ) n . Imax (i)]ldec (] ) ) 1
- — Loy () — ——F22 ) = — 21
3618 Tenpe () Mmae 2 (6:21)

as we wanted to show. Note that from the above general expression it follows that the pattern
also holds for the scalar product of the gt; associated to the decompactification of n internal
dimensions and Zsp given by Mpi, 44y, as well as the species scale with any of the subleading
towers, since {R;}"™> C {R;}?,. From (6.13) and (6.14) one can check that those towers
are always lighter than (and as a result its light states contribute to) the species scale, since

1 : 1.\ Mmax A, n
M o 7 ni2 1.f R; ¢ {}?z’}izl ) {~Rz7};¢:1
Tml =exp|—Y <0 if By € {R; " \{R;}Ime= b e\| < 1, (6.22)
v I G e if Ry € {Ri}imp

for any R; ~ exp{e;\}, with A — oo and e; > 0, trajectory. This is not necessarily the
case, however, if {R;}"™> ¢ {R;}7_,.

Lastly, we consider the remaining case in which the species scale is asymptotically given
by the mass of the string oscillators. By simply computing that ]g:;|2 = %, it is immediate that
the pattern holds when the leading tower is also tgiven by the string modes. If, on the other
hand, m is set by the KK scale of decompactifying faster some {R;}!™ C {Rq,, Ra,, Ray }
radii (it is easy to check that if more radii are decompactified then the species scale is given

by a higher-dimensional Planck mass), we have instead

7 .
-~ g i 1 5ai+5ai+6a ) 1 ]Imax
Zop G = Z (5]_9) I 2J K <2+ - (]))
173:1 max
]Imax(al) + ]Imax (aJ) + Hmax(aK) 1
= = — 6.23
2Mmax 2’ ( )
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where we make use of {R;}™ C {R,,, Ra,, Ray }. Note that for different decompactified
radii (so that Agp # Mms,q) the pattern does not hold and actually takes a smaller value.
Therefore, since decompactification/emergent string and large saxion limits are mapped
in a one-to-one fashion,** all possible (large volume) infinite distance limits of M-theory
compactified on T7/(Zy x Zo x Zs) fulfill the pattern Zsp o= -5 = 3. This is expected
by the general discussion of section 3, since further quotienting by an orbifold action should
not change the structure of infinite distance limits in the untwisted sector. However, it is
useful to work out an explicit example in full glory here, so that we can check whether the
pattern is also satisfied by the subleading towers. The conclusion is that, as long as the
towers survive the projection, this is not affected by the orbifolding, and for any practical use
only the volume scaling plays a role in the pattern. One would expect this to be also the
case when working with more general product manifolds X = (X, x ... x X, )/T, with T
some appropriate finite group, where the towers and the species scales can be associated with
partial decompactifications of intermediate sub-manifolds, as argued in appendix A.

6.2 Heterotic string theory on a CYg

As a second example, we consider heterotic string theory compactified on a Calabi-Yau
threefold, X. Following [21], we take X = P(LLLG9[18] which we recall can be regarded
as an elliptic fibration over P2, so that ba(X3) = 2. The geometric classification of infinite
distance limits in the Kéhler sector parallels that of section 5.3.1, but the microscopic
interpretation of the towers and the species scale will be quite different, since there are no
BPS particles in 4d N/ = 1. We focus here on infinite distance limits associated to the Kahler
moduli as well as the 4d dilaton. Thus, let us consider two holomorphic curves, Cp2 and Cp1,3*

1

whose volume in string units is measured by the Kéihler saxions s!, s? € R, respectively,

whilst the overall volume of X is given by (again in string units)

1 3 3 1
Vx = k(s,s,s) = gnabcsasbsc = 5(51)3 + 5(51)252 + 551(52)2. (6.24)

Here k4. denote the triple intersection numbers of the threefold X written in some basis
{wa} of H%*(X,Z). Furthermore, we include the universal saxion s, which is defined as

0 = e 2Vy, (6.25)

with ¢ the 10d dilaton. In the perturbative regime, the leading contribution to the Kéahler
potential in the previous parametrization has the form

K =—logs" —logVyx +..., (6.26)

from where the moduli space metric can be derived as follows
1 °K
 20s90sb

33Note that since the matrix M in (6.19) is invertible, it defines a bijection between the variables {0’} and

Ggagp

(6.27)

s%s

{pj }. In addition, such a map can be seen to provide an automorphism of R;O, such that the large saxion and
supergravity regimes are respected.
34These curves can be identified with the generic elliptic fiber and a P* within the P2-base [83].
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Note that since Vx is not an homogeneous function of the Kéhler saxions, then Gun will
not be diagonal, although it will simplify when taking certain limits (see section 5.3.1 for
details on this point).

The 10d string frame metric obeys the following ansatz,

ds? = 24ds? + 2ds%, (6.28)
where ds? is the 4d Einstein frame metric and ¢; denotes the string length, such that

eQA

27072 26 2172
_ESMP1;4€ _esMP1;4

= 6.29
AV 47 s0 ( )

Following [21], let us start by enumerating all possible towers of states that could become
light in some asymptotic corner. First of all, the fundamental string tension in 4d Planck
units reads as

2
2me?d Mgy,

Tr1 = = .
b= T = (6.30)
implying the following moduli dependence for the string scale
mg ~ Mpy.4 (s°)71/2 . (6.31)

As for the KK scale, denoting by R, the largest decompactification ‘radius’ measured in

string units, we have

= ~ : . .32
MKK, R*gs (80)1/2R* (6 3 )

These are associated to several even-dimensional cycles of the internal geometry, for which
an useful basis can be constructed as follows:

VYV, = 1 We ANJNJT = 1/f&bcsbsc, Vb = / wWa Awp A J = Kgpes©, (6.33)
2 Jx, 2 X3

which indeed measure the volume of the divisor dual to w, as well as that of the intersection

curve between (the duals of) w, and wy, respectively.

Now, upon looking at the analytic expression of the threefold volume (6.24) in terms
of that of s* ~ vol (Cr2) and 52 ~ vol (Cp1), we note that only two scales are allowed: if
52 > s', then Vx ~ s'(s?)? and the fastest growing cycle corresponds to the P2-base,?
namely R, = Rp2 ~ (Vl)l/ 4~ (s2)Y2; whilst any other limit results in full decompactification,
with Ry = Rx ~ V)I(/ 6 Asa consequence, we only find the following two possibilities:

mik, x ~ Mpy.q (s°) 71/ V);l/ﬁa mgxk, p2 ~ Mpi;4 (s9) 712 (%) 712, (6.34)

Moreover, for limits in which s" is held fixed whilst the overall volume diverges, we enter
into a strong coupling regime, since from (6.25) we find that e2? = Vy/s° ~ Vx. For such

350f course, the volume of the P! curve, Cp1, inside the P?-base scales in the same way as the latter, namely
Rp1 ~ Rp2 ~ (52)1/ 2. However, the overall decompactified volume corresponds to the 4-dimensional divisor
instead of just the complex curve Cp:.
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limits, new light degrees of freedom can appear. Take for example Fg x Fg heterotic string
theory, where the strong coupling limit is given by Horava-Witten’s construction of M-theory
compactified on X3 x S!/Zy [120, 121]. In this case, there is a new KK scale associated to the
interval (which corresponds to the non-BPS DO0-brane mass), whose mass scale is given by

V2re?Ae—2¢

- ~ Mpp Ve 2. (6.35)

MKK, M-th =
Once the possible leading towers m have been laid out, we can start considering the species
scale Agp. Apart from the already computed string scale (6.31), the species cut-off can be
set by the higher dimensional Planck masses. Given mg ~ R%QMpl; 11, with Rjp being the

length of the S'/Zs interval, and using the fact that e = R%Z [120], we obtain

Mpy; 11 ~ MP1;4R1_01/2(80)_1/2 ~ MP1;4(80)_1/3V§1/6. (6.36)
On the other hand, Mpy. 19 ~ e~ ?*mg, so that
Mpy, 19 ~ Mpr,a(s%)=3/8v /3. (6.37)

As for Mpy. q with 4 < d < 10, we need to be more careful. In general we will have

1 B 1
Mpi;q ~ Mpy; 10 vol 1g—alf® = Mpr,a(s®)>/#Ve"/® vol 10_ali? (6.38)

where volg_q is the volume of the remaining compactified dimensions, which we will need
in Planck units. While our volumes are expressed in string units, we notice that from (6.37)
llp = €|String(so)1/8V);1/8. Hence, we finally arrive at

4—d —

1 1

Mpy. g = Mpy. 4(s°) T2V 2 vol 152 (6.39)
where now vol 19_g4 is measured in string units, and which agree with the d = 4, 10 cases.
For our purposes, it will be enough to compute Mp.g = Mp1;4(80)_1/3(52)_1/3, since as
we commented before (see discussion around eq. (6.34)), there are no decompactification
limits to arbitrary dimensions, but only to d = 5,8,10 and 11 (M-theory). The first of
these, on the other hand, is obtained by decompactifying only the M-theory interval without
increasing the overall volume, so that the 5d Planck scale can be obtained through the same
argument as in (5.27), resulting in

Mpy 5 ~ Mpy,aVy /0. (6.40)

Now, in order to test the pattern we will compute the decay rates of the different towers
and scales along some trajectory s(\),

_a)\ log m[’S(/\)

a = ——————, (6.41)
s
and then calculate for those dominating (this is, with larger aj)
sz Z _ stst o )
G B, = (60, logm, 0, log Asp)\sm . (6.42)
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Region Limit my Asp
(1) 0> sl(s2)2 2 > gl Mgk M
(IT) sO> (s1)3; st 2 62 MKK, X mg
() | s*(s?)2 > s" 2 s's% s 2 st > 1 | mgkpr Mpyn
Iv) (s1)? > 8" 2 (s1)% st 2 87 mxk,x Mpi1
(i) 9> sl 52~ 1 Mg M
(i) sV~ sl(s?)?, st < s2 mgk,p2  Mpi;10
(iii) 9~ (sh st > 82 mkk,x  Mpi10
(iv) ()2 289 2 5%t ~ 1 mgk,p2  Mpys
(v) 220> 18t~ 1 matn Mpys
(vi) O~ 1 myth Mpys
(V) Otherwise my-th Mpi:11

Table 4. Classification of the different asymptotic regions of the heterotic string theory on
P LL69(18] in terms of the saxion limit and leading tower m; and species scale Agp. In up-
percase Roman numerals are identified those regions having the same dimensionality as the space
of infinite distance limits, while those measure-zero limit sets are numbered in lowercase. In the
interfaces (actually intersections) between different regions, the leading towers and species cut-offs
scale in the same way.

We can scan the space of possible asymptotic limits by considering trajectories of the form
s(A) ~ (€7}, €7 X "), with e belonging to the first octant of S2, and indeed check that
the Et : fsp = % pattern is fulfilled.?® In figure 10 the different asymptotic limits, classified
according to which scales m and Ay, dominate, are depicted in terms of o = (09,0, 02).
These regions are also shown in table 4. In the interfaces between two or more regions,
the lightest towers and species scales from each of them scale in the same way, and indeed
the product (_; . Zsp = % is fulfilled.

As it was also the case for toroidal compactifications (see section 3), the pattern holds
even stepwise, if we decompose the limit into several steps associated to the different towers
that we encounter before reaching the species scale. Consider for example the limit given
by s(A) ~ (e%,e7,¢e%7), which sits in the interior of region (III). Along that limit, m; =
mik, p2 < MKK, X < MKK,M—th < Asp = Mpy; 11 < Mpy;10 < Mpy, g ~ ms < Mpy;5. Hence,
we first decompactify the P? cycle, then the complete CY X and finally the M-theory interval,
until reaching the 11d theory. When computing the product, one then finds

—

CKK, P2 * ZP1,11 = CKK, P2 - Z2P1,10 = CKK,P? - Z2PL,8 = CKK, P2 - Zs = (6.43)

5 )

whereas 5}(}(,1@2 . ZpL 5= é.37 Hence, the pattern holds between the leading tower and any of

36In the cases for which s® ~ s/, one could wonder whether s* = as’ could give rise to different limits with
different finite a, but indeed they result in the same dominating towers and species scales.

3TThis is easy to understand by looking at table 4, as mkk,p2 is the leading tower in some of the regions in
which Agp, is given by Mpi,s, Mpi;10 and Mpy;11, but never Mpy;5. As a matter of fact, for the lower part of
region (vi)7 where st > 52> s® ~ 1, mkk p2 is heavier than Asp = Mp1;5.
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Figure 10. Classification of the different (s, s!, s%)(\) ~ (e"o/\, e X, e"2>‘) limits in terms of their
leading m, and Agp, as given in table 4. In the interfaces between different regions their leading towers
and species cut-off scale in the same way, respectively. Recall that measure-zero regions are depicted
in lowercase.

the intermediate species scales obtained in each decompactification step until finally reaching
the 11d theory. Moreover,

- > - - > - 1

CKkK, P2 - ZP1,11 = CKK, X - 2P, 11 = CKK, M-th * ZPl, 11 = 3 (6.44)
while C_;SC-ZPL 11 = é, so that the pattern also holds between the final (true) species scale and all
the subleading towers that will play the role of the leading tower after each decompactification
step of the process. This is a generalization of the nested decompactifications described
in appendix A for product manifolds.

Notice that, unlike type IIA string theory on P(:1LL69)[18] (see section 5.3.1), in this
example there are no D2-branes that can become light yielding an effective decompactification
to 6d F-theory on our (elliptically-fibered) Calabi-Yau manifold. Because of this, the limits
with s° constant always have myi_¢, as the leading tower, with Mp), 5 being the species scale.
This explains the difference between region (vi) in figure 10 (see also table 4) and figure 8.

For this example and those of sections 5.3.1, 5.4.1, 5.4.2 and 6.2, the internal manifolds are
different Calabi-Yau threefolds rather than toroidal compactifications (or quotients thereof).
While for the later case (or more generally when having product manifolds) there is a
diagonal /boxed internal metric and the different cycles can be decompactified independently
(see appendix A for more on this), in the case of Calabi-Yau threefolds one finds for the
volume some non-homogeneous expression Vy = %/@'abcs“sbsc in terms of the different Kéhler
saxions and intersection numbers, such that a complicated moduli space metric arises. As
already described in some of the examples, for single-field asymptotic limits the internal
manifold can be seen as a fibration, with the volume and metric simplifying considerably,
as reviewed more generally in section 5.1. Interestingly, as already stressed, the pattern
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not only holds along these limits, but also for asymptotic directions interpolating between
them, along which different terms in the volume can compete, and thus they cannot be
disregarded. In this subsection, we have only shown the realization of the pattern in a 4d
N = 1 setup for one particular Calabi-Yau example, but we expect that the generalization
to any CY should work analogously as we did for 4d A/ = 2 in section 5. The geometrical
features characterizing the infinite distance limits are the same, and only the interpretation
and masses of the towers change, as explained above.

6.3 Type IIB/F-theory compactifications

The next framework where the pattern can be checked is F-theory compactified to four
dimensions. The compactification manifold X is Kahler, with the axio-dilaton 7 = Cy +ie?
being non-constant and undergoing monodromies around the 7-branes. Because of this, it
is convenient to adopt a 10d Einstein-frame description from the type IIB point of view,
with a metric of the form

(EMB) 4

ds? = *Ads? + 2ds% with €24 = T (6.45)

For our purposes of analyzing the infinite distance limits, it will be enough to work in the
low-warping approximation [122, 123] for the 4d N'=1 EFT. Focusing in the Kéhler sector,
its moduli {%}24:1 can be used to expand the Einstein frame Kéahler form J = v,[D%], with
[D“] the Poincaré duals of a basis of divisors D® € Hy(X,Z) and v, measures the volume of
the dual effective curves {C,}. On the other hand, the Kédhler sector can be parametrized
by the following EFT saxions

1 1
s = §J ANJ=5YC,) € H{(X,R) — s%= s = im“bcvbvc, (6.46)
DH.
where ke are the triple intersection numbers of X and [C,] € H*(X,R) the Poincaré duals
of the set of effective curves C, € Ha(X,Z). After grouping the EFT saxions into (chiral)

complex fields t* = a® + is®, we can obtain the Kéhler potential, as a function of the s,
which reads (up to an irrelevant constant)

Kys = —2log/ JNINJT=-=2logrk(v,v,Vv). (6.47)
X

The volume of the manifold will be given by Vx = %Fc(v, v,v) in 10d Planck units.
As an example, we consider X to be the n-twisted P! fibration over P? described by a
gauged linear sigma model [21].3® The compact volume and the Kihler potential are given by:

V2

Vi = 3 [(89%% = (s* = ns")*?| > 0, (6.48a)
3n
38Following [122], the 2d sigma model is given by
Ul | Qi Q@ Q3 Qi Qi| FI
Ul | 1 1 1 —n 0 |w>0
U(1)2 0 0 0 1 1 vy >0

where Q' are the U(1); charge of the fields {z;},_,, and n takes positive integer values, so that
X ={2eC: |m]®+ |22 + |23 — nlwa® = v1, [wa]® + |25]* = v2 } /U(1)?,

where the volume of X will depend on the FI parameters v1 and vi. Given Dy = X N {ac; = 0} the toric
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Ky = —2log [(32)3/2 — (5% - nsl)3/2] + const . (6.48b)

At this point we have everything we need to compute the leading towers and species scales.
As the 4d and 10d dilaton are the same and are decoupled from the Kahler sector, we will
restrict ourselves to limits purely along s' and s2. Thus, the leading towers will correspond
to KK modes, whose masses are computed as follows

24
e Mgy, 4

2
MKK,+« ~ 2p2 ™ 2"
2Rz " VyR2

(6.49)

As usual, R, denotes here the scale (in string units) of the cycle decompactifying at the
fastest rate. By inspection of (6.48) (see also footnote 38), we conclude that the only
decompactification options are of the whole X or D' (note that in this latter case we
decompactify for dimensions), since decompactifying D? or E = D? — nD' at a pace equal
or faster than D! results in full decompactification. Hence, we have the following two
possibilities for the leading tower:

MKK, X ~ MP1;4V);2/3 , MKK, pt ~ Mp1;4V§1/2vf1/2 : (6.50)

Analogously, taking into account that we can only decompactify to ten and eight dimensions

implies that the only possibilities for the species scale are®’

Mpr1o ~ Mpi 4V /? . Mprs ~ Mpy, 4V Vo7 3, (6.51)

where all volumes are already measured in 10d Planck units. Similarly to what happened
for the heterotic string example in section 6.2, the volume of the compact manifold Vx has
different terms that can dominate depending on the particular limit taken by the saxions (cf.
eq. (6.48a)), resulting in a non-diagonal moduli space metric. However, we can follow the
same approach as in section 6.2 above and classify the different asymptotic limits by their

divisors of X, we choose the following
D'=Dy~Dy,~Ds, E=D,, D*=0Ds, with E = D? —nD",
with the cone of effective divisors given by Cr = ({D', E})z. The intersection numbers are given by
T = kapeD*D’D® = (D')>D? + nD'(D?*)* + n*(D?)?,

and the dual effective curves, such that C, - D® = §°, are C; ~ D' - E ~ D*. (D2 — nDl) and Cy ~ D'. D',
We can identify Cy with the P* fibre and C; with its pushforward to the base through the D, = E section.
With this in mind we can expand the EFT saxions as

1
s = %J/\ J=s'[01] +s°[Ca],  with { 22

As Cy is generated by D' and E, we have that the saxionic cone is given byA = {s € H*(X,R) : s’ > 0, s> —
ns® > 0}. Finally, we can invert (38) to obtain

v1 = 4/2(s%2 —nsl), v = % (\/ﬁ— \/2(s? — nsl)) ,

which can be used to obtain the volume and Kéhler potential.
39Notice that we are not considering here any emergent string limit, since we fix the 4d dilaton to a
constant value.
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leading tower(s) and species scale. Subsequently, using (6.42) we can compute (; - Zzp along
different infinite distance trajectories. This leads to the following three limits:

Limit mi Agp

s 2 (s')? mgk, pr Mpi;s
(81)2 > 52> nst MKK, Dl Mpl; 10
s* ~ ns! mkk,x Mpiy;10

In all the above limits the pattern C_; . ng = ﬁ = % is fulfilled. As it was the case in

section 6.2, in the interfaces between the different asymptotic regions the & . Z'sp = % holds
regardless of the chosen vector. While the pattern is always verified when considering the
leading tower(s) and the species scale, when computing the product with the subleading
towers the result is case-dependent. For the (s')? > 52 >> ns! limit, Asp = Mpr.10 >
MKK, X > MKK, Dt = My and Zpl, 10 ° 5KK,D1 = ZPI, 10 * 5KK,X = %, while in the 52 > (81)2
limits Agp = Mpy,g 2 mkk, x > Mgk, pt = My but Zp178 . GKK,X = %. This is not surpEising,
as in the former case we are decompactifying to 10d, and the associated Zp) 19 and (kk, x
trivially fulfill the pattern, while for the latter case the decompactification is to 8d, and we
do not expect the KK tower decompactifying to ten dimensions to have the correct product
here (note that indeed this was not the case either for toroidal decompactifications).

One could wonder whether the &-Zsp = % pattern holds only asymptotically or if it is exact
for finite distance points in moduli space (as it was the case for toroidal compactifications).

2

This seems to depend on the limit taken, as s> ~ ns! limits are exact (irrespective of

the proportional factor between the saxions), while for example a trajectory of the form
(s,5%) ~ (\,A%) with n = 2 has G - Zgp = Ckk,pt * 2PLs ::§+-éAx/§-+-C)<A2\/§>

(with corrections at all others being positive), so that along this limit C: : Zsp > %, only
being saturated for A — oc.

Notice that here, as well as in all previous examples, the corrections (if any) are non-
negative, which suggests that a possible generalization (if there exists one) of the pattern (1.1)
to the interior of the moduli space could be

VM VA
M Ay, ~—d—2

over all M, (6.52)

saturating the inequality asymptotically at the infinite distance limits. This is still well defined
in the entire asymptotic regime (and not only in the strict infinite distance limit), as there are
still light towers of states and we can identify M = m. However, the notion of the lightest
tower is not well defined anymore in the interior of the moduli space, so the mass of the tower
should be replaced by some other quantity M that approaches M — my asymptotically and
diverges if Ag, develops a maximum. We hope to come back to this question in the future.

6.4 Type ITA on a Calabi-Yau orientifold

For our last 4d A/ = 1 example, we will consider type ITA string theory compactified on
the projection of a Calabi-Yau threefold X under a O6 orientifold ¢ : X — X, [124-126].

— 064 —



The moduli X will be encoded in a (string frame) Kéhler form J and (3,0)-form Q with
normalization

i -1
%Q/\QZEJ/\J/\J, (6.53)

and satisfying the projection condition ¢*J = —.J and /*Q = Q. We will have two sets of
chiral fields, t* = a® +is® and % = a“ + i8®, respectively parametrizing By + iJ (in the
string frame) and C3 + ie"?Re ) as

By +iJ = (a® +1is")[D[], (6.54a)

a

O3 +ie PReQ = (a® +15%)[%,], (6.54b)

where ¢ is the 10d dimensional dilaton, and [D;] and [X;] form basis for the odd 2-form
and even 3-form cohomology classes H2 (X,R) and H? (X,R)." With this in mind we can
obtain the string frame volume of X and the Hitchin function

1 1

Vx(s) = 7/ JNTNT = =Kgpes®s®sC, (6.55a)
o Jx ;

() = /X QN Q, (6.55b)

which, in the perturbative regime where the backreaction of both the fluxes and sources are
neglected and the warping is approximately constant, can be related to each other as follows

o2 = Vx(s) (6.56)

H(3)
where we stick to the normalization in (6.53). This allows us to write the 10d string frame
metric with a conformal factor before ds?

@Ml%l;zl @MI%I;4€2¢
C2TH(3)  27Vx(s)

e2A

(6.57)
and a Kéahler potential
K = —logVx —2logH(3). (6.58)

Once we have introduced the required mathematical framework, we consider the case stud-
ied [127], where X = (T? x T? x T?)/(Zy x Zs) and the orientifold involution is taken to be

L1 (21, 22, 23) > (21, Z2, Z3). Moreover, the complex-structure is fixed as 7; = i%, so that
Q) = RiR3R5dz; ANdzy Adzs
= (Rldy1 + ideyg) VAN (Rgdyg + iR4dy4) VAN (R5dy5 + iRgdyG) . (6.59)

“ONotice that Poincaré duality relates even/odd cycles with odd/even cohomology classes, as orientifold
involution inverts orientation.

,65,



This allows to, for certain basis [X7],*! identify the following saxions:

[0}

1 1
50 — —e_¢R1R3R5 , st = —e_¢R1R4R6 )

4 4
1 1
§? = 16_¢R2RsR6, 8= Ze_¢RzR4R5, (6.60)
such that
H(3) = 8v/30515283 . (6.61)

On the other hand, the Kéhler saxions s measure the volume of the a-th 2-torus in string
frame, so that

s'=RiRy, s*=R3Ry, s°=RsRs. (6.62)

We are now in conditions to obtain the possible leading towers [21], which can either be
emergent strings or KK modes:

A A
€ oy, —1/2 €
Mg ~ 5=~ Mpy, 4e®Vy 7, MKK, + ~

s Es*

~ Mpy, 4¢®V PR, (6.63)

where R, is the characteristic scale of the decompactified volume. As for the species scale,
we can either have the string scale, mg or the higher-dimensional Planck mass

a4, 1
Mpy;q ~ MP1;46T*§¢VX 2 vol 1024 (6.64)

where vol 19_g4 denotes the remaining volume (in string units) after decompactifying to d
dimensions. To obtain this expression we have followed a procedure analogous to that of
section 6.2 in order to rewrite the volumes in the appropriate Planck units.

We are finally ready to show that the condition Q_"; . Zsp = % holds in every limit. To do so
we will work in the {64’, Ry, ..., Rg} basis, and proceed similarly as in section 6.1. Grouping
R= (Ro=e® Ry,...,Rg) and 5= (s', 52,53, 8%,...,5), one can consider general limits of
the form R; = e ~ efiOX and s! = e ~ e (OX for large A. With this in mind, we can
use (6.60) and (6.62) to obtain the relation

222 -1-1-1-1
200 1 1-1-1
Llz00-1-1 11
. owith M=-1020 1-1 1-1]. (6.65)
020-1 1-1 1
002 1-1-1 1
002-1 1 1-1

™y
Il
<
Qq

4“While not of importance for our discussion, we include said basis for completeness:

2o ] =4dyi AdysAdys, [27] = —4dyiAdyaAdys, [X5] = —4dy2AdysAdys, 2o ] = —4dy2AdyaAdys .
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It is easy to check that M is indeed invertible, and that it maps R;O to R<p x Rgo in a
one-to-one way,*? so that we are able to take any possible limit in the {Rg, R1, ..., Rg} basis.
Now, in the same way as in (6.17), we obtain

r OR;OR; .1, 1
GHilfti = 83; 578 = 2R;R;0" M M,y = (@-j + 5 (G0 + 5]-0)) R;R;, (6.66)
with no sum over ¢ or j. On the other hand, using the same notation as in section 6.1, we have
6 .
MKK, n 1 Hmax(z))
log ————** = log Ry — (—i— log R; , 6.67a
R T g Ro ; 3t o ) 0g R (6.67a)
m 13
lo ® —logRy— = logR;, 6.67b
8 oy~ 08T 5 ; gl (6.67D)
Mpiayn _ n : (1 Hdec(w)
1 : = log Ry — - logR; ¢ . 6.67
8 s~ nt2 |08 ; 5+ )log R (6.67c)
Now, as it was the case in section 6.1, we find that 5KK,nmax . Zpl; dtn = dle = % iff

{R;}'max C {R;}" . In this sense, any time m; is a KK tower, the pattern is exactly (i.e.
not just asymptotically) verified, also for subleading towers with {R;}; C {ﬁi}?:lv which
following an argument similar than (6.22) can be checked to be lighter than the species
scale. On the other hand, it is immediate from (6.67) that the string mass is given by the
formal limit mg = limy, o0 Mpl,44n, With the Iqec(i) dependence disappearing. Therefore,
5KK,nmax Zy= 5 = 1 for any choice of {R;}™* (even in those limits for which the species
scale is not given by the string mass). Finally, one can also check that |(_’s|2 = %, so that the
pattern also holds in emergent string limits. We thus conclude that any decompactification
or emergent string limit of this example fulfills the proposed pattern. This result should
also be easily generalized to any other (T? x T? x T?)/T" compactification, with I' € SU(3),
see [128-130] for reviews. As argued in section 6.1 and appendix A, the mass and behavior of
the towers depend only on the scaling with the internal compact volume, which is expected

to be independent from quotienting by finite order groups.

7 On the quest for a bottom-up rationale

In the previous sections we have provided significant evidence for the relation (2.6) in string
theory compactifications. This pattern provides a very sharp relation between the growth of
the density of states and the rate at which they become light asymptotically (cf. (2.7)). The
more dense the tower is, the slower the mass goes to zero. The next natural open question is
whether this pattern is a lamppost effect of the string theory landscape or a general feature
of Quantum Gravity. In order to address this question, we would need to provide some
bottom-up explanation of the pattern, independent of string theory. Here, we will give the
first steps to find such an argument. Despite not being able to provide a purely bottom-up
rationale for the pattern, we will identify and motivate some sufficient conditions that allow
the pattern to hold; with the hope that this can be useful for future research.

In a nutshell, we argue that through the Emergence Proposal [2] one can rewrite the
product QT; . Zsp = 9% log m0yi log Agp as a linear combination of the ratios of logarithmic

42Notice that the weak coupling limit corresponds to ¢ = pg — —oo.
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derivatives of the species scales and leading tower, independent of the explicit expression of
the moduli space metric. Then we argue that, upon requiring the exponential rate of the
towers and cut-offs to be well-defined over the space of infinite distance limits, oo(M) (see
appendix C for details on its construction), we can divide said space into patches over which
C_; . fsp is constant. Then, assuming that every time several leading towers become light at
the same rate there exists an additional one formed by bound states of these, the transition
from one patch to the other is such that f; . Z_’;p takes the same value on both, and as a result,
over the whole space of infinite distance limits. Finally, for those cases in which there exists
at least either one emergent string limit within the moduli space of the theory or one overall

decompactification to a higher dimensional vacuum, the observed value is set to C_; -Zsp = ﬁ.

7.1 The emergence proposal

A promising avenue to find a bottom-up rationale is by means of the Emergence Proposal [2, 3].
This proposal claims that all the IR dynamics (i.e. the kinetic terms of all fields in an EFT for
example) should emerge from integrating out the massive degrees of freedom [16, 131].*3 The
proposal provides a bottom-up explanation for some Swampland conjectures, as some of these
constraints relating EF'T data with new massive states simply arise as natural consequences
of RG flow renormalization. It implies, in particular, that the asymptotic kinetic terms of
the moduli emerge upon integrating out the towers of states becoming light (i.e. those towers
with a characteristic mass scale below the species scale [2, 134]). This reverses the logic of
the Distance Conjecture, as the infinite field distance itself emerges because of the existence
of a tower of states becoming massless to start with (see [16, 18, 133] for the original works
and [46, 85, 135-140] for multiple follow-ups).

In the following, we are going to investigate whether the Emergence Proposal can help to
provide a bottom-up rationale for our pattern. Consider an asymptotic trajectory resulting
in an infinite tower of states whose mass mg(¢) is parametrized by the vacuum expectation
value of some massless scalar ¢. The one-loop corrections to the field metric G associated
to ¢ coming from integrating out a tower of states in d > 4 read [16, 46, 135]

Asp
Goo =@ [ plu) @i, (7.1)

where p(u) is the density of states per unit mass and ¢(?) is some numerical factor that may
depend on the spacetime dimension d and the nature of the tower. The species scale Agp
associated to the tower is given in Planck units by

As
A= 6N T2, with N = [ p(ud, (7.2)

where b is again some undetermined numerical constant. Note that the above relations imply
the following integral equation for Agp:

Asp = (b /0 b p(u)du> - , (7.3)

so that (7.2) is not an identity but only valid for the Ay, solution of (7.3).

43See [132, 133] for a different but related version of the Emergence Proposal based on unification of the
strong coupling scales.
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It is well-known [18, 46] that if we integrate out a tower of Kaluza-Klein-like or string-like
modes with characteristic mass up to the species scale we recover the logarithmic behavior
of the distance predicted by the Distance Conjecture:

G Na(¢’)8logm2:>A :/ dpy/Ggy ~ —Val? log
60 (D9 t) 0= [, d9VCe

(7.4)

my ¢1)

with a(®) > 0 some numerical factor fixed upon integrating (7.1). If the Emergence proposal
holds, (a(d’))*l/ 2 should reproduce precisely the exponential decay rate of the mass of the
tower in terms of the distance, since the classical field metric should purely arise from quantum
corrections of integrating out the tower in a dual sense. However, to reliably compute a(?), one
has to properly integrate out all relevant states in a frame where they look non-perturbative,
which is often out of scope (see though [140] for recent results). From (7.4) we obtain that

-1
9% logmy = G¢¢8¢logmt~(a(¢)8¢logmt) . (7.5)

The above expression is still valid for multi-field trajectories depending on several moduli
{¢'};. Considering a diagonal metric** for simplicity, one would have

L i 1 0, log Ag
Gt Zsp = 9 log M0y log Asp = Z @ 01 08 Rsp
¢i

7.6
al®) Oy logmy ’ (7.6)

where again we take dy logmg # 0, so that Ggigi # 0 along this trajectory (otherwise we
would just restrict to the components ¢' along which m; depends on). Therefore, if Ay, and
m present the same dependence (i.e. polynomial, logarithmic, etc.) with each ¢/ [46, 49),
then (7.6) results in g:; . Zsp being a constant. To summarize, we can use the Emergence
proposal to argue for the exponential behavior of the tower mass and the species scale in terms
of the distance in moduli space, which therefore implies that the product (2.6) asymptotes to
a constant. This argument, by itself, does not seem to be constraining enough to determine
a universal value for the latter. Such constant seems to be a model-dependent result, and
this is why it is (a priori) surprising that we always obtain the same value for every infinite
distance limit in string compactifications.

7.2 Sufficient conditions to satisfy the pattern at every asymptotic limit

The above reasoning implies that by the Emergence Proposal & . gsp approaches a constant
asymptotic trajectory Rather than finding a complete bottom-up explanation on why said
constant is indeed 5= for every infinite distance limit, we will settle for the weaker result of
showing that, upon some general enough sufficient conditions, Ct . Zsp takes the same constant
value over each connected component of the set of infinite distance points. This, together
with the existence of a limit for which said value is ﬁ (such as an emergent string limit or
a homogeneous decompactification) would finally solve the problem. In order to do this, we

44 A priori, G #ipi Deing non-degenerate, one can diagonalize the metric upon an appropriate choice of moduli
(which amounts to a moduli space reparametrization) at every point in M. However, in practice, this usually
complicates the one-loop computations since the Feynman rules get more involved. We do not enter into this
and assume it works by the Emergence Proposal.
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must first understand how the scalar charge-to-mass ratios for the towers and species scale
behave as we change the asymptotic trajectories along the moduli space.

Therefore, consider a generic EFT endowed with a moduli space (M,G), and a set
of towers mj that are not necessarily defined over the whole moduli space. Following the
Emergent String Conjecture [24] and [46], associated to each tower we will have a density
parameter py, such that

anan/plm[,o, A[N]Wp];d]\fj_di12 NN}/pIm[yg, (77)
where A is the species scale computed by taking into account only the states of the my
tower. The p;r — oo limit corresponds to the oscillator modes of an emergent string, while
having finite and positive p; will be rather interpreted as a KK tower (we will not impose
p to be an integer).

Consider now some infinite distance limit in which several towers of states may become
light at possibly different rates. This provides a set of scales or cut-offs A; associated to
each tower independently. However, the final result for the actual Ag, must be computed
by taking into account all states at or below the cut-off, resulting in a scale Ag, which may
be lower than the individual A ones; unless we move along a direction in which a single
tower my, completely dominates the density of states, so that A, ~ Ag,. This way, when
considering a limit along which several towers scale at the same rate (in other words, they
span some facet/edge/etc., in the exterior of the convex hull of the ¢-vectors, Hull({(;})),
the following two possibilities can happen [46] (see figure 11 below):

o Multiplicative species: [49] The total number of species is given by the product of
the number of species for each tower N = II; Ny, which occurs whenever we have light
states with ‘mixed charges’ In other words, a (sub-)lattice of the space of charges 7
is populated. This is the case for decompactification limits with KK-towers having
momentum components along several internal directions, or for the D0-D2 bound states
in section 5.3.1. In that case, as shown in [46, 49], the species scale can be equivalently
computed as follows

Peff
Mpy. g\~ @ 2tver
Asp = Mpyq ( : ) : (7.8)
eff
in terms of an effective mass and density parameter,

k
Meg = (My . .mB)VPet - pg =", (7.9)

i=1

where the spectrum of each individual tower behaves as m; ,, = n'/Pim;. The scalar
charge-to-mass vector é;ﬁ‘ of this effective tower is precisely located at the closest point
to the origin of the facet spanned by the towers, i.e. it is perpendicular to the latter.
This implies that the Z-vector of the species scale is also perpendicular to said facet,

k
- 1 -
Zp= > (A= 2+p)Zr =
sp d_2+peﬂ” i:1( pz) 1
Pefi > -z
= 1 Hull 7.10
d—2+peHCeH u ({Cla 7<k})7 ( )

— 70 —



<
vl

ZI _’
o )
J CJ
z
(b)

Figure 11. Sketch of the two possibilities for the species scale Ag, behavior along limits for which
two (or more) leading towers can become light at the same rate, spanning a facet of Hull({g_}} 7). For
simplicity, we just take two such towers, Q_} and E 7- When there is an effective tower éff of bound
states with mixed charges, the associated multiplicative species (a) dominates over the individual Z,
and Z;, and is perpendicular to the facet spanned by the individual towers, Hull({C_}, 5 J}). On the
contrary, if the effective towers are absent, the resulting additive species (b) Zsp is associated to the
sum of the states given by each tower alone, being moreover perpendicular to Hull({f -1 7}) and only
prov1d1ng the actual cut-off when both individual spec1es fall at the same rate. Note that in this case
ng is not expected to be perpendicular to Hull({C 7,C J}) in general.

so it points precisely towards the direction along which the corresponding towers decay
at the same rate. In other words, it lies at the interface separating regions of moduli
space characterized by having different towers as the leading one. Note that if one of
the contributing towers corresponds to an emergent string, p = peg — 00 and Zog is
simply given by the string scale vector.

o Additive species: in this scenario there exists no mixing between the different towers,
so that the number of species becoming light is the sum of the individual states
associated to each tower, N = > ; Ny. It then follows that

1 > 1 -

= NZI:NIZI = NXI:NICZ—];IJFMQ' (7.11)
If a single tower contributes dominantly to Agp (i.e. N ~ Np), it sets alone the species
scale as all other towers with IV > N can be neglected. If, on the other hand, several
towers contribute with Ny ~ ... ~ N ~ N, it means that we are moving along a
direction where the corresponding individual species scales A; decay at the same rate,
sothat T-Z2=T-2Z1=...=1T- Zk, with 7' being the tangent vector of the asymptotic
geodesic. This implies that £ 1 Hull({Z],..., Z}), which in general does not force
Z1 Hull({g?l, A 5k}) unless p; = ... = pi (when the two convex hulls are parallel to
each other).

With this in mind, we will argue for the following sufficient conditions that allow the
pattern (2.6) to hold universally.
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Condition 1. The exponential rates A\j = -7 5[ of the different towers my are continuous
over the asymptotic regions where they are defined. Furthermore, the product (i - Zsp, must be
well defined along any asymptotic direction.

Roughly speaking, this condition implies intuitively that the exponential rate of the
leading tower is purely determined by the asymptotic direction approching some infinite
distance point, regardless of the particular trajectory that we take as a representative of this
direction. Furthermore, it also implies that whenever a given tower of states stops being the
leading one, it is because there is a second tower that starts dominating instead, in such a
way that both have the same exponential mass decay rate along some particular direction.
This way, even if the identification of the leading tower changes, its exponential rate still
behaves in a continuous fashion on the space of infinite distance limits co(M).

To argue for this, we consider the different masses my to be continuous along the regions
in M over which they are defined, and define the exponential rates A\; as functions over the
subsets of co(M) of possible asymptotic geodesics within the m; domain of definition (see
appendix C for details). Thus, given an asymptotic direction with unit tangent vector T,
)\[(T) =T 51 = —T199, logmy. In order for A\; to be well-defined and continuous, we need
to show that its value is independent of the asymptotic geodesic we take as representative
of a direction 7' € o0o(M). To do so, take two asymptotic geodesics v and 7" with the same
direction T, separated by some distance A. Suppose that along each of them the mass m;
has an exponential rate A\; and \;. Fixing P € v and P’ € 4/ as well as two asymptotic
points @ € v and @’ € v/, such that d(P,Q) = d(P',Q’) and d(Q, Q") = A, we have that

mi(Q) ~ m(P)e MAUPR), mi(Q) ~ m(P)e MUPR) (7.12)

As mj(P) and mj(P’) are fixed and independent of d(P,Q), we obtain m;(Q) ~
mr(Q") exp{(N\; — A\1)d(P,Q)}, which if \; # N} results in parametrically different val-
ues taken by mj at points separated a fixed distance A. This is indeed problematic, since
it would result in

2
WY,

(Gi> = 1G7 1P+ IGH? ~ [V Togmy > ~ | (X = Ap) (7.13)
as d(P,Q) — oo, where || and L are the perpendicular and parallel components with
respect to T. If the scalar mass-to-charge ratio vectors of our towers are bounded not
only from below but also from above (see e.g. [23]), then one must have A\; = X;. Thus,
A1 should be well-defined along any asymptotic direction along which it exists in the first
place, irrespective of the specific geodesic. The immediate consequence of this is that, since
AN =1 - (_} =7 (_}ll + G-) =7 C_}”, the only possible difference in C_} evaluated along
parallel asymptotic geodesics must be in the components perpendicular to 7. This actually
puts strong constraints on how the g?—vectors may change or slide as we move in moduli
space. It implies*® that the sliding of the 5] vectors only occurs along measure-zero subsets
of the space of infinite distance trajectories, as it will be further explored in [45]. This is

4>Take some specific geodesic o towards some definite infinite distance limit T, and consider geodesics
parallel to it and separated a distance A along some non-compact perpendicular direction N. In the plane
spanned by these two, take the slightly different tangent vector T’ (i-e. T -7 =1—¢€with e < 1). By

- 72 —



indeed what happens in the 9d moduli spaces with sixteen supercharges (section 4.1) and
4d CY compactifications (sections 6.2 and 6.3) where the volume is not well approximated
asymptotically by a single monomial. Even if the masses of the towers have complicated
expressions in terms of the moduli, the sliding of the C_} vectors occurs as a function of the
impact parameter and not as a function of the asymptotic direction. Therefore, {5[} 7 will
take fixed values in almost all (i.e. except for a measure-zero subset) the asymptotic regions
where they are defined, only ‘jumping’ when traversing those loci where the sliding occurs.

Analogously, a similar argument can be run for the species scale vectors Z 7, such that they
take a fixed asymptotic expression over their asymptotic domains except for perhaps measure-
zero loci over which sliding could occur, which is accompanied by a jumping in the asymptotic
Z; expression. This way, the exponential rate functions « J(T) =T 2, =-T4, log Ay
are also well-defined. Note that, as states from subleading towers may also contribute to
Agp, even if well-defined, in principle we cannot expect the exponential rate of the species
scale to be continuous over co(M), as some of the towers setting the species might cease
to exist when exiting their domain. For example, a subleading string tower can be setting
the species scale, but if we move away from the asymptotic domain over which it is defined,
other (perhaps KK) towers will now set Ag,, with the subsequent change in the exponential
rate. This is indeed what happens in section 4.1 when moving parallel to the type I’ self-dual
line, along which the type I strings are obstructed.

Finally, in order to discuss the pattern, we also need that the product (t sp 15 well defined
along any asymptotic direction Te oo(M). This is a stronger condition than requiring it for
each vector independently, and we have no particular motivation to justify it. But if it is not
satisfied, such that it can take different values depending on the trajectory representing 7',
then it does not make sense to talk about the pattern along that direction anymore. In general,
the well-definition of the Ct sp product will be guaranteed by Condition 2 in the border
between regions along which different towers/species dominate, but this is not necessarily the
case when there is sliding if f; and fsp change in an arbitrary different way (see appendix C.1).

Condition 2. For every infinite distance limit T along which two or more towers decay at
the same rate, there must exist bound states involving all leading towers, such that the species
scale must be given by that corresponding to the case of multiplicative species in (7.8).

Asymptotic directions along which two ore more towers decay at the same rate correspond
premsely to the interfaces/intersections between the aforementioned domains of fixed vectors
C 1. As we cross these interfaces, the leading vector Ct jumps since the identification of the
tower that decays at the fastest rate changes. Hence, along the interface, we have two or
more leading towers sharing the same exponential rate \; = T- 51 =...=T- 5k, where
we fix k to be the number of towers decaying at the same rate along said direction. These
towers span a lattice of charges (ni,...,ny), where n; is the tower level in (7.7) associated
to each tower. If a (sub-)lattice of these charges is populated by states that contribute to

continuity of Ay, C_} will have the same expression for A — oo and € — 0, as in the slightly off direction the
A — oo limit is realized. In other words, sliding occurs along regions when m; is not homogeneous, with
its expression (and that of 5 1) changing between points separated finite distances in moduli space. Moving
further from the directions in which the sliding occurs only realizes the A — oo limit, doing so with ‘different
velocities’ in the moduli.
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the species scale, we realize the scenario of multiplicative species above and the species scale
is given by (7.8). As already explained, this species scale decays faster than the individual
ones associated to each tower alone, and it is moreover perpendicular to the hull spanned
by the leading towers of states Hull({Cy,...,{;}). This implies that

G Zgp=.=Ch Zep=Cot - Zop (7.14)

so that the product of the species scale with any of the vectors spanning Hull({g?l, . ,Ek})
is the same, and therefore the result remains constant as we cross the interfaces where the
identification of the leading tower changes. As a consequence, the different facets of the
convex hull of the species scale vectors indicate the regions in moduli space where a given
tower plays the role of the leading one.

Contrarily, if the towers do not form bound states and the total number of species is
simply given by the sum of the species of each tower (as in the scenario of additive species
above, (7.11)), then the product 5t . Zsp would generically change upon crossing the interfaces.
Notice that, in such a case, we get independent towers of states becoming light at the same
rate along the interface, so we would naively?® recover two massless gravitons asymptotically,
which goes against Swampland expectations [141, 142].

We can further motivate the case of multiplicative species as follows. First, notice
that, whenever we can identify the tower levels n; with some sort of gauge charges, the
Completeness Hypothesis [143, 144] would require the existence of multiparticle states for
each possible value of the charges. Hence, requiring the existence of a (sub-)lattice/tower of
bound states resembles a strong version of the Completeness Hypothesis, where one demands
the existence of bound states or enough long-lived resonances (rather than just multiparticle
states) so that they can contribute to lower the species scale cut-off. In fact, whenever ny
correspond to gauge charges under massless U(1) gauge fields, Condition 2 reduces to the
(sub-)lattice or tower Weak Gravity Conjecture [145-148] (both versions would suffice to get
the behavior of multiplicative species).*” More generally, Condition 2 is a generalization of
the tower Weak Gravity Conjecture even to the case in which nj are not conserved gauge
charges as there is no associated massless U(1) gauge field (e.g., in certain limits of toroidal
orbifolds or Calabi-Yau compactifications). Even in those cases, by analogy, we expect that
Condition 2 can be formulated as a strong version of the Completeness Hypothesis that
constraints how close we can get to restore a global symmetry asymptotically.

Equivalently, we could have formulated Condition 2 as a condition on the leading tower
of states as we move along a direction along which the species scale of different domains decay
at the same rate. Along that direction, the species of the leading towers at each side behave
as additive species. Hence, for the pattern to hold, there must exist a new additional tower
of states that signals a different type of limit along the interface. For instance, this is what
happens at the interface of the different dual frames in the moduli space of M-theory on K3
in figure 7. At the interface between the region described by type 10d IIB and 11d M-theory,

46This is the naive expectation assuming that we indeed get two or more completely independent towers,
but more work would be required to determine the type of theory arising at infinite distance.

4"We only require the existence of the (sub-)lattice for charges associated to the leading towers and not the
subleading ones, since our pattern (2.6) is only guaranteed to hold for the former. This fits nicely with recent
results of [90, 149] which show that the (sub-)lattice WGC is satisfied for gauge fields whose charge states
decay at the fastest rate asymptotically, but not for certain subleading ones.
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the leading tower is actually given by KK modes that signal a decompactification to 9d type
ITA. The consequence of this conditions is that the generators of the convex hull of the scalar
charge-to-mass ratio of the towers lie precisely at the interfaces where the identification of
the species scale changes and the theory is better described by a different dual frame. This
way, the different dual frames are determined by the facets of the convex hull of the towers.

Condition 3. For every connected component of oo(M) there exists at least one direction
associated to an emergent string limit or the homogeneous decompactification of an internal
cycle to a higher dimensional vacuum.

This condition parallels the Emergent String Conjecture [24] but it is a weaker statement,
since it only demands the existence of at least one limit that has the interpretation of being
a string perturbative limit or a decompactification to a higher dimensional vacuum, such
that the species scale is simply given by the higher dimensional Planck scale. As explained in
section 2, in these specific cases where the species scale is purely set by the leading tower (more
so for the emergent string limit, where my = Agp = mg) we know C_; . Zsp to take the value ﬁ.

With the above conditions in mind, we are now endowed with the tools to give an
explanation of the pattern (see appendix C.1 for more details on this derivation). First,
Condition 1 allows us to divide the space of asymptotic limits into different regions, such
that Ct sp Temains constant in the interior of each region. The intersections of the regions
are given either because we have several co-leading towers or species decaying at the same
rate, or because they correspond to some sliding loci where the gt; or zZ?Sp vectors jump as
a function of the asymptotic direction (since they change continuously as a function of the
impact parameter) as described above. In the former case, by Condition 2 we will have that
the leading species is located perpendicular to the convex hull of the towers. Hence, the
only difference between the scalar charge-to-mass vectors of the towers scaling at the same
rate is in the components perpendicular to 7' o Zsp (T x Ct) which implies that Ct
takes the same value at both sides, as well as at the intersection. The same is 1mphed at
the sliding loci by Condition 1. Therefore, for every connected component of co(M), any
point can be reached from any other by crossing a finite number of intersections/sliding
loci, so that Ct Zsp takes the same value over all of said component of co(M). Now, in
order to fix its value, it is enough to know Ct Zsp for one limit. This is where Condition 3

1

enters into play, finally setting C_:E . fsp = 75

7.3 Relation to emergent string conjecture

To conclude, we want to comment on the relation of the pattern (2.6) with the Emergent
String Conjecture (ESC) [24], since they are clearly linked and the informed reader might
be wondering to what extent one follows from the other. For the non-experts, let us
recall that the ESC implies that every infinite distance limit should either correspond to a
decompactification to higher dimensions or to a string perturbative limit where a critical
string becomes tensionless.

In section 7.2 we identified some sufficient conditions that allow the pattern to hold
universally in the moduli space, so that we can compare them now with the ESC. Condition 1
does not follow from the ESC, since it is rather a condition on the asymptotic structure of
the towers and how the tower and species vectors can change as we move in moduli space.
Condition 3 clearly follows from the ESC, although it is a weaker statement. The interesting
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link, though, is associated to Condition 2, which is the most important feature underlying the
pattern. A priori, it is not obvious whether the ESC implies Condition 2, or why the latter
requirement is stronger, as we explain in the following. Consider some decompactification limit
in which we have several Kaluza-Klein towers so that several directions open up asymptotically.
If all these towers are truly KK towers from the perspective of the same duality frame, then
it is guaranteed that we will populate the lattice of KK momenta and satisfy Condition 2.
This is because for very large momenta, one can use WKB approximation to compute the
eigenvalues of the laplacian of the internal space, and they should scale as mgk ~ n'/Pefimy
where peg is equal to the total number of decompactifying dimensions. Note that this has
precisely the structure of the effective tower (see (7.9)) in the multiplicative species scenario
discussed in section 7.2, so Condition 2 holds. However, the ESC a priori does not require
that the limits associated to each tower can be interpreted as decompactification limits from
the perspective of the same dual frame. For instance, consider the case in which we take a
limit along which a KK tower decay at the same rate than a tower of winding modes. In that
case, even if both towers signal a decompactification limit in some dual frame, they do not do
so within the same duality frame and therefore the total number of species is actually additive
(let us denote this as a case of non-compatible decompactification limits). Hence, if we only
had these two separate towers, we would not get a lattice of bound states and Condition 2
(and consequently the pattern) would not hold. However, in practice, whenever this scenario
occurs in string theory, we always get additionally a tower of string oscillator modes precisely
along the direction where the KK and winding modes decay at the same rate, so that we
realize an emergent string limit (rather than decompactifying two extra dimensions) and the
pattern again holds. This seems to be always the case even in more complicated string theory
examples where we are not simply considering circle decompactifications and we do not have
winding modes of a perturbative string. Instead, we may have towers of particles coming
from wrapped branes. But even in those instances, the rich network of string dualities always
allow us to identify some critical string (in some dual frame) becoming tensionless along
the interface between the different non-compatible decompactification limits. We want to
remark that this is indeed crucial for the pattern to hold, and from a bottom-up perspective,
it imposes a non-trivial constraint on how the different infinite distance limits glue together
in the moduli space (or more precisely in co(M)).

Therefore, if we interpret the ESC as the milder claim that the leading tower must be
either a KK tower in some dual frame, or an emergent string, then it does not immediately
imply Condition 2 and it is, therefore, a weaker condition that the pattern. The above
scenario of non-compatible decompactification limits would still be consistent with this mild
version of the ESC even if we did not have the string becoming tensionless at the interface,
since the leading tower would still be a KK tower (although the total number of species
would be additive). However, if we interpret or refine the ESC as the claim that there must
be either a single dual frame where all the leading towers can be seen as KK towers or we
get an emergent string yielding the leading tower, then it implies Condition 2. In this latter
case, the pattern would essentially follow from this stronger version of the ESC, mod some
subtleties related to the sliding of the (-vectors that are addressed in Condition 1. This would
be interesting, as the pattern would then hint a new avenue to try to provide a bottom-up
explanation for the ESC, which so far is only motivated by string theory examples. If we
were able to provide a bottom-up rationale for the pattern (possibly based on black hole
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physics or entropy arguments), then we could use it to argue for the ESC and show that a
consistent quantum gravity theory necessarily requires from the existence of perturbative
strings and extra dimensions.

8 Conclusions

In this paper (and its companion [22]), we point out an interesting pattern that it is satisfied in
all (up to now) known examples of infinite distance limits in the moduli space of string theory
compactifications, regardless of the level of supersymmetry or the type of compactification
manifold. This pattern is a sharp relation between the asymptotic value of the variation rate
(in moduli space) of the species scale cut-off and the mass of the leading tower of states, given
by (2.6). We check that it holds for multi-field geodesic trajectories where several moduli are
taken to infinity, and even if the species scale cut-off is not only determined by the leading
tower of states but captures information of other subleading towers.

At the very least, this pattern is a common thread underlying all known string theory
examples that have been explored so far, and it makes manifest a very constrained structure
behind the large casuistics of different types of infinite distance limits and how they can fit
together in the moduli space. We suspect, though, that the universality of the pattern is
rooted in a deeper underlying quantum gravity principle, rather than being just a lamppost
effect of known string constructions. Hence, the most important goal for the future is to
search for a purely bottom-up rationale that could explain the pattern independently of
string theory. Promising avenues include thinking of black holes or entropy bounds, since
the pattern relates the number of species (which itself provides the entropy of the smallest
semiclassical black hole) with the mass of the tower. Alternatively, we can also think of
the number of species as a measure of the density of states in an Einstein gravity theory,
so that the less dense the tower is, the fastest it can become light according to the pattern.
Another avenue would be to use S-matrix bootstrap techniques, since the species scale cut-off
can be understood as the scale at which a semiclassical Einstein gravity description breaks
down and higher derivative terms start dominating over the tree-level Einstein term. It
would be fantastic if one could argue for a relation between this scale and e.g., the scale
of the first massive spin-2 field of a KK tower.

Finding a bottom-up rationale for the pattern would have profound consequences for the
Swampland program, since it implies a more precise formulation of the Distance conjecture
that constrains the nature of the tower and imposes a sharp bound on how fast it becomes
light. If the pattern holds, then it automatically implies a lower bound on the exponential
rate of the tower given by A\¢ > \/ﬁ, which supports the bound proposed by [23] and it is
closely related to the Emergent String Conjecture [24]. Furthermore, it provides a clear recipe
to determine the species scale cut-off upon knowledge of the leading tower of states along
different directions. It would also be interesting to explore how it extends to the interior of
the moduli space, where the notion of a leading tower of states is no longer well defined.

In this work, we also identified some sufficient conditions that the towers of states and
the asymptotic geometry of the moduli space must satisfy to allow for the pattern to hold.
Interestingly, the most important condition resembles a sort of (sub-)lattice WGC where the
role of the gauge charges is played by the levels of the tower. This condition also follows
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from a strong interpretation of the Emergent String Conjecture. Hence, many ideas in the
Swampland program get interconnected and can be re-derived from this simple equation
relating the variation of the species scale and the leading tower of states becoming light
asymptotically. We hope to come back to these ideas in the future.
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A Generalities on charge-to-mass and species vectors

In this appendix we present a derivation of the general formulae associated to the computation
of the relevant charge-to-mass and species vectors that arise upon compactifying a D-
dimensional gravitational theory on some closed manifold of real dimension n € N. Later on,
we generalize the analysis to the case in which we consider the compact space to be of the
product form X = X,,, X ... x X, , with n; denoting the dimensionality of the corresponding
submanifold. With such information we revisit the pattern (2.6), thus checking it explicitly
in the cases at hand. Therefore, the discussion here can be seen as complementary to the
material presented in sections 2 and 3.

Compactification on an n-dimensional cycle. Let us start by studying the kind of
charge-to-mass vectors that typically appear in string-motivated EFTs. In order to be as
general as possible, we consider a D-dimensional theory compactified down to d = D —n
spacetime dimensions. We denote V,, the overall volume modulus associated to the internal
compact manifold, X,,, measured in D-dimensional Planck units. Suppose that we focus on
a sector of the theory described by the following simple action [23]

$p2 [P v=gp [ : RD—;(&%)Z] , (A1)

2
26D
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where QAﬁ is some generic canonically normalized modulus. Note that one may also think of gg
as parametrizing some fixed (asymptotically) geodesic trajectory in a multi-moduli setup.
Upon compactification on the n-fold X,,, one arrives at

Sy D /ddx\/—T,d [223 <Rd - ‘W (8logVn)2) - % (ang)Z] , (A.2)

where we have retained only the scalar-tensor sector of the lower dimensional theory, ignoring

48

possible extra fields arising in the dimensional reduction process.*® One can then define

a canonically normalized volume modulus

1 jd+n—-2
AT 1 s A3
p md”n(d—2) ogV (A.3)

which indeed controls the overall Kaluza-Klein scale associated to the compact internal space

d4+n—2 »
Mpp.ge ¢V a2’ Ad
MKK,n ~ Mpl.qe ~ (A.4)

As customary, this tower of states becomes exponentially light when taking the decompactifi-

cation limit p — oo. In terms of scalar charge-to-mass vectors one would then write

CKK,n = (QUW) ; (A.5)

where the first (last) entry corresponds to the normalized modulus ¢ ().

Let us also assume that the scalar qg(:z) is non-compact, and that the higher dimensional
theory satisfies the Distance Conjecture [10]. Therefore, there should exist an infinite tower
of particles with mass behaving asymptotically as follows

Mtower ~~ MPI;D e_HD/\D(i) y (AG)

where Ap is nothing but the D-dimensional scalar charge-to-mass ratio along the positive
¢-direction. If such tower of particles is inherited by the lower-dimensional theory, they
would present a mass which in Planck units depends on both qg and the volume modulus
p through the relation

o n N
Mtower ™~ MPl;d exXp {_RdADQZ) - ’{d\/(d tn— 2)(d — 2)9} ) (A7)

where the second term in the exponent arises just from the ratio Mpj, p/Mp).4. Again, in
terms of scalar charge-to-mass vectors one obtains

G = (AD’\/(d+n—2)(d—2)> ' (4.8)

48To obtain (A.2) in such form one needs to perform a Weyl rescaling of the d-dimensional metric as follows

_ 2
Guv = GV ©7
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1
vD—2
\/j [23, 39], whilst if it corresponds to a volume modulus from a higher compactification

d+
(i.e. from D' = D + n/ to D spacetime dimensions), then Ap = S,(*g;% = \/ fj(gigsg

Remarkably, this also encompasses the case in which one of the moduli corresponds to some

Note that if ¢ denotes the D-dimensional dilaton in some string theory, then A\p =

dilatonic field, since upon taking the limit n’ — oo the first entry of the scalar charge-to-mass

vector becomes \/ﬁ [23, 49].

For the species scale, on the other hand, we will distinguish between two possibilities, as
predicted by the Emergent String Conjecture [24]. First of all, if the limit corresponds to an
emergent critical string, the QG cut-off will be given by the string scale (up to logarithmic
corrections) since the set of light states will be dominated by an exponentially large number

of string excitation modes. Because of this,

1 ~
Asp ~ Mygtring ~ Mp1, p exp {—HD ¢} . (A.9)
D -2
Hence Z_:)sc = QT;SC, so that in this limit
G By = [onel? = (A.10)
t sp osc d—2 ) .

thus fulfilling (2.6). Notice that (A.10) above is also verified when ; = 5KK” (see figure 1(a)),
since for an emergent string limit the KK tower falls at the same rate as the string mass [24].
Otherwise, one could retrieve a critical string in d < 10.

The second possibility would correspond to explore some decompactification limit, namely
when the tower from (A.6) is of Kaluza-Klein nature (in some duality frame). In such a case,
one would have three different species vectors: those which are parallel to the original (-vectors
and a new one arising as an effective combination thereof [43]. For the former, one can write
n’ > > n

mCKK,n’ ) ZKK,n = 55 0KKn s (A.11)

ZKK.w =
KK, n d+n—

where CKK n is given by (A.5) above and with

d+n+n'—
CKKW_(\/ "(d+n—2 \/d+n—2 d— 2)) (A-12)

thus satisfying ]CKK w|? = ifs 2% Therefore, whenever we explore an asymptotic direction

parallel to one of these two, the species scale will be parametrically controlled by the Planck
scale of the (d + n')-dimensional (resp. (d + n)) theory. As an example, upon taking the
limit ¢, p — oo along the EKK n-direction one finds

/

n
MKK, n/ ) din’=2
)
)

Asp ~ Mpy; g4 ~ Mp1,q < (A.13)
with mkk, , denoting the mass scale of the corresponding KK-like tower. For intermediate
directions, however, the dominant species vector is that obtained by combining the previous
ones as follows [43]

! 5 (n’ CkK.n + ngKKn) , (A.14)

2;7KI(7 n+n/ = W
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which is indeed controlled by the Planck scale of the (d 4+ n + n’)-dimensional parent theory,
see figure 1(b). With this we can now check if the pattern (2.6) is satisfied. Once again,
for the directions determined by any of the three species vectors one easily verifies that
C_; . Zsp = ﬁ. In particular, when probing the Z_fKK nin ~direction what one effectively
does is decompactifying both cycles at the same rate, such that the total KK mass yields
a charge-to-mass vector of the form

EKK,n-{—n’ = (n/ 5KK,n’ + ngKKn) ) (A.15)

n+n

which happens to lie at the point closest to the origin within the polytope generated by
CﬁKK,n/ and 5KK,na see figure 1(b).

For intermediate cases, given that the species scale is determined by ZKK,nJrn/ together
with the fact that EKK,n+n’ is orthogonal to the line joining the two (-vectors, one finds
that (2.6) still holds for any asymptotically light tower.

Generalization to ‘nested’ compactifications. The previous analysis can be easily
generalized to the case in which our D-dimensional theory is compactified down to d = D —n
on an n-dimensional manifold given by the Cartesian product X,, = X, x ... x &}, , with
n= Zf\il n;. This can be alternatively seen as a step-by-step (or ‘nested’) compactification

N N
D=d+>» ni—d+Y ni—...—>d+ny—d,
i=1 i—2

where the order of the compactification chain is unimportant and only amounts to a certain
rotation of the associated scalar charge-to-mass vectors, hence not affecting neither their
length nor the angles subtended between them. With this in mind, one finds that the KK
tower obtained from the decompactifying any &,,, C &), is given by

0 if j <i

) d+2111¢ n;—2 i
Cf(K,m- = i (d+ZzN:¢+1 "1_2) J (A.lﬁ)

\/ (d+ZlN:j m_g)’@ +E;N:j+1m—2) if j >

Notice that this also encompasses the case in which one of the moduli corresponds to

some D-dimensional dilaton, upon setting ng — 0o, so that the zero-th entry of the scalar
1
D—2"

charge-to-mass vector becomes

On the other hand, given a subset {5}(ij }Jj\il c {EKK i }Y |, one can show that
. 1 Mo
=) m; . A7
CKK,Z], m; M m ]; i CKK,m; » ( )

corresponds to the ‘effective’ KK tower associated to the joint decompactification of A}, X

. X Xm,,, where the volume of each of the cycles grows at the same rate. Incidentally,
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it can be seen to coincide with the point of the polytope spanned by {5KK7mj }J]\/il located
closest to the origin.

Taking inﬁnite distance limits the easiest possibility would be an emergent string limit,
for which Ct sp = Kosc‘ = d is trivially fulfilled. The other option would correspond to
explore a decompactification hmlt from d to d—l—zj-:l m; dimensions, with {m;}} =1 C i},
where we allow the possibility of a dilaton-like direction by setting mg = oco. In this case
the species scale will be parametrically given by the Planck scale of the (d + Z ~ 1 my)-
dimensional theory,*’ so

il m;
Agp ~ M M~ Mpy,gexp | —kq J D
S LD (d+ 52, m;—2) (d-2)
M
Mg, M d+§J L
~ Mo ( Mpljdl ) T (A.18)
where p is the normalized modulus denoting the volume being decompactified. As a result
= Zj]\il my 2 1
= M = m; CKK y (A.lg)
sp d + Zj\il m] —2 KK, Zjil m; d + Zé\il m] _]Z:l J m

where (A.17) is used. Now, for the leading tower, we have two pos51b1htles First of all, we

might be moving in the joint compactification direction, so Ct = (kK. Z my? and thus

—

& Ej]\/ilmj pod o 1

LRSS prit Sl e

[\

(A.20)

The other possibility is that we move in some other direction, where while still decompactifying
Xy X ... X Xy, not all cycles do so at the same speed. Then we will have a leading tower

G = CKK,mZ-O € {Ckkm, 1L, so that

M
L. 1 . .
Ct Sp d"‘Zinl mj_szzzl j(KK,sz CKK,m]
= ! Mio| Ckicyma 12+ > My CkK, my, - CKK
= i io ,my J M , M
d+2j:1 mj—2 ¢ jio 0 !
— , (A.21)
d—f—z —1mj—2 d—2 d—2

where for the last sum in the second line we have used (A.16). The generalization of this,
for which several (but not all) of the cycles decompactify the fastest at the same pace is
straightforward, as f; will be a convex combination of KK vectors (actually determined
by the closest point to the origin of the polytope generated by the latter). Indeed, this
follows from the fact that all possible ft are located in the polytope spanned by the fKK,mj
vectors corresponding to dimensions being decompactified, to which Zg, is perpendicular,
by construction.

49Tf mo = oo then the species scale is again given by the string scale.
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B Details on the hypermultiplet metric

The material presented in this appendix is complementary to the discussion in section 5.6,
where the fate of the pattern within certain heavily quantum-corrected moduli spaces was
analyzed. Here we provide more details regarding the relevant non-perturbative corrections, as
well as their contribution to the exact hypermultiplet metric. Section B.1 briefly summarizes
the procedure employed in [150] to obtain the aforementioned line element, upon using
the twistorial formulation of quaternionic-K&hler spaces. Section B.2 reviews the duality
properties of the hypermultiplet moduli space arising from type II compactifications on
CY threefolds [151, 152], both at the classical and quantum levels. Finally, in section B.3
we use these considerations to argue how the pattern survives at the quantum level in a
highly non-trivial way.

B.1 The exact metric and the contact potential

The exact hypermultiplet metric for type ITA string theory compactified on a CY3 has been
recently computed exactly to all orders in g, incorporating the contributions of mutually local
D2-brane instantons in [150]. The strategy followed in that work was to exploit the twistorial
description of quaternionic-Ké&hler manifolds (see e.g., [153, 154]), combined with certain
symmetries which are also expected to be preserved at the quantum level. In the following we
will briefly review such computation in order to explicitly show the very non-trivial metric one
arrives at, which is strongly corrected both at the perturbative and non-perturbative level, thus
putting naively in danger any conclusion drawn from the tree-level metric displayed in (5.72).

The crucial ingredient to obtain the hypermultiplet metric is the so-called contact

potential YA

, which is a real-valued function defined over a twistor space Z constructed as
a PL-bundle over the moduli space M. It moreover has a connection given by the SU(2)
part, = (p*,p~,p?), of the Levi-Civita connection on My, which in turn determines
the holomorphic contact structure associated to Z (see e.g., the review [155]). Therefore,

one may define a holomorphic 1-form as follows
X = —4ix"" Dt (B.1)

where t is a complex coordinate on P! and Dt = dt 4+ pt — ip3t + p~t2. Now, in order
to obtain the metric on My one first computes the contact potential Y™ including all
D-instanton corrections, which reads [156]

R? xe(X3) iR -
A _ K E\A3) (1,+) (1,-)

2 T T o Tom ;Qm (2700 + 2,7(:7) . (B-2)
where R = =%V, /2 is the mirror dual of the ten-dimensional IIB dilaton, K is the complex
structure Kéhler potential, and Z,(z) = qrz! — p!' Fr denotes the central charge function
of a D2-instanton with (integral) charges v = (QI, p! ) Their degeneracy is captured by
the Donaldson-Thomas invariants (), which count (in a BPS indexed way) the relevant

instantons within the class [y] € H3(X3,Z) [157].5° We have also defined the twistorial

50The Donaldson-Thomas invariants () can be related, upon using Mirror Symmetry, to the genus-0
Gopakumar-Vafa invariants in the type IIB dual description [80, 81].
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integrals [150]
dt —27i
jy(l’i) = i/ﬁ I log (1 —oe? 67('5)) , (B.3)
Y

where £, is a BPS ray on P!, 0, is a sign function that we will take to be +1 in the following,
and ©,(t) are functions defined over the twistor space Z which, in the case of mutually
local instantons, are given by

0,t) =g’ —prli +R (t—lZV - tZW) : (B.4)

As a next step, one needs to determine the SU(2) connection p as functions on the base
Mpunm and the complex coordinate ¢ € P, from which one extracts the triplet of quaternionic
2-forms & as follows

5= 2 (dﬁ—f— Lox ﬁ) . (B.5)

The advantage of knowing & is that these are defined by the almost complex structures J
characterizing the quaternionic-Ké&hler manifold My as well as by its metric. Therefore,
upon specifying e.g., J? by providing a basis of holomorphic 1-forms on My, one may
retrieve the metric via the relation g(X,Y) = w3(X, J3Y), for all X,Y € TMpy. Once all
this has been done, one arrives at the quantum-corrected line element (we henceforth set all
magnetic charges p! = 0, which can be achieved via some symplectic rotation) [150]:

sy = S <1 X ) (dx"4)? + ! (dQ —{yd¢? +¢7dl + H)2
- 2 1IA
2 (x11) R2U 2 (y114)?2 (1 _ %QU)
2
R? I~ |2 1 - iR
_— _— M - — Q dZ
+ Q(XHA)2 ‘Z yf‘ + AT Vi vy o E’Y WWydZ,

1 1J iR 2,+ -1 —Kes
M (3}1—#%;97@.7,5 ) (42, - U2, e )

_ iR o L
X (yJ_%ZQW’ QZIJV(/Z )<dZ7’ -U IZW’ Oe KCS))

2

+M<G..dzidz3— L Sow,z,| 0K
oA\ 7 (2rU)? | ] e
eKes 2
+ 5 ;Q,ij) 42, ~ U2, ge~ ) (B.6)

where Yy is a (1,0)-form adapted to J? which reads
e 1
Vr=d¢ — Frrd¢™ - ) > QqdTY, (B.7)
v

whilst U denotes some real function that is defined as follows®!

1
) SNVALN SRV (B.9)
il

5!Note that the quantity U defined in (B.8) can be intuitively thought of as an instanton corrected version
of the complex structure Kéhler potential.
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with the matrix M/ being the inverse of M;; = —2Im Fr; — 28y ,Y(Q)q[qJ, and the
vector vy is given by

1 _
vr= > ar (2,09 + 2,707) . (B.9)
Y

We have also introduced the quantities W, = ZWJAEQ) — 7(2’+)U[MIJ(]J and H, the latter
being a 1-form generalizing the Kédhler connection on the complex structure moduli space
(see [150] for details); as well as the following twistorial integrals (cf. (B.3))

Y

., 11 Uﬂ{e—zmew(t) 1’ t O.’ye—27ri@7(t) 1’

dt —27i
Jv(l) :/e " log (1 — e ? ev(t)) , (B.10)

.
which may be rewritten in terms of Bessel functions, thus capturing the exponentially
suppressed behavior — at large central charge — associated to D-instanton effects.

Several comments are in order. First, notice how cumbersome the quantum-corrected
metric becomes when compared with its classical analogue in (5.72). Particularly interesting
are the corrections to the metric components associated to the non-compact scalars, namely
the 4d dilaton and the complex structure moduli. Regarding the former, it is the contact
potential ™ which may be taken to parametrize the quantum hypermultiplet moduli
space.”® As for the latter, we clearly see that the classical piece Gﬁdzidzj receives strong
instanton corrections which can even overcome the tree-level contribution [108]. Moreover,
there also appear cross-terms of the form (dxHAdzi + c.c.), which arise from the 1-form
deY(I) inside Yy in (B.7) above. Hence, a direct evaluation of the pattern (2.6) at infinite
distance points within Myt in principle requires from the use of the full lime element (B.6),
which can become rather involved depending on the limit of interest. Therefore it is highly
non-trivial for the inner product C_; . fsp to verify (2.6) at any infinite distance boundary,
even if it does so already at the classical level.

B.1.1 The contact potential x4

Before moving on, let us have a closer look at the contact potential to get a grasp on its
physical meaning. This will also provide us with some useful formulae that will be used
several times in the following.

Therefore, we start from the twistorial expression for x''*, as shown in eq. (B.2), which
may be written as follows [161]

ITA ITA ITA
X = Xclass T Xquant - (Bll)

The first term corresponds to the classical piece

R2
A —Ics
gass = 76 K ) (B12)

52In fact, the real function '™ can be physically identified with the quantum-exact four-dimensional dilaton
¢4 [158], and it plays a role similar to a would-be Kéahler potential [159, 160].
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IIA
class

On the other hand, for the quantum corrected piece, x
53

matches with e=2#4, as one can easily check upon using egs. (5.73) and (5.79).

ITA
quant

such that x
— in the case of mutually local
instantons arising from D2-branes®® wrapping sLag representatives of the 3-cycle classes [Af]
— one finds [150, 152, 162] (see also the review [155])

m o xe(Xs) o) S T o (mminc!) Ky (ammRkr ! B.13
Xquant — 967 27_‘_2 Z Z COS( ™m IC ) 1( ™m ’ Iz |) ( . )
where the term proportional to the Euler characteristic of the threefold, xg(X3) =
2 (hH(X3) — h?1(X3)), comes from a one-loop gs-correction, whilst the second piece arises
from the non-perturbative D2-brane instantons. To actually see how (B.13) arises from
eq. (B.2) above, one needs to substitute the definition of the quantities jy(l’i) (cf. eq. (B.3)),
then expand the logarithm around ©, = 0 and finally rewrite the integrals in terms of the
modified Bessel function upon using the following identity

% d b
/ < (ay + ) (w2 = 4v/abKy (Vab) . (B.14)
0o Yy Y
Notice that the contribution to (B.13) associated to the D2-instantons is controlled by
their BPS central charge, which coincides (up to order one factors) with the corresponding
4d action

S,k = drmR|kr2!| + 2mimk¢t (B.15)

where k7 = (ko, k) denote the (quantized) instanton charges. The axionic vevs ¢! measure
the oscillatory part of the corrections, whereas the non-compact scalars (z/,R) determine
their ‘size’ through the modified Bessel function K;(y).

B.2 SL(2,Z) duality

Here we provide some details regarding the SL(2,7Z) invariance that the type IIA hypermul-
tiplet metric inherits from its dual type IIB compactification via Mirror Symmetry. This
will moreover highlight the effect that the D2-brane instanton corrections have on certain
(classical) infinite distance singularities M4 in the LCS limit studied in section 5.6 (see
also section B.3 below).

B.2.1 The classical metric

Let us first exhibit the duality of the theory at the classical level. The tree-level metric was
shown in (5.72) above, and we repeat it here for the comfort of the reader:

_ 4 4 -
g dgPdg? = (dp)? + Gydzidad + o (do— (Cd¢” = ¢’ag )’
24 ~ - _
¢ o (mB)~" "/ (dg — Bicd¢) (48 — Brdch) . (B.16)

where the different fields describing the hypermultiplet sector of type IIA on the threefold
X3 were discussed around (5.69). In order to uncover the SL(2,Z) invariance of the action

53This set of instantons is mapped by Mirror Symmetry to D(—1) and Dl-instantons wrapping holomorphic
0- and 2-cycles within the CY threefold, respectively [152].
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at tree-level, it is useful to switch to the type IIB mirror description, where the symmetry
is manifest, and then map the duality transformations back to the original type ITA setup.
Regarding the first step, we will simply state here the relevant identifications, whilst referring
the reader interested in the details to the original references [74, 163]. These read [151]:

C=n, = —nb, Z=b+it, R:%,
x o 1 .51 ik L ik~ ke, 1 "
(o=rc _ipjbj+§”ijkc bbb —67'1 liijkb vbHY, Ci:pi—/‘iijkcjb —|—§7'1 Kijkbjb ,

0=2"+ 7" + pj (cj —lej) , (B.17)

where 7 = 7 +im = Cy + ie B is the type IIB axio-dilaton, ¥ = b* + it* denote the
(complexified) Kéhler moduli of the mirror threefold Y3, (ci, pi) arise as period integrals of
the RR and 2-form and 4-form fields (C3,Cy) over integral bases of H?(Y3) and H*(Y3),
respectively; and finally (bo, cO) are scalar fields dual to the four-dimensional components of
the 2-forms Cy and By. We stress that the complex structure moduli 2° appearing in the
mirror map above should be taken as the ‘flat’ (inhomogeneous) coordinates associated to
the expansion of the prepotential around the LCS point [70]. Therefore, upon applying such
map to the line element displayed in (B.16) one obtains [105]:

1
%pfmﬂ:«m@?+@ﬁmmw+§fwﬂqa%ﬁ

Lo i i j j
+ 5*KG; (de’ — Cod') (de? — Codt)

3 ij m 1n
+—§K;¥¢4G~7(dpi—,ﬂknﬁdu)(dpj-mﬁnnc db™) (B.18)
4D 2 <dco-— 1(p-dbi—-bid;r))2

2K 2" ‘

L 4p, 0 0, i 1 i i 1 k)
+ 56 db” + C()dc +c dpi + §Co(pidb —-b dpi) — Zﬁijkc Addb .
Now, as already mentioned, the 4d theory inherits from the 10d supergravity a continuous
SL(2,R) symmetry which is broken down to a discrete SL(2, Z) subgroup by non-perturbative

(i.e. instanton) effects. The action of any such element g € SL(2,Z) on the type IIB
coordinates reads as [111, 151]

ar +b . . ct a b\ [c
t' d|t’ . ) B.19
T ard L ler it @>%Q:Q<Q’ (B.19)

where we have only displayed the transformations that are most relevant for our purposes

here.®® One can then easily check that these are already enough so as to prove the invariance
of the first two rows in (B.18) under SL(2,Z).

Finally, it is now straightforward to translate the S-duality transformations (B.19) into a
set of analogous ones in the type ITA mirror dual compactification upon using the mirror

e—2%4

" Notice that under (B.19), the 4d dilaton transforms non-trivially, namely e™2#+ — ol
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map (B.17). This leads to [151]

= af+b, Imz' — [¢cE+d|Im 2",
c=Z+d
'+ ("Re 2 a b\ (¢ +("Rez
‘ — ) B.20
( Re 2 c d Re 2* ’ ( )

where we have defined the complex field = = ¢? + 2iR. Note that this is again sufficient to
show the invariance of the metric components in (B.16) associated to the 4d dilaton, the
complex structure and the ¢! coordinates.

B.2.2 Quantum corrections

One can go beyond the previous tree-level analysis and study SL(2,Z) duality once quantum
corrections have been taken into account. Following the discussion of section B.1, we will
only consider the effect of ‘electric’ D2-brane instantons, i.e. those wrapping the Aj-cycles
introduced in (5.70).

Recall that the quantum hypermultiplet metric can be effectively encoded into the contact

ITA

(or tensor) potential, x"**, which reads (see section B.1.1)

ma _ R QAL xB(Xs)

2 |22 967
+ R Z Q) i Lkl cos (27rmk1CI) K, (47rm72|k121\) (B.21)
2m? 4 = m ’

where the first, second and third terms correspond to the classical, one-loop and D2-instanton
contributions, respectively. Now, instead of trying to show how the exact hypermultiplet
metric (B.6) still respects SL(2,Z) duality, we will concentrate on rewriting the above
expression in a way which manifestly reflects the symmetry. This will allow us to relate
certain non-perturbative corrections to classically-derived terms, thus providing more evidence
in favour of our argumentation in section B.3 below.

Let us start by extracting a common /R factor from each of the three terms in (B.21),

yielding
YA _ R32i[QAQ XE(X3)R—1/2
TR B | 202 967
R1/2 ©© |]€[Z]| 1 1
n — ;Q(’y) mZ:1 —— cos (27ka:1C )Kl (47Tm72\k1z ’) . (B.22)

Therefore, given that the contact potential transforms under SL(2,7Z) precisely the same
way as VR does (see footnote 54), we can now concentrate on finding a modular invariant
expression for the r.h.s. of (B.22). To do so, we first expand the classical term around
the LCS, as follows

RYZi[QAQ

1 .
9 W = 4R3/2 |:/€ijk?}ZU]Uk +

CBxp(Xs)
4(2m)3

h (B.23)

+ 72(2703 Z nk Re {Lig (e%ik"zi) + 27k;v'Lis (e%ik"’zi) }} )
k>0
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where ((x) denotes the Riemann zeta function, Lix(z) = >332, ;”—,Z is the polylogarithm
function and we have defined v* = Im 2" in the above expression. The physical interpretation
of each term is clear: the first piece corresponds to the classical volume term of the mirror
dual type IIB compactification on Y3, whilst the second and third ones arise as perturbative
and non-perturbative o/-corrections that modify the former away from the large volume
point. The integers ny denote the genus-zero Gopakumar-Vafa invariants that ‘count’ the
multiplicity of holomorphic 2-cycles in a given class [k;v!] € Hy (Y3, 7Z).

Next, we divide the instanton piece in (B.22) into two different terms, namely we separate
the contributions associated to D2-branes wrapped on the SYZ cycle from those wrapping the
remaining Aj-cycles. The reason for doing so will become clear in the following. This leads to

X}DIA _ R1/2XE(X3) Z @
VR 872 b0 |7

p2mimkoC® K (4nR|mko|)

1/2
72 /2 kz 3 “T;; | g2mimhrct g, (4xmRIkr2"]) | (B.24)
>0 m#£0,kg€EZ
where we have substituted the Donaldson-Thomas invariants Q(y) by xg(X3)/2 and ny for
v = (ko # 0,k =0) and v = (ko € Z,k > 0), respectively.

With this, we are finally ready to rewrite (B.22) in a manifestly modular invariant way.
Notice that the first term in eq. (B.23) is left unchanged under the set of transformations
n (B.20), reflecting the fact that the tree-level hypermultiplet metric at LCS/Large Volume is
modular invariant. Consider now the terms which are proportional to the Euler characteristic
of the threefold, xg(X3), which read

ko

m

IIA 2
X _ XB(X3) 9R32¢(3) + L RV2 4 47RI/?

2mimko(P
L E e K (47R|mko|)
R 2(27T) 6 ko#0,m>0

(B.25)

Upon performing a Poisson resummation® on the integer kg in eq. (B.25) above, one
arrives at [152]

Xen  xe(X3) > R3/?

= —_— (B.26)
3 = 3
VR 2(2m) eI {(0.0)) |mE + n|

which is indeed modular invariant. Note that in order to obtain such expression one needs
to substitute ((k) = Y,.on ¥ for k = 2,3.

Finally, we group together those terms containing sums over Gopakumar-Vafa invariants,
such that, after performing again a Poisson resummation over the unconstrained integer
ko, one finds [152]

X R ) -5
N Aute 32 ey W(l—kQﬂmE—i—n\kivl) e~Smn  (B.27)

k#0  m,neZ\{(0,0)}

55The Poisson resummation identity reads as follows

ZF x + na) ZF(ZW}C) g2mika/a

nez keZ

with F(w) = ffooo dz F(z)e™ ™7 the Fourier transform of F(x).
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where Sy, = 27k; (|mE + njv’ 4+ im (¢* + (°Re 2°) — inRe z%). This last term can be seen to
be the mirror dual of the quantum corrections arising from Euclidean type IIB (p, g)-strings,
and it tells us that the exponentially suppressed terms within the complex structure Kéhler
potential — close to the LCS point — are related by SL(2,Z) duality to certain D2-brane
instanton contributions. This fact will indeed play a key role later on in section B.3.

B.3 The evaluation of the pattern within Mg

In section 5.6.1 in the main text, we were interested in evaluating the pattern (2.6) for
certain trajectories lying entirely within the hypermultiplet moduli space M. Such infinite
distance paths were of the form

Tm 2 ~ o€ ) e~ g , o — 00, (B.28)
with el,e? > 0, thus including both the weak coupling and large complex structure (LCS)
points. Classically, i.e. without taking into account D-instanton corrections, both kind of
limits were shown to fulfill the pattern. Quantum-mechanically, however, one expects large
instanton contributions to modify the computation, at least in some cases. The purpose
of this subsection is to put all the machinery previously described into work in order to
prove that eq. (2.6) still holds even after taking into account all relevant quantum effects,
as advertised in section 5.6.2. We analyze each of these limits in turn.

Weak coupling point. In this case, since the singularity that is being approached is at
weak string coupling, we do not expect neither perturbative nor non-perturbative effects
to become important, and the classical analysis from section 5.6.1 should be reliable. This
can be readily confirmed upon looking at the behavior of the sum in eq. (B.13), since for
R — oo and z! finite one finds

1 —4anmm ZI
16 (i) g (529

such that Xg{gm = const. + O (B_R‘kf ZI‘) < Xgﬁss asymptotically. Similarly, the moduli
space metric deviates from the tree-level one by additional terms which at leading order

behave as follows (cf. (B.6))

X -
Sdsiing = 0dsili-100p + 0dsin|Deinst ~ XEXEIAS) + Z Q, e Smikr | (B.30)
B!

and thus it is enough to use the classical approximation (B.16). Therefore, we conclude that
the calculations performed after (5.76) remain valid, and the pattern is still verified.

Let us also say a few words about the S-dual limit, since it will play a crucial role
in what follows. As we mention in the main text, the weak coupling singularity here
discussed translates into a physically equivalent one at both strong coupling and LCS, namely
(R’ ~ o 1 Im 2t~ a). Notice that R/ Im 27" — const., which means, in particular, that the
tree-level piece of Y™ dominates over the quantum corrections, i.e. the D2-brane instanton
contributions decouple.’® Hence, one can again safely use the classical metric (B.16) to

56This is not completely true, since the instanton sum can still lead to additional finite distance degenerations,
which are the S-dual versions of the conifold locus.
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compute the inner products between the relevant charge-to-mass and species vectors. These
are associated to the D4-string, with tension

Tpy \ 2R’ 1 1
<M1%14> - (XHA)/ - XHA ~ ﬁy (Bgl)
and the KK scale:
2
mKK, BO 1 1 1
( Mpy; 4 ) " Im2i (1A T Imzi A T g2 (B.32)

where in order to arrive at the second equalities we have used the S-duality transformation
rules (see eq. (B.20)).

LCS point. A slightly different story holds for the second kind of limit, namely that
corresponding classically to large complex structure at fixed 4d dilaton

=i, 4 = const. o — 0. (B.33)

This limit is indeed the mirror dual to the one explored in [108, 109]. In terms of the relevant
coordinates controlling the behavior of the contact potential, such trajectories are of the form
((0), R(0)) ~ (ia, o3/ 2), which means that for small enough instanton charges kr, the
correction term controlled by the Bessel function in (B.13) will behave as

1
K1 (4mrmR|ki2']) ~ ————— . B.34
1( mmR|krz ‘) ArmR|kr2"| ( )
More precisely, the charges must be such that
ArmR|ko + kiz'| < 1, (B.35)

for the associated D2-instantons to contribute significantly to the tensor potential ng;nt.
As already noted in [108], this parallels the behavior of the exponentially light towers of
D3-brane bound states appearing in the mirror dual vector multiplet moduli space [16]. To
see what is the upshot of including such quantum corrections to the hypermultiplet metric
along the limit specified by (B.33) one can follow the same strategy as in [109], and exploit
the SL(2,Z) duality of the theory. This allows us to translate the aforementioned limit into
a simpler one where we can readily identify the relevant asymptotic physics. Indeed, after
performing the duality we end up exploring the following ‘classical’ limit

e_‘z’,V;‘O

5 ~ o2, 21~ 32 (B.36)

Imzj,rva_l/Q, R =
where one should think of 2% = % log 2° as flat complex structure variables defined close
to the LCS point (2! — 0), see below. Notice that this is nothing but the mirror dual
of the F1 limit studied in [109]. There, the relevant quantum corrections to the classical
type IIB hypermultiplet metric are induced by o’ and worldsheet instantons, whilst D-brane
contributions decouple. Importantly, here such ‘corrections’ are already captured by the
exact complex structure metric (5.73), thus simplifying the analysis enormously.
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Therefore, recall that away from the LCS point, the periods of the holomorphic (3, 0)-form
) receive corrections from their flat values, namely [70, 151]

y 1 . .
2 = o log 2z’ + O(x"), (B.37)

such that upon increasing z* towards one, the logarithmic approximation for 2t stops being
valid and the polynomial corrections clearly dominate. Hence, instead of reaching a point
where Im 2!’ — 0 asymptotically, what happens is that the complex structure variables
generically approach some constant O(1) value (see e.g., [75, 164, 165]). This does not
prevent, on the other hand, the R coordinate from keep flowing towards weak coupling, such
that a more accurate parametrization of the asymptotic trajectory would be the following:

Im 2/’ = const. , R ~ %2, e o3 (B.38)

Notice that this belongs to the family of geodesics in (B.28) with e = (0,3/2). Hence,
our previous analysis for the weak coupling singularity around (B.29) applies here and we
conclude that the pattern still holds.

From the original perspective, though, a direct evaluation of the scalar product (2.6)
seems to be rather involved, since the metric receives strong corrections that deviate from the
simple block diagonal form displayed in (B.16) above (cf. eq. (B.6)). However, let us stress
again that we do not need to do this, as we already know what is the S-dual limit of (B.38):
it corresponds to an infinite distance trajectory of the form (’R, ~ o732 Im 2t ~ o3/ 2), thus
located at strong coupling and LCS (see discussion around (B.31)). Incidentally, this nicely
explains why the pattern was still verified along the classically obstructed limit (B.33), since
the products in egs. (5.83) and (5.84) are formally identical to the ones that need to be
computed along the present quantum corrected trajectory.

C More on the mathematical structure of oo(M)

In this appendix we will review the construction of the set of infinite distance limits co(M)
associated to some moduli space (M, G), as well as its topology and structure. This can be
then used to define functions over it, once we are given certain quantities defined on M.

Following [166], given a geodesically complete, simply connected n-manifold M with
non-positive curvature, two geodesics ¢ and ¢ defined on it are said to be positively (negatively)
asymptotic if there exists a constant a.s > 0 such that d(c(7),d (7)) < aqe for any affine
parametrization 7 > 0 (< 0). It can be shown that being asymptotic is an equivalence relation
on the set of geodesics within M, and that given a geodesic ¢ and a point p € M, then there
exists exactly one geodesic ¢ such that [c]+ = [¢]+ and ¢(0) = p. Now, for such a manifold
M, we will refer as points of infinity, oo(M), to the different classes of positive and negative
asymptotic geodesics. We denote by oo(M) the set of infinite points of M.

We can relax our previous definition by simply requiring that, given an arbitrary point
po € M, there exists rg > 0 such that the curvature is non-positive for all points p € M with
d(p,po) > ro, thus allowing for positive curvature in the ‘bulk’ of the moduli space. The simply
connectedness property of M is needed in order to avoid situations such as M = R x S!, where
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we can have geodesics ¢y, cg with different angles 6 # 6’ with respect to the ‘vertical’ direction
that intersect an infinite number of times while having d(cy(7), cg:(7)) = 2sin (%) T — 00
as 7 — 00. In some cases, such as when the moduli space is given by a homogeneous space,
as for example M = E, /K, for M-theory compactified on a n = 11 — d torus, one can
quotient out the compact subspace and simply work with a submanifold of the complete
M where all the remaining moduli are non-compact. In other cases, close to the infinite
distance points a global shift symmetry on the axionic scalars is restored [18] such that all
relevant physical quantities (e.g., the metric G, etc.) loose all dependence on them, and thus
one can simply focus on the non-compact (saxionic) directions.

It can be then shown that co(M) ~ S"~!, with the usual topology inherited from R"~!,
since all the positive (negative) asymptotic geodesics of the same class have the same unit

tangent vector T = Hgg” e SdimM-1

as s — oo (—o00). In those cases where M is not
geodesically complete, such as the Kéhler cone in some 4d N' = 1 examples from section 6,
0o(M) is built through geodesics that can be defined over s € [sg,00) or (—o0, so], with
00(M) being homeomorphic to some subset of S*~!. The space cp(M) = M U oo(M) it is
known as compactification of M, inherits a natural topology from M. On the other hand,
when M is geodesically complete, one rather has cp(M) ~ DImM,

With this in mind, we can consider an EFT with a moduli space (M, G), and such that
the set of relevant scales for tower masses are continuous (with continuous derivative as well)
functions {my : Uy C M — R}, with possibly U # M, as they might be defined only over
some subdomain U; of the moduli space. We can further define the subsets {47°}; formed
by those infinite distance points that can be accessed via geodesics contained in U;. Note
that as long as one geodesic 7 reaching infinity can be defined over Uy, then [y] € Us°.

The topology inherited from M to co(M) is defined in terms of limits of successions
(i.e. a set C C oo(M) is closed if every succession defined on it has a limit on C). As we
expect the boundaries of domains of definition U of the different towers to be more or less
sharply defined (for example being self-dual lines of the theory), one could in principle move
to infinite distance limits in a trajectory parallel to such border, so in principle one could
expect sets {U7°}r to be closed even if {U;} are not. In any case, as it discussed in section 7,
the sets used in the bottom-up argument for the pattern will be closed, as they are the
inverse image of closed sets by continuous operations.

Functions on co(M) can be constructed from functions in M that take the same limiting
constant value along any representative geodesics going to a given point in co(M). In this
sense, the exponential rates of the towers

Ar: U Coo(M) — R

£ PR, . C.1
Tr— T & =-T,logmy, (C.1)

and the analogous {ay : W3 C co(M) — R} for each species scale {A; : Wy C M — Roo}y
are examples of functions defined in (subsets of) oo(M), once the well-definition requirement
of Condition 1 is taken into account.”” By construction, these functions are continuous,

5TNotice that, as we expect the domain of definition {7} of the different species to be sharply defined, at
least in asymptotic regions of M, the associated {U7°}r (and as a result {W5°};) will be closed subsets of
0o(M), as one can in principle move towards infinite distance limits with geodesics parallel to the boundary
Of U[ .
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and continuous operations with them (such as addition, subtraction, or the maximum) will
be so too.

Note that, unlike the different towers, which in many cases only make sense to be defined
in the asymptotic region of moduli space where they become light, we expect the species scale
to be well defined all over the moduli space, Ag, : M — Ry, with Agp, ~ max{A;}; as we
approach the asymptotic regions. Something similar occurs with scalar potentials V' : M — R,
where the de Sitter coefficient ”VV—V” : 00(M) — Rxq is expected to be a well-defined quantity,
see [167]. A natural question is whether continuous functions derived from V(¢") or Agp can
be analogously defined over c¢p(M), as that way topology/continuity arguments might shed
some light on the existence of vacua in the bulk of moduli space, among other things.

On the other hand, it is not immediate that C; - Z_fsp is a well-defined function over co(M).
However, the different string theory constructions thotoughly checked along this paper seem
to suggest this is indeed the case, and as explained in section 7, it is one of the sufficient
conditions required for the C_; . Zsp = ﬁ pattern to hold.

C.1 Derivation of the pattern from the sufficient conditions in section 7.2

Here we provide more details regarding the derivation of the pattern (2.6) upon assuming
the sufficient conditions declared in section 7.2. First of all, Condition 1 allows us to define
the functions

M(T) = max{T - Cx}x — M(T),  ay(T)=max{T-Z.}r — as(T), (C.2)

(there is some abuse of notation here, but we can set A\;(7),a;(T) = 0 for the limits over
which they are not defined) which yield 0 over such limits along which m; or A; dominate.
It is easy to see that {A;}; are continuous. By the nuances explained in section 7, {d}; is
only piece-wise continuous, but this will be enough for our purposes.

As they are (piece-wise)continuous over the space of infinite distance limits, the sets
A71({0}) and a7 ({0}) will be closed®® coverings of the latter, with a finer covering being
C={\'{orna; ({0})}r.s (note that indeed many of these will be empty sets). For
a given element in C, all its points, barring perhaps intersections with other A;*({0})}; N
a;*({0}) or directions where sliding occurs, G - Zsp will have a constant value (note again
here that all the masses have fixed asymptotic expressions, which results in Ag, and G to do
the same). As for the aforementioned regions where this might not be the case, we have:

¢ Intersection between covering elements: given two covering sets in C, along
their intersection we have several leading towers (or species) becoming light at the
same rate. As explained before, this happens when 7' L Hull({fl, .. ,Zk}) (equiv.
T L Hull({Z],...,2})). Hence, by Condition 2 we will have that the leading species
(resp. tower) is located perpendicular to the convex hull, being dominant at both sides
of the intersection. As the only difference between the scalar charge-to-mass vectors of
the towers (species) scaling at the same speed is in the components perpendicular to
T o Zsp (T o C_,;), this implies that g:; : Zsp takes the same value at both sides, as well
as at the intersection.

58Note that, following footnote 57, the different domains over which one species might dominate will be
closed, so that the argument is still valid even if & is only piece-wise continuous.
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e In the case in which there is sliding, things turn out to be trickier. The sliding of
both C_; and Z?Sp can cause the product 4:; . Zsp to be not continuous or even ill-defined
over an asymptotic trajectory. To see this, we split into parallel and perpendicular
components to 7' to find

(G- Zp)(D) = ¢ 2+ G- Z5(a), (C3)
where A symbolically parameterize the non-compact directions perpendicular to 7. 1If
G(A)L- Z%(A) is not constant for all values of A, then the product is not well defined
over asymptotic directions where the sliding occurs. Then it is immediate that for this
to be the case C_; . Zsp must be constant over the sliding region, and as a result the
product takes the same value at both sides of the sliding loci. However, by Condition 1,
we expect C_; -Zsp to be a well-defined quantity at any point of the set of infinite distance
limits. Note that, in principle, there is no physical reason to demand this, but if this
was not the case it would make no sense to study the pattern along directions where
sliding happens.

In conclusion, we have that @ . gsp is constant in the interior of different regions of the space
of asymptotic limits. Furthermore, in the limits between these regions (be them associated
to co-leading species or towers, or sliding loci), the product is the same as in the limiting
trajectories. This means that in each of the connected components of co(M), for which every
point can be reached from any other by crossing a finite number of intersections/sliding loci
(as the C covering is finite), the function 4:; . Zsp takes the same value. It is then enough to
know said product along some limit. Finally Condition 3 can be used, as in emergent string
1

limits or homogeneous decompactifications said value is known to be =5 (see appendix A),

thus resulting in (: . Zsp = ﬁ for every asymptotic limit.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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