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Emergence Proposal have been discussed, and provide further evidence for them.
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1 Introduction

The Swampland Program [1] (see [2, 3] for reviews) addresses one of the most fascinating
questions in modern theoretical High Energy Physics: the constraints that quantum gravity
imposes on effective field theories. It also lies at the core of one of the most important
aspects of String Theory: its predictivity. A large fraction of the recent activity in this topic
stems from the initial swampland conjectures [4, 5]. From these, particular attention has
recently been given to the Swampland Distance Conjecture (SDC), which states that the
field space of the effective theory contains geodesic paths of infinite distance and that, when
reaching their endpoints, an infinite tower of resonances decrease their mass exponentially
fast. The analysis of this conjecture in different string theory setups [6-28], has eventually
led to support the Emergence Proposal [3, 12, 13, 29, 30|, in which weak gauge couplings
and infinite distances in field space are postulated to arise from the integration of a tower
of light fields.

Besides trying to understand the different proposals within the Swampland Program
at a fundamental level, one would also like to test them in the current set of string theory



vacua [31, 32]. To do so, one must understand the interplay of the different Swampland
Conjectures with the ingredients in such string constructions. Two ingredients of this
sort are internal background fluxes and non-perturbative effects, which play a key role in
the proposals for de Sitter vacua populating the Landscape [33, 34]. On the one hand,
potentials generated by fluxes do play a role in Swampland-related ideas challenging such
proposals [35, 36], which have been connected to the SDC and the Emergence Proposal
in [3, 19]. On the other hand, the role of non-perturbative effects remains less clear in this
picture. In fact, the interplay between the Swampland Conjectures and non-perturbative
effects has mostly originated from the Weak Gravity Conjecture (WGC) for axions [4],
which constrains models of natural inflation and generalisations, see e.g. [37-39].

The purpose of this work is to confront non-perturbative effects with yet another
Swampland Conjecture, namely the Swampland Distance Conjecture. Notice that, a pri-
ori, the WGC for axions does not prevent trans-Planckian periodicities. It only states
that in this case non-perturbative effects will be strong enough to spoil the one-instanton
approximation. This is a serious drawback when trying to generate monotonic potentials
via non-perturbative effects, but it may not be an issue in other instances. In particular,
one may consider models with extended supersymmetry like 4d NV = 2 theories, where the
effect of instantons is to modify the metric for the moduli space of hypermultiplets, but no
potential is generated.

A well-known set of 4d N/ = 2 theories is obtained from compactifying type II string
theory on Calabi-Yau manifolds. This class of compactifications has been extensively stud-
ied in the literature, and has led to remarkable results like the resolution of the conifold
singularity in the vector multiplet moduli space by taking into account the presence of a
light D-particle [40], and its counterpart in the hypermultiplet moduli space by a large
number of D-instantons [41]. The relation between these two effects can be made precise
by means of the c-map [42, 43], which maps D-particles charged under the vector multiplets
of type ITA/B string theory on X to D-instantons modifying the hypermultiplet moduli
space of type IIB/A on the same Calabi-Yau. Interestingly, the same underlying principle
that allows to resolve the conifold singularity in [40] was invoked in [12] to propose the
emergence of infinite distances and weakly coupled gauge interactions in CY vector moduli
spaces. The main difference with respect to the case in [40] is that, instead of one, an infi-
nite set of D-particles becomes light when reaching an infinite distance point, in agreement
with the Swampland Distance Conjecture.

In this paper we analyse the behaviour of the N' = 2 theory along trajectories in the
hypermultiplet moduli space. This is in general a complicated problem because, unlike its
vector multiplet counterpart, the classical metric for hypermultiplets receives g5 and /-
corrections, both at the perturbative and non-perturbative level. Nevertheless, we consider
a region in moduli space in which the quantum corrected metric can be computed. In
this region one may define infinite distance geodesics in terms of the classical moduli
space metric, before any perturbative or non-perturbative corrections have been taken into
account, and then see what is the effect of the quantum corrections. We find that, as
we approach certain (classical) infinite distance point, towers of towers of D-instantons
decrease their action very fast — exponentially fast in the classical proper distance —



substantially modifying the metric. The modification is such that the infinite distance
geodesic is no longer so in the quantum corrected metric.

Besides the metric, the presence of small-action instantons modify the classical relation
between the 4d Planck mass and the string scale. Near the classical infinite distance point
the ratio Mp/Mjs blows up, and goes like V/N, where N can be understood as the number
of D-instantons towers that contribute non-trivially to the metric. Therefore, if one insists
to keep the 4d Planck mass constant the string scale has to be lowered accordingly, acting
like a species scale. If on the contrary one keeps M; fixed, these become points in which
gravity inevitably decouples.

These two results are very suggestive from the viewpoint of the setup in [12], which can
be related to ours by compactifying on a circle and applying a chain of dualities. Indeed,
they can both be related to one-loop corrections involving N light D-particles in the dual
theory. In particular, the quantum corrected metric can be understood as generated from
one-loop corrections as in the original Emergence proposal, but now in the case of a three-
dimensional effective theory. This can in turn be interpreted as an interesting extension
of the Swampland Distance Conjecture to the three-dimensional case. Moreover, it shows
that the use of instanton-corrected metrics constitutes a systematic and precise method
to encode the physics of many light D-particles, and therefore a powerful tool to test
Swampland criteria.

The paper is organised as follows. In section 2 we describe the setup in which we will
perform our computations, namely type IIB string theory on a Calabi-Yau, and the classi-
cal infinite distance trajectory that we consider. The main tool for our analysis will be the
so-called tensor potential, which automatically encodes the relevant D-instanton effects. In
section 3 we will analyse the behaviour of this tensor potential along the said trajectory,
together with that of the quantum corrected metric that can be derived from it. We com-
pute the trajectory length in the quantum corrected metric, finding it to be finite, and the
quantum corrected kinetic terms for the periodic directions, which we interpret in terms of
the electric and magnetic WGC for axions. Finally, we interpret our findings in terms of the
dual setup with D-particles in three-dimensions, and we draw our conclusions in section 4.

Several technical details have been relegated to the appendices. In appendix A we re-
view the c-map relating vector multiplet and hypermultiplet moduli spaces. In appendix B
we discuss how the contact potential can be used to resolve conifold singularities in the
hypermultiplet moduli space of type IIB CY compactifications. In appendix C we detail
the prescription used to compute the asymptotic behaviour of the type IIB hypermultiplet
moduli space metric for the region of interest in the main text. Finally, appendix D extends
our discussion to the case of hypermultiplet moduli spaces in type IIA compactifications,
where we compute the exact metric using the standard methods in the literature.

2 Type IIB on Calabi-Yau manifolds and instantons

In this section we describe the framework in which we perform our analysis. Throughout
most of the paper we consider type IIB string theory compactified on a Calabi-Yau. The
instantons that appear in the 4d N = 2 effective theory will affect the metric of the



universal hypermultiplet T=Cy+ie® b, &
hY! hypermultiplets 2 =b*4it*,  c*, d°

Table 1. Type IIB hypermultiplet scalar content, whose vevs are the coordinates of M.

hypermultiplet moduli space. As we will discuss, along a trajectory of infinite distance
which increases the volume and the string coupling, such non-perturbative effects can be
encoded in a function dubbed tensor potential, which we estimate. In the next section we
analyse the consequences of such corrections for the hypermultiplet moduli space metric.

2.1 The type IIB hypermultiplet moduli space

Let us consider type IIB string theory compactified on a Calabi-Yau three-fold X. At low
energies, one obtains a 4d N = 2 effective theory whose field content is given by a gravity
multiplet, h>!(X) vector multiplets and h'!(X) + 1 hypermultiplets. The scalars within
these multiplets parametrise the moduli space of the effective theory which, by general 4d
N = 2 arguments, factorises at the two-derivative level as

M = Mym x Muy - (2.1)

Here My is a special Kihler manifold described by h*! vector multiplet complex
scalars [44], and My is a quaternionic-Kihler manifold parametrised by 4(hb! 4 1) real
scalars within the hypermultiplets [45]. In the following we will be mostly interested in the
hypermultiplet sector of the theory, whose scalar field content is summarised in table 1.

The universal hypermultiplet contains the axion dilaton 7 = 71 + iy = Cy + ie™?
and the scalar duals b°, ¢ of the 4d two-forms coming from the B-field B and the RR
potential Cy, respectively. The remaining A" hypermultiplets contain the complexified
Kahler coordinates of the Calabi-Yau

za—ba"‘it“—ESZ/ B+ilJ, (2.2)
;y(].

where £, = 2mv/o/ is the string length, and {7} is a basis of Hy(X,Z) such that all areas
t® are positive. They also contain the integrals of the RR potentials over such two-cycles

ca2632/ Co, ds 2552/ Cy, (2.3)
e v

where the two-forms df are the 4d duals of the scalars d°.

Describing the type IIB hypermultiplet moduli space metric is in general seen as an
arduous problem because, unlike its vector multiplet counterpart, its classical expression
receives all kinds of g5 and o/-corrections, both at the perturbative and non-perturbative
level. Particularly difficult to handle are the non-perturbative corrections that that arise
from D-branes and NS5-branes wrapping even-dimensional cycles in the internal manifold
X, and seen as instantons in the 4d effective theory [46, 47]. Nevertheless, a remarkable
amount of progress has been achieved in this direction, by a combined use of dualities,



discrete symmetries and twistor methods [48-55] (see [56] for a review). One key ingre-
dient in this approach is the transformation known as c-map [42, 43|, which we review
in appendix A. The c-map relates the vector moduli space of type ITA/IIB string theory
compactified on X with the hypermultiplet moduli space of type IIB/ITA compactified
on the same Calabi-Yau, embedding Mgf/[/ HB(X ) into ./\/lgf/[/ A (X) as a totally geodesic
manifold [57]. Moreover, it maps ITA/IIB 4d D-particles to type IIB/IIA D-instantons
wrapping the same internal cycles of X.

The properties of the c-map are very suggestive when combined with the results
of [12, 20, 24], and allow to analyse them from a different perspective. Indeed, in the
setup in [12, 20, 24] infinite towers of D-particles become massless exponentially fast when
approaching points of infinite distance along geodesics of My, giving a neat realisation of
the Swampland Distance Conjecture [5]. When embedding such geodesics into My via
the c-map, D-particles should be replaced by D-instantons with exponentially decreasing
action. The importance of such D-instanton effects on the moduli space metric should
parallel the relevance of the light D-particles one-loop contribution, whose precise form is
crucial to the Emergence Proposal. In the following we will see that, indeed, along paths
of infinite distance in MHB (X) infinite towers of D-instantons develop an exponentially

suppressed action, dramatically modifying the classical moduli space metric.

2.2 Geodesics of infinite distance

Within the scalar field content of table 1, only 7 = e~¢ and the t* are non-periodic
coordinates of MHUB (X). It is thus natural to construct geodesics of infinite distance by
performing rescalings on such fields. One may in particular consider rescalings increasing
the value of the Kéhler coordinates t*, corresponding to different decompactification limits.
As discussed in [24, 28], the monodromy orbits around the corresponding points of infinite
distance are well understood and can be classified.

In the following we will consider the following trajectory in MHZ (X)
1%(0) = e t*(x0), 72(0) = €27y (0) (2.4)

where o € (0,00) parametrises the trajectory and g is an interior point of MBS (X). For
simplicity we will consider zg such that the periodic fields in table 1 have vanishing vev.
One can then easily show that, with the classical metric, the above path corresponds to a
geodesic of infinite length, as we discuss in the next section. This choice also allows to use
the c-map to describe a trajectory in M{}f/[(X), where the periodic fields (b°, c°, ¢%, d®) are
absent. In this sense, notice that the trajectory (2.4) is different form the ones taken in [24]
because it not only takes us to large volume, but also to strong coupling. The reason for
taking this limit is to keep the classical 4d Planck mass invariant

Mp = 19+/27V (t) My, (2.5)

where M, = ¢;! is the string scale, and V() = élCabct“tbtc stands for the volume of
the Calabi-Yau manifold X in string units and in the string frame, with K. the triple
intersection numbers of X. This kind of field space trajectory keeping the Planck mass
constant has also been considered in [28], among other possibilities.



In [24] it was argued that, even if the large volume limit takes Mp — oo, one may still
consider quotients of the form m/Mp, where m is the mass of a certain mode, and that
such quotients may decrease exponentially near the infinite distance point. It is easy to see
that if m corresponds to, e.g. a D-particle, the dilaton dependence will cancel out, and the
mass ratio along the path will not depend on whether we rescale 7 or not. However, the
same kind of reasoning cannot be applied to D-instantons, because in this case there is no
scale to which to compare their individual action. We will therefore stick to the dilaton-
dependent trajectory (2.4) which, in the original spirit of the Swampland Program [1, 5],
in principle avoids gravity-decoupling limits.

In fact, following the trajectory (2.4) in MK} (X) is mirror symmetric to the kind of
infinite distance directions studied in [12] for M{}ll\g/[ (Y'), where Y is the Calabi-Yau manifold
mirror to X. Indeed, for such a Calabi-Yau manifold we have that

) — 1
V= L / QAT (X0 K¢ (2.:6)
s )y 6

where in the last step we have approximated €2 by its large complex structure expression.
Here (¢ = Im(X?/X") are defined in terms of the periods Jia © over the A-cycles, and in
particular X stands for the period of the reference three-cycle II. In the large complex
structure limit (¢ — oo, one can only keep V4 finite by taking |X°| — 0, collapsing the
reference A-cycle I, whose volume plays the same role as 73 in (2.4). In fact, upon mirror
symmetry a D3-brane wrapping X° C Y becomes a DO-brane pointlike in X, and g;hB|X 0|
is mapped to g;h A- Therefore, a decreasing volume of the reference A-cycle in Y maps to
a strong couplirig limit on its mirror manifold X.!

Just like in [24, 28], one may consider different geodesic trajectories of infinite distance
by applying different scalings for the Kéahler coordinates t®*. Rather than analysing such
different possibilities, we will focus on the simple case (2.4) where all the K&hler coordinates
are treated universally and so are the 4d instantons. Indeed, one can easily check that the
actions of the different instantons scale as follows:

Sp-1y = €2%Spiy)
Sp1 — 6_%USD1
Sp3 —  e29Sps
SD5 — €%USD5
SF1 — GUSFl
Snss —  Snss -

Therefore, for large values of o, the relevant non-perturbative corrections amount to
D(-1) and D1-brane instantons or bound states of them. In the following we will analyse
their effect, together with those of perturbative corrections, on the metric of MHS (X).

!Conversely, the mirror trajectory to (2.4) in M2 (Y) does not involve any strong coupling regime. As

discussed in appendix D, all our results can also be recovered in this type ITA framework.



2.3 The tensor potential at infinite distance

The metric of the quaternionic-Kéahler manifold My can be encoded in a real function
X, which essentially plays the role of a Ké&hler potential [58, 59]. In the type IIB case,
whenever D3, D5 and NS5 instantons can be neglected, the hypermultiplet sector can be
described in terms of tensor multiplets, and y can be computed in terms of a potential
for the latter [60]. Such a potential, usually dubbed tensor or contact potential, has been
obtained in [50] and can be seen as a sum of two terms

X = Xcl + Xcorr 5 (27)
where 1
Xl = 75 2K gpet VL€ (2.8)

is the classical contribution to the potential and

Xcorr = 3
8(2m)

142 kot®
Yo ¥ PO os. )
k>0 (m,n)€Z?\0 ‘mT * n’

are the relevant perturbative and non-perturbative corrections. Here k is a vector of hl:!
entries k, € N, such that k,v* scans the homology classes in H2+ (X,Z). The terms with
k # 0 represent the corrections coming from Euclidean (m,n)-strings wrapping two-cycle
classes with non-vanishing genus-zero Gopakumar-Vafa invariant nl((o), with action

SK = 2mkq (|m7 + nft® — ime® — inb®) . (2.10)

The contribution from the term k = 0 corresponds to the D(-1)-brane corrections, together
with the one-loop corrections on g5 and ¢/, if one sets nl((oz)o = —xg(X), that is to (minus)
the Euler characteristic of X.

In general, the metric in Mglf/l(X ) will receive further corrections not captured by
Xcorr, coming from Euclidean D3, D5 and NS5-branes. These will be however negligible
in certain limits, like when resolving conifold singularities via instantons [41]. Indeed, as
shown in [61] and in appendix B, one may use (2.9) to see how a conifold singularity in
Mgf/l is resolved by the contributions of Euclidean D1-instantons.

In a similar spirit, one may use (2.9) to analyse the effect of D-instantons when ap-
proaching the infinite distance limit o — oo in (2.4). Again, the effects of Euclidean D3,
D5 and NS5-branes are negligible, so the potential (2.7) should determine the metric of this
region of M%{II]\B/[ (X). Notice that, even if this is a region of strong coupling, by construction
the SL(2, Z)-invariant expression for (2.7) provides exact results on gs [50].2 Alternatively,
since the scaling (2.4) takes us to the strong coupling and large Einstein frame volumes,
one may consider computing the metric of this region in F-theory or, via the c-map, in
the M-theory context. The latter computation was carried out in [62], where the same

expression for y was recovered. Finally, as discussed in appendix D one may perform the

2Strictly speaking, it is the metric derived from (2.7) that is SL(2,Z)-invariant, while (2.7) undergoes
Kéhler transformations under the action of SL(2,Z).



same computations as below in the type IIA mirror trajectory within ./\/lIIA v (Y), where no
strong coupling limit is involved.

Before taking the limit, it is useful to perform a Poisson resummation on the integer
n in (2.9), that makes manifest the origin of each of the corrections. One finds [52]

Xcorr = Xpert T XWS + XD » (2‘11)
where
B xe(X) 2 m°
Xpert = _8(271')3 |:<(3)T2 + E ’ (212)
2
xws = oo S Re [Lig (2700 ) - 2mh oL (20 )] L (2.13)
(2m)* &5
T 0) ~= [kaz?| A A
XD = 53 Z Ny Z — cos (2mmkpC™) Ky (2nmlkp 2™ m) (2.14)
ka#0 m=1

Here Xpert can be interpreted as the one-loop corrections in o’ and g5, respectively, while
xws are the world-sheet instanton corrections. In the latter, the vector k > 0 runs over
effective homology classes H;r (X,Z), and it is such that at least one of its entries k, € N
is non-vanishing, while Lis(z) = >"°2, r~®z" is the polylogarithm function. Finally, xp
can be interpreted as the contribution from bound states of Euclidean D1 and D(-1)-
branes. To describe it we define the extended vectors z* = (1,2%), ¢* = (11, 71b* — )
and ky = (ko,k) # 0, where now k > 0 and kp # 0. Each term of the sum corresponds
to a bound state of m DI1-branes wrapping rational curves on the class k,v* and mkq

D(-1)-branes, with classical action
Sms = 2mmlkaz o + 2mimkac? . (2.15)

Clearly, most of the terms in xpert + xws quickly vanish along the trajectory (2.4), with
the exception of one constant term that can also be neglected when y is much larger.
Regarding xp the different terms in the sum will be negligible or not, depending on the
argument of the modified Bessel function K. On the one hand, for x > 1 we can approx-
imate K ( \F e~ % and such terms can be neglected. On the other hand, for z < 1
the leadlng behav1our is Ky (z) ~ % and therefore such terms cannot be neglected. As the
argument of K is the real part of (2.15), this translates into the fact that instantons with
large Re S, k, can be neglected in xp, while those with small Re S, x, may give a sub-
stantial correction to .. To sum up, we find that in the large volume and strong coupling
limit, and more precisely as we proceed along the infinite distance trajectory (2.4), the
non-negligible part of the contact potential will read

1 k
X = T2’Cabctatbtc Z Z’ A ‘cos (27rmkACA) K (27rm]kAzA\TQ) , (2.16)

12

where ka = (ko, k) € Z x N""'+1\0 and m € N are such that

2rm|ko + kaz%me < 1, (2.17)



since these are the terms that will dominate the sum. Applying the above asymptotics one
then obtains

L, b 1 (0) 1 A
X~ S5 P + T ; ny ; — cos (2mmkac?) (2.18)
A

where m, ka are still such that (2.17) holds. Of course, the set of instantons satisfying
this condition depends on the value of o along the trajectory. Switching off the vev of the
periodic fields, in particular those of b®, we have that (2.17) translates into the condition
27rm]koe_%‘7 + kat“(xo)e_%ahg(xo) < 1. There will be then several towers of instantons
contributing to y, with the following spectrum of actions:

ka = (ko,0) — Sy, ~ ko

V(t)l/2
kA:(O,k) — SkAN‘/(tL)l/(S 5

m m 1/3
ka = (ko k) = Siy ~ MREEED—

This spectrum reproduces the mass spectrum of D-particles found in [12] for their case
d = 3, as expected from applying the c-map and mirror symmetry. Notice that in our
case we have a natural way of selecting a subset of instantons within the whole tower.
As dictated from the general expression for x, only those instantons satisfying (2.17) will
significantly correct the metric in M. In the D-particle setup of [12], a similar cut-
off was invoked in terms of the species bound, leading to specific corrections for gauge
couplings and field space metrics which then led to the Emergence Proposal. In the next
section we will discuss how to address the same questions from the instanton viewpoint.

3 Towers of instantons and emergence

In the following we will explore the consequences of the instanton corrections to the hy-
permultiplet moduli space metric, as codified in the corrected potential (2.16). First, the
instanton effects correct the relation between the string scale and the 4d Planck mass, such
that it overcomes the classical relation as we approach the infinite distance point. As a
consequence, if the string scale is kept constant along the trajectory the 4d Planck mass
blows up. Second, the corrections to the metric are such that they also overcome the clas-
sical metric, and render the trajectory of finite length. Finally, we analyse the corrected
axion decay constants from the viewpoint of the Weak Gravity Conjecture, and show that
their value is in agreement with the appearance of tensionless strings.

3.1 The 4d Planck mass

One interesting observations (see e.g. [53]) is that the tensor potential in (2.7) can be
interpreted as Y = e 2?4, where ¢4 is the T-duality invariant quantity known as the four-
dimensional dilaton. In particular, x. can be interpreted as the classical value for e 294
and x as the quantum corrected version of the same quantity. Notice that at the classical

level we have the relation
M3 = dnxM?, (3.1)



which one may promote to the full y, giving a quantum corrected version of the relation
between the Planck and string scales. Indeed, in [63] the term k = 0 in (2.9), was argued
to correct such a relation, so (3.1) can be seen as an extension to the full set of instantons.
Let us see the consequences of the relation (3.1) in our setup, namely as we approach
the infinite distance point along (2.4). Taking the approximation (2.18) and for simplicity
switching off the vevs of the periodic fields 71, b%, ¢%, so that ¢* = 0 one obtains

1 2 asbyc 1 (0) 1
X ~ ETQICath tbt +167T3;nk ZW
A

m

1 2 aybyc 1 (0)
~ ETQ Kapet“t't + %67 [_XE(X) + l;)nk ; 1 (3.2)
0

where the condition 27rm|k:ge_%" + k:ae_%"] < 1 must be imposed. In the second line we
have used that » °_, # = %2 converges very quickly for the first few terms, and so in
practice the restriction on the sum over m can be neglected. One can also see that, for a
given value of k, the number of kg that satisfy the above condition is essentially always the
same, and that it is similar to the ko’s satisfying the condition 27|ky| < €37 As a result
the sum over the D(-1) instanton number k¢ factors out. Finally, for large values of o, one
may replace the condition 27|ky| < €37 by |ko| < e(%_e>°, with € > 0 parametrising the
growth of the number of D(-1) instantons contributing significantly to x. Taking all this
into account, we end up having an asymptotic behaviour of the form

(3.3)

where Zx = >, nl(?) —xe(X) is a growing function of o, as the sum includes those vectors

k > 0 such that 27k, < e2”. Again, one may replace this condition by k, < e(279)7,
with the same value for € as above. Because the actual dependence of Zx is related to

(0)

the distribution of non-vanishing genus-zero Gopakumar-Vafa invariants ny’, one may
parametrise its total growth as Ex (o) ~ e (2n)7 . For instance, if the nio) were non-
zero for any value of k and of similar magnitude we would have n = €, while if they were
bounded one should have n = 1/2 for some o large enough. Plugging this result into (3.1),

we see that as we approach the infinite distance point the 4d Planck mass behaves as

M3 = Mg 4 M3 (o) = (203 () + 27 ) 2 34
where essentially Ng, is the number of instantons contributing significantly to x, and
therefore to the redefinition of the 4d Planck mass. As Ny, grows rapidly with o, it soon
dominates the contribution to Mp, which quickly grows to infinity along the trajectory.

Needless to say, the behaviour M|, — oo goes against the initial motivation to take the
specific trajectory (2.4) and, in general, against the philosophy of the Swampland Program.
The most natural way to circumvent this problem and have a finite 4d Planck mass for
each value of ¢ is to redefine the value of the string scale accordingly. In the region in

,10,



which Mp corr > Mp ¢ this amounts to impose that

Mp
Ngp

M ~ (3.5)
where Mp is fixed and M, and N, depend on o. If on the contrary one insists to keep the
string scale fixed, (3.5) provides a lower bound for the 4d Planck mass in terms of Ngp.
Remarkably, the r.h.s. of this expression is similar to the one defining the species scale
A at which, in the presence of a large number of particle states N, gravity becomes
strongly coupled [64]. In our setup the number of particles is essentially replaced by the
number of instantons that contribute to the divergence of the corrected Planck mass, while
the cut-off scale A < Ay at which the effective field theory must break down is identified
with the string scale. In general, whenever the relation (3.4) is valid with Ny, a rapidly
growing function along a trajectory in field space, the above reasoning will apply. As Ny,
grows, either one decreases the string scale or the 4d Planck mass grows like its square root.

3.2 Removing the infinite distance

At the classical level the metric of MUB restricted to the coordinates (72, 2%) reads

1
5 (d6a)” + g pdzd2", (3.6)

where ¢4 is the classical four-dimensional dilaton and the metric along the Kéhler coordi-
nates is computed via a Kéahler potential

9ob = azaagbK with K= —IOg Xecl - (37)
We then obtain 3 3
cd _ 2 [ —
Jab = 9ic2 (QIC“Kb KK“) ’ 38

where K = Kapot®t°, Ky = Kapet?t®, Kap = Kapet®. By construction, the trajectory (2.4)
leaves invariant the classical 4d dilaton, and so the first factor of (3.6) will not contribute to
the path length. Such length is computed by taking the tangent vector along the trajectory,
namely

Dy (72, 2) = (-272@), it“(a)) , (3.9)

and plugging it into the second factor of (3.6), obtaining a constant norm ||0,z|> = 3

4
which is a requirement for a geodesic path. Integrating ||0,z|| over the range (0,00) is
equivalent to compute the proper classical distance of the corresponding direction in field
space, which is obviously infinite.

However, as we proceed along the trajectory, the effect of D1/D(-1)-instantons will
become more and more relevant, and will significantly modify the classical metric. As
discussed in appendices C and D, one may capture the asymptotic behaviour of this metric
by simply replacing x°' — x in the above Ansatz, which implies taking K = —2¢4 = logy.
Then one obtains that, asymptotically

(dlogx)? ~ exp [~2¢0] (do)?, g2z ~exp[—(2+¢€)a] . (3.10)
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Notice that the asymptotic behaviour of the quantum corrected metric is the same as for
the classical metric (3.8), up to the correction given by e. Recall that, by the discussion
of the previous subsection, this correction is by construction always non-vanishing, or else
we would not be capturing the set of instantons that become relevant as we proceed along
the trajectory. More precisely, for consistency it must be that this parameter lies in the
range 0 < € < 1/2, see also the discussion in appendix C.

In the corrected metric, the trajectory (2.4) is not strictly speaking a geodesic, because
the norm of the velocity vector is no longer constant. Instead we have that

10527 ~ e, (3.11)

and that this contribution dominates the vector length for sufficiently large values of ¢. In
this region, the parametrisation that gives a velocity vector of constant norm is instead

£%(p) = p~ /" (). 7a(p) = p¥°r3(xo) (3.12)

with p € [0,1]. As the domain of the new parameter is now bounded, the decompactification
limit — which now corresponds to p = 0 — no longer is at infinite distance in field space.
In terms of p the Kéhler coordinate metric near this point reads

Gz ~ pPETAe (3.13)

Finally, from the results of appendix C one may extract the kinetic terms for the peri-
odic fields 71 and ¢* which, in the regimes where D1/D(-1)-instanton effects are irrelevant,
can be considered as axions of the compactification. The decay constant of these would-be
axions evaluated at zero vev is given by

foo = p' "/ Mp, (3.14)
faa = P(e_l)/EMP7 (3.15)

which become infinite at p = 0. Notice however that the quantum corrected metric heavily
depends on 71, b* and ¢* through the factor cos (27rmkACA), see eq. (2.16) and the expres-
sions in appendices C and D. For this reason, extending the classical metric Ansatz (C.1)
along these directions is not justified, and therefore it is not clear that one can interpret
such periodic directions have infinite radius at p = 0. In any case, they are clearly not
isometries of M%{IE{ that can be interpreted as global symmetries in the effective theory.
Despite this, an amusing fact is that the conditions |kg| < (3797 and k, < (3799 ysed
above to define € can be rewritten as

foo

faa
kol < =2 ko < .
‘0‘—MP’ = Mp

(3.16)

This is reminiscent of the electric Weak Gravity Conjecture for axions fS < Mp [4], which
can be rewritten as S~! > f/Mp. Indeed, recall that (3.16) selects those ko and k, that
corresponds to instantons whose action is small enough to have a significant contribution
to x. Because increasing (ko, ko) lowers S~1, eq. (3.16) can be interpreted as a lower bound

— 12 —



for S=! in terms of f/Mp, much in the spirit of the WGC. Notice that, remarkably, this
statement is made in terms of quantum corrected quantities f, Mp and not in terms their
classical counterparts. For the latter, one could have already made this observation directly
by inspecting (2.15).

While 7 and ¢* can only be considered periodic coordinates in the quantum corrected
metric, the scalars ¢ and d® are still axions, since the instantons that would break their
shift symmetry are negligible in the limit p = 0. The corresponding decay constants are

h1’1+6

foo=p c 23 (3.17)
~ 1,1
Foa = pie 2 =8 (3.18)

which vanish as p — 0. As these are isometries of Mgﬁ, they a priori represent global sym-

metries in the 4d effective field theory, in conflict with standard wisdom [65, 66]. However,
in the same limit where they become exact symmetries, 4d strings become tensionless, as
we now turn to discuss.

3.3 Tensionless strings

Just like when proceeding along the trajectory (2.4) several towers of D1/D(-1)-instantons
dramatically decrease their action, the same is true for the tension of certain D-strings.
In particular, bound states of D3/D1-branes wrapping holomorphic cycles are seen as 4d
strings which, in the limit ¢ — oo, become tensionless.? It is in fact instructing to analyse
the behaviour of their (classical) tension in the quantum corrected trajectory (3.12). The
tensions of a D1-brane pointlike in X and a D3-brane wrapping a holomorphic 2-cycle of
X is given by

1,1
Tpy = p*/ M = e TR Mg, (3.19)

Rbl4a 511
Tpg = p'/*MZ=p < 20D Mg, (3.20)

where we have used eq. (C.17) to relate the string scale with the corrected Planck scale.
In both cases, for 0 < e < 1/2 the exponent of p is positive, and so these tensions decrease
to zero as we reach the limit p — 0.

Let us now compare these tensions with the decay constants of the axions which are
magnetically charged under each of these strings. One finds that

Tp1 = fooMp p < fooMp, (3.21)
TD3 — faaMPp < faaMPv (322)

in agreement with the magnetic version of the Weak Gravity Conjecture for axions [17, 67]
(see also [68]), with an intriguing extra factor of p. In this sense, one may interpret /Tpy
as the cut-off scale of the effective field theory, lying below /Tp3 and M. As this cut-
off approaches zero at the same point where the field space metric becomes singular, it
is tempting to speculate whether the tensionless string states may have a similar role to

3For a more general analysis of the spectrum 4d strings in different limits of infinite distance see [28].
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the massless hypermultiplet in the conifold case, and if they could also shed light into the
asymptotics of the axion decay constants (3.14) and (3.15) which, despite instanton effects,
still become infinite at p = 0.

One important question in this respect is the precise spectrum of tensionless strings
and the corresponding excitations that may affect the hypermultiplet metric. First, the
complete set of stable bound states is not obvious to determine, even if one resorts to
monodromy arguments [12, 28]. Second, in this regime the tension of the strings could
be modified by the same non-perturbative effects that removed the infinite distance, and
this could in turn prevent some D3/D1-strings to become tensionless. Because of the
magnetic version of the WGC for axions, one would expect at least some D-strings to
become tensionless, given that the r.h.s. of (3.21) and (3.22) are computed for quantum
corrected quantities. Finally, one should understand which subset of massive states should
be integrated out to connect with physics at the IR scale.

In any event, it would be interesting to see if the effect of tensionless strings can be
incorporated to that of instantons, perhaps via some dual description of our setup. This
could involve performing an SL(2,7Z) transformation to a weakly coupled regime, in which
the tensionless D1-strings become fundamental strings. Alternatively, one could consider a
chain of dualities that maps the tensionless D3-strings into tensionless fundamental strings
much in the spirit of [16, 18, 25]. Indeed, notice that the appearance of tensionless D3-
strings in our setup is reminiscent of the constructions in [16, 18, 25] upon replacing the
vanishing gauge coupling constants by infinite axion decay constants. Therefore, it would
be interesting to see the result of combining both pictures, a problem to which we hope to
return in the future.

3.4 D-particles and emergence

At the classical level, the type IIB hypermultiplet moduli space MHE (X)) metric reads [43]
2 1 2 2
dsiiv s = §d¢4 + dsyniia t dSaxions » (3.23)

where ¢, is the four-dimensional dilaton, ds%,M 1A depends on the complex coordinates 2
and is identical to the type IIA vector multiplet metric on the same Calabi-Yau X, and

2
dSaxions
expression.

is the metric along the axionic directions 8%, c?, ¢, d®, see (C.1) for a more detailed

The D-instanton action (2.15) expressed in these coordinates is (see e.g. [72])

2mm )
Smka = 1 €K/2\ZkA\ + 2mimkpCh (3.24)

where g4 = 4. Here /2

|Zx | is the normalised central charge function that depends on
the complexified Kdhler moduli z* and that, when we compactify type IIA on X, governs
the mass of the D-particles, see [24]. Clasically, we thus find that the magnitude of the
instanton correction |efs’”’kA] depends on the coordinates corresponding to the first two
factors in (3.23). We may thus conceive two types of infinite geodesics, under which the

D-instanton corrections behave quite differently:
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- ¢4 — 00, 2% constant: All D-instanton actions vanish asymptotically Sy, x, — 0,
and the same is true for the NS5-brane instanton. In the large volume region one
may also neglect o and gy corrections and describe the trajectory classically. We
thus find an infinite trajectory in which My/Mp ~ M,/Mp o = e~ % tends to zero
exponentially. The SDC is satisfied by the tower of string states.

- ¢4 constant, z% approach infinite distances in ds%,M,H A Then Re S, k, behaves like
the spectrum of D-particles when we approach infinite distance points in ds%MJI A
except that now we have the additional integer m indexing the instanton expansion.
Therefore, for each tower of D-particles that becomes massless exponentially fast
along an infinite trajectory in ds%,M’H A we will have a tower of towers of instantons
whose action will have the same behaviour. We can therefore borrow the results
in [12, 20, 24] to conclude that at infinite distance points of this sort the D-instanton
corrections may substantially modify the moduli space metric. Finally, if ¢4 is fixed
at a large enough value, the NS5-instanton effects will be negligible.

The trajectory (2.4) can be seen as a particular case of these (classical) infinite dis-
tance trajectories, in which D1/D(-1)-instantons effects become dominant over all other
corrections to the classical metric. It seems reasonable to expect that, in all of these cases,
the D-instanton quantum corrections to 4d dilaton dominate over the others, and one ob-
tains a relation of the form (3.5), with Ny, growing exponentially fast along the trajectory.
Then, if the distance remains of infinite length after quantum corrections, the SDC would
be satisfied by the tower of fundamental string states. In fact, quite probably there will
be further 4d strings whose tension in 4d Planck units decay even faster, as it happens in
egs. (3.21), (3.22) in our example. Then there will be several towers of string excitations
satisfying the Swampland Distance Conjecture.

On the contrary it could occur that the same result found for (2.4) applies to other
trajectories, namely that the instanton effects render finite the classically infinite length.
If this was true for all the infinite distance trajectories of this kind then, naively, in the
quantum corrected hypermultiplet moduli space only the direction ¢4 — oo would remain
of infinite distance. It would be very interesting to gather further evidence on whether this
may actually be the case.

One interesting direction to gain some intuition on this matter would be to apply the
c-map to the above setup, in order to interpret it in terms of D-particles. In order to do
so, one must further compactify the theory on a circle, and apply T-duality along such
new compact direction. Omne then obtains type IIA compactified on X x S', where the
S' has the dual radius. The moduli space (3.23) arises from compactifying the type ITA
Vector Multiplet sector on such S'. The axions arise from the Wilson lines of the 4d gauge
bosons along the circle, as well as from dualising the 3d gauge bosons. The direction ¢4
corresponds to the radius of the circle. In fact by T-duality one obtains the relation [73]

ITA

1B 94
= — 3.25
9a 2 Mg Ryra ( )
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which helps to identify type IIB D-instantons with type IIA D-particles. Indeed, one may
take (3.24) and translate it to type IIA vector multiplet quantities as

Re Sih = 2mmRuamis (3.26)

where m{(lf is the mass of the type IIA D-particle wrapping the internal cycle corresponding

to kx in units of type ITA 4d Planck mass. Asin [73], one then identifies the IIB D-instanton
in the sector m,ka with the IIA D-particle from the sector ka whose worldline wraps m
times the S!. Interestingly, the condition that makes the IIB instantons correct significantly
the metric, namely (2.17) or more generally S},IL]’BkA < 1, translate in the type ITA side to

mt < 1/Rya, (3.27)
so these are D-particles way below the 3d — 4d Kaluza-Klein scale, and may be seen as
a tower of particles in 3d. Following again [73], one concludes that one should be able to
generate the quantum corrected 4d hypermultiplet metric by a one-loop computation of an
infinite tower of 3d D-particles, and that such integral should not receive further correc-
tions. Needless to say, this picture is very suggestive from the viewpoint of the Emergence
Proposal, as it allows to recover the IR metric of a compactification via integrating out
states. Notice that in this case the said one-loop integral should be strictly thought as the
running of couplings created by virtual particles, as actual ones would generate a deficit
angle, and it is not clear how to accommodate an infinite tower of them. In this sense, our
result could interpreted as that, unlike in 4d, towers of light particles in 3d do not nec-
essarily generate infinite distances. In fact, it would be very interesting to show whether
no infinite distances exist or emerge in the IR moduli space of 3d quantum gravitational
theories. If such infinite distances were absent in both cases, it would not only constitute
further evidence for the Emergence Proposal, but it would also provide an interesting ex-
tension of the SDC for the three-dimensional case. Indeed, one would then conclude that
the SDC is trivially satisfied in 3d Minkowski. There would be no infinite distances because
there is no infinite tower of particles that could become light when approaching them.

4 Conclusions

In this paper we have analysed the hypermultiplet moduli space metric of type II string
CY compactifications, along a large volume, strong coupling trajectory. At the classical
level, such a trajectory is of infinite distance, and corresponds to a decompactification
limit in F/M-theory. At the quantum corrected level, the metric is heavily modified as we
proceed along the trajectory, rendering such a decompactification limit at finite distance.
The microscopic mechanism behind this effect is an infinite amount of D-instantons with
rapidly decreasing action as we proceed along the trajectory. Their effect on the metric
can be codified in the contact potential (2.18), which in addition measures the evolution of
the quotient Ms/Mp along the said trajectory. We find that this quotient vanishes at the
trajectory endpoint, even if it is at finite distance. If Mp is kept fixed then the string scale
must be lowered as we proceed along the trajectory, and if M is kept fixed then gravity
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effectively decouples at the trajectory endpoint. In hindsight, this seems a rather universal
behaviour for points in moduli space where the effective theory displays a large number
of light resonances and/or instantons with small action. Points of this sort in field space
presumably contain important information with respect to the limits of the corresponding
effective field theory, being related to the Swampland Distance Conjecture and certain
aspects of the Emergence Proposal.

As we have discussed in section 3.4, one can divide the infinite geodesics in the classical
Hypermultiplet moduli space in two classes. The first one is weak coupling limit in which
the four-dimensional dilaton eventually vanishes. In this limit the D-instanton corrections
to the metric are negligible, and if in addition we are in a large volume regime so will be
the ones coming from worldsheet and NS5-branes instantons. One can then see that this
geodesic direction remains infinite, and that the tower of states descending to zero mass
exponentially fast are the tower of fundamental string states. This already implies that
the hypermultiplet moduli space is non-compact, in agreement with the results in [74-76].

The other geodesics of infinite length in the classical metric of Mgl]\a/[/ A are directly
related to those found in the vector multiplet moduli space Mgﬁ/ B of the same Calabi-

Yau. By keeping the four-dimensional dilaton fixed one obtains the same dependence for the
11B/IIA

spectrum of instanton actions in M/ as for the spectrum of D-particle masses in Mp
units in Mgﬁ/ HB, except that there is a tower of instantons per each D-particle. One can

then borrow the results of [12, 20, 24] to argue that at each infinite distance point there are
towers of towers of instantons with vanishing action, and therefore significant corrections
to the classical metric. In this paper we have considered a particular, universal geodesic of
classical infinite distance and shown that, upon taking into account the relevant D-instanton
effects, the distance is rendered finite in the quantum corrected metric. A natural extension
of this analysis would be to consider other trajectories of this sort, for instance by using
SL(2,Z) duality and the Fourier-Mukai transform to access infinite distance points at weak
coupling and/or small volume, as in [24]. For these remaining trajectories it could be that
the infinite distance is also removed by quantum corrections. Alternatively, it could happen
that it is only removed for some of them, perhaps depending of the type of infinite distance
according to the classification in [12, 20, 24]. In either case, it seems quite reasonable that
the Swampland Distance Conjecture is satisfied for each of the trajectories. Indeed, even
if the infinite distance is not removed, the reasoning taking us to the relation (3.4) should
still apply. As this result implies a string scale decreasing exponentially fast along the
trajectory, it provides a tower of string resonances satisfying the conjecture. In fact, one
would expect that even a lower tower of 4d D-string resonances is present in these regions,
satisfying the magnetic Weak Gravity Conjecture for axions not only in the classical metric
but also in the quantum corrected one, as we checked in our example. Finally, if quantum
corrections are able to remove infinite distance points, they may also change the curvature
around them. Indeed, one of the conjectures of [5] states that around points of infinite
distance the scalar curvature must be negative, this being related with the volume of the
moduli space being finite. It would be interesting to see if the removal of such points is
connected to a change in the local curvature.
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This picture also provides further support for the recent Emergence Pro-
posal [3, 12, 13, 29, 30]. Indeed, as discussed in section 3.4, for the infinite geodesics with
constant four-dimensional dilaton the relevant D-instanton effects that correct the metric
significantly should be captured, via the c-map, in the one-loop effects of a tower of 3d
virtual particles. In fact, the most relevant terms of the whole quantum corrected metric
should correspond to the IR metric generated by such one-loop corrections.

Finally, another important direction would be to check if similar effects can occur in the
context of N' = 1 compactifications. There the general corrections to the Kahler metrics are
less understood, but some of them may be analysed in certain constructions. In particular
it would be interesting to see if towers of non-perturbative effects become relevant near
infinite distance points in Calabi-Yau orientifold compactifications, whose Kéahler metrics
can be partially understood in terms of the ones analysed here. As in this context non-
perturbative effects are oftentimes invoked to achieve realistic features, understanding their
interplay with quantum gravity could be essential to sharpen the predictive power of the
string Landscape.
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A The c-map

In this appendix, we review the c-map construction [42, 43] used in the main text to relate
the analysis of instanton corrections in the hypermultiplet moduli space of type IIB string
theory to 1-loop corrections of the vector multiplet moduli space in type IIA string theory.
The hypermultiplet moduli space MBS (X) of 1IB string theory compactified on a CY X
can be described as a quaternionic Kihler manifold of quaternionic dimension %! (X) +1.
At the same time, the vector multiplet moduli space M{}Q(X ) of ITA string theory on the
same CY X is a projective special Kéhler manifold of complex dimension h%!'(X). The
two moduli spaces M%{IE/I(X ) and M{}f/[(X ) can now be related to each other using the
c-map, which associates to every projective special Kéhler manifold a quaternionic Kéhler
manifold in the following way:

Consider the 4d N = 2 effective supergravity theory as obtained from a type ITA CY

compactification and further compactify on an additional circle to get a 3d N = 4 theory.
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The 4d moduli space, which is a product space
Muyg = M{}fd X M%{If/{,

gets modified due to additional scalars which arise in 3d. In particular, these are one
scalar R from the metric (the radius of the S') and the A1!(X) + 1 Wilson line moduli
of the 4d graviphoton and vector multiplets along the S'. Moreover, dualising the 3d
graviphoton, vector multiplet and KK vector gives rise to h''! +-2 additional scalars (5 A a)
in 3d. Due to the N' = 4 supersymmetry in 3d, the moduli space after compactification to
3d is still of product form

_ aqIIA IIA
M3z = Miyisted X M -

While Mgf/l is independent of the radius of the S' and is thus the same in 3- and 4-
dimensions, the scalars in the 4d vector multiplet pair with the new scalars to form twisted
hypermultiplets. The latter space has real dimension 4 (hlv1 + 1) and is a quaternionic-
Kahler manifold. The compactification to 3d thus gives us a map

IIA IIA
Myn — Miwisted
(ZaaA/L) — <ZaaCA7CA7R7 U) '

C:

(A1)

where z% are the complexified K&hler moduli of X, between the 4d and 3d moduli spaces:
the c-map. Recall that the metric of a projective special Kédhler manifold can be determined
by a degree 2 homogeneous prepotential F'(z!). The c-map now associates to such a
prepotential a quaternionic Kéhler metric G;; with the special property that the embedding
of MILy inside MIA s a totally geodesic submanifold [43].

Let us now perform a T-duality transformation to type IIA on X x S! along the
additional S'. This gives type IIB on X x S, with S the T-dual circle, while exchanging
the hyper- and twisted moduli spaces. Thus we can identify the IIB hypermultiplet moduli
space M%{IB[ with M{‘Iﬁsmd, the image of M{}{\} under the c-map. In particular, the IIB
RR axions get identified with the Wilson line moduli ¢, and scalar duals ¢* of the ITA
graviphoton and vector multiplets. Moreover, this T-duality maps D-brane particles arising
in the ITA compactification from D2-branes wrapped along holomorphic 2-cycles and with
momentum along the S' to D1-brane instantons on the IIB side wrapped along the same
2-cycle. As a result, 1-loop corrections of these D-brane particles to the vector multiplet
moduli space of the ITA compactification are captured in the c-dual IIB hypermultiplet
moduli space by the corresponding D-brane instanton corrections.

A non-zero vev for the axions in the IIB hypermultiplet moduli space corresponds using
the c-map to non-zero Wilson lines of the graviphoton and vector multiplets in ITA. When
calculating 1-loop corrections to the vector multiplet moduli space of IIA in 4D, the gauge
fields are assumed to have vanishing Wilson lines in all extended directions. Therefore,
the 1-loop corrections for the vector multiplet moduli space in 4D should correspond to
instanton corrections in IIB for vanishing axions vevs.
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B The conifold limit

The intuition for resolving the infinite distance in the hypermultiplet moduli space of type
IIB CY compactifications is based on the same physical principle that resolves the conifold
singularity in the same moduli space [40]. In this appendix we discuss the resolution of the
conifold singularity of the type IIB hypermultiplet moduli space due to D1/D(-1)-brane
instantons, following a slightly different approach to the one taken in [61].

Consider the instanton corrected expression for the Kéahler potential of the type IIB
hypermultiplet moduli space (2.7) and let us focus in this appendix on the case h!'}(X) = 1
with a single complexified Kéahler modulus z. The moduli space conifold singularity now
corresponds to z — 0 which we want approach in the weak-coupling limit 7o — oo while
keeping 79z finite. In this limit, the classical contribution to the K&hler potential, being
proportional to the volume, vanishes while worldsheet and D-brane instantons become
important.

The perturbative, o/ and worldsheet instanton corrections to the Kéahler potential read

N _ XXC(3)72 . Xx
Wi+pert. 8(2m)3 2 1927

2

2 ( ) ika 2% . 2mikq z®

+ 12 E “Re |:L1 (e taz ) + 27wk t?Lisg (e Tz )} ,
koyaeHY (X)

(B.1)

where Lij is the k’th Polylogarithm. The contribution of the worldsheet instantons to the
hypermultiplet metric is then given by

WS = _9,0.1 Wt [log (1—e*h2) tce| + ...
92z 20z10gXWS+pert. = XWS+pert 167T Z n og e +c.c.| +
1 T2 21)?2
it (O
XWS+pert. 167 " 27
(B.2)
where the ... represent subleading terms that we disregard here.

The other important contribution to the metric comes from the D1-brane instantons.
As argued in appendices C and D, in the regions of the moduli space where only D(-1)
and/or Dl-instantons become very relevant, one may capture their effect on the metric by
means of the expression (C.3). In the following we will demonstarate this observation in
the simple case of the conifold, recovering the results of [61] from it.

The instantons that become important in the conifold limit wrap the S? that shrinks
to zero size at the conifold point. For these D1-brane instantons in the limit & — 0 the
argument of the Bessel function K

ka2t |7a = |2 + kol 72, (B.3)

is clearly dominated by the instanton with D(-1) charge ko = 0. Hence the leading piece
of the hypermultiplet moduli space metric close to the conifold point at z — 0 is given by

; 1 2 |1 2m)? 1 —
geeding o, = T2 { log <( W,) ) + = Z cos(2mm() Ko (27r\mz|7'2)} , (B4)
27 —

XWS+pert. 4 | 47 zZz
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where ( is the axion obtained by reducing the RR 2-form over the shrinking S2. This result
for the metric agrees with what was found for the conifold metric in [41] in the mirror dual
type IIA hypermultiplet moduli space and can be re-expressed as

1 1 1
;= — — 7| + const., B.5
92z 47[. Z \/(C _ n)Q _ 7_2222) ’n’ ( )

which is regular as z — 0.

We thus observe that the logarithmic divergence of the field-space metric near the
conifold point, as caused by the worldsheet instantons, gets resolved by the corrections due
to D1-brane instantons.

C Quantum corrected metric components

In this section we collect the expressions for the relevant components of the hypermultiplet
moduli space metric as calculated from Yy, seen as a Kéhler potential. We are mainly inter-
ested in the contributions to the metric that are non-negligible in the large volume/strong
coupling limit considered in section 2.

Classically, the metric on the entire hypermultiplet can be calculated from the Kéhler
potential y. along the Kéhler submanifold spanned by the complexified Kahler coordinates
z®. This metric, up to order one constants, is given by [43]

(dlochl)2 1
huwdqtdg® D—"5 + —
79 8 + 2722

4 ><12 <722 (&) + (da)2> .

cl

_ 2
(A1) + ggdz2dz’ + 2L acedct + 2 g®al,dé,
E Xel (C.1)

where recall that

- 1 x 1
" =mb" =", Ca=da— GKapeC Go= 4 SRapeb0CC
(C.2)

1 1
o=-2 <b0 + 2007_1> - caca + élcabcbacbgca

and xq is the type IIB 4d dilaton, given by (2.8). The metric g,; for the complexified
Kahler moduli can be obtained by taking derivatives with respect to the Kéhler potential
K = —log xa.

We now consider the same Ansatz but, instead of using x., we apply it to the quan-
tum corrected, SL(2,Z)-invariant 4d dilaton x in (2.7), and more precisely to the expres-
sion (2.16) that is relevant in the limit taken in section 2.2. Such a prescription to compute
the instanton-corrected metric in this specific region in moduli space is motivated by the
results of appendix B, because it allows to recover well-known results in the literature that
are based on the same physical principle. More importantly, they are justified by compar-
ing the results below with the exact hypermultiplet metric results computed in the type
ITA mirror symmetric setup, see appendix D.
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Following this approach, the metric components along the Kéhler coordinates are

gzazb - — azaazb logX

1
V2

leacetcte— 7—2 Zn ZkAzAk cos(27rmkA< VKo (27rm]kAz |7'2)
X

m

-8

m

2 2
X %iledftdtf — ;—jr ;nl((o) Z ka2 cos(27rml<:ACA)Ko (27rm|k:AzA]7'2)
A

2
1 7'2

— ; Kapett — 2 Z Zk‘ ks cos(27rmkAC VK (27rm]kAz |7'2)
2
.
ﬁ nl(io) Z kakb27rm|kAzA\Tg Cos(27rmkACA)K1 (27rm\kAzA|Tg) \
ka m

(C.3)
which to great extent specifies the metric (C.1), and in particular the length of the tra-
jectory (2.4). The other relevant contribution comes from the first factor in (C.1). Recall
that at the classical level the 4d dilaton ~ y.. stays constant along (2.4), and so this term
does not contribute to the path length. As discussed in the main text, this changes dra-
matically once that D1/D(-1)-instanton effects are taken into account. One may compute
this contribution by rewriting the first term in (C.1) as

(dlogx)® _ 1 (9x\* =
- (=2 d A
where y as a function of o is directly obtained from (2.16)
1
Xx(0) = const. + 5.2 nl((o) Z flo) cos (2rmkpCY) Ky (2mmf (o)) ,
kA m m (05)
with f(0) = ma(z0)e™ 2" [ka (b° + it (20)e”)) .

Here we have introduced the function f(o) that captures the entire o dependence of x. We
can now evaluate d,x and obtain

=—— Z Z f(o ) cos (2rmkpCM) Ko (2mmf (o)) |
(C.6)
f(0)0sf(0) = *§f2(0) + 73 (20)e ™7 (kat® (z0)e”)

which can now be inserted into (C.4) to obtain the said contribution to the path length.

To analyse the asymptotic behaviour of the metric components (C.3) and (C.4) in the
limit (2.4), let us first rewrite the sums over the Bessel functions Ky and K; by performing
a Poisson resummation over the integer m. We therefore use

( +Zf‘m>: ( +ZF ﬁn), aB =2r, (C.7)
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where

- \/E?f(t) cos(wt)dt (C.8)
0

is the cosine Fourier transform. The sum over m containing the Bessel function Kj(...)
can thus be rewritten as

2 2nm|kaz™ |y cos(2rmkp (MK, (27rm|k:AzA|7'2)

m=1

_ (kaztm)” & 1 1

4 m=—00 ((m — kaCh)? + (\kAzA|T2)2>3/2

(C.9)

For the sum containing the Bessel function Ky(...) we can use the Ooguri-Vafa metric
close to the conifold (B.5) and (B.4) to find

Z cos(2mmkaC™) Ko (27Tm]k:AzA\7'2) (C.10)

m=1

1 k A2,.2
1 Z B —|—log(’AZlTZ).
b0 LI(lkaz272)2 + (kagh + )22 Il 21

Using these expressions, we want to analyse what happens in the large volume, strong

coupling limit (2.4) for which a tower of instantons has asymptotically vanishing action
Re (SDl/D(_l)) = 2n|ka2® |y < e ¢7/2 — 0. We first focus on the ¢..» component of the
metric, and in particular on the term proportional to 1/x in (C.3). The first term within
the brackets, which originates from the classical contribution to y, scales in this limit as

2

%Kabctc ~ e 27 . const. (C.11)

For analysing the second and third terms we will restrict to the regions of moduli space
where k(M € Z, which is also the case analysed in the main text and Appedix D. In this
case, the constant or logarithmic part are not the leading contribution to the r.h.s. of (C.9)
and (C.10) anymore since now the m = k¢ € Z term in the sum dominates, which in
the limit (2.4) scales like

1 1
~ /2 12
|kazh e D ke +koe*‘7|e (C.12)

Using the scaling behaviour (C.12), we find

(0)
173 n© Kaks o 5/2
— E koky Ko (2mmlk v
XSWZ > Fakyo (2mmfky ) Z|2k The ]t
(0)
1 722 ny kaky —5/20
;167r g Em k k:b27rm|k:Az |0 Ky (27rm]kAz |7'2 E |Zk —{—k:oe*‘7|€ .
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We are thus left with evaluating the sum over the ka. Recall from section 3.1 that the
maximal allowed values for the D1/D(-1) charges of the instantons that contribute to the
prepotential are given by

g — (3o pmex _ (3o (C.13)

We can now evaluate the sum above, which can be divided into two sums depending on

whether kge™7 < > k. or not. If it is the case we can write
C

kmax Z /CLE

> Z ‘szfklz‘; g exp{[}méwl—@—l—hl’l()())e} a}+..., (C.14)

ke=1 ko=

where the ... stand for subleading terms in the limit ¢ — oo, and we have approximated
the GV invariants to be all of the same order.* The contribution to the sum coming from
the sector kgpe™? > > k. can be shown to have the same scaling behaviour. As a result,

C
the 1/x term in (C.3) scales like

1 LN X)) =1
9zzl1 )y ~ ol B (—20) +exp { [(2) — (2+r"(X)) e] a} . (C.ap)
class. ~~

inst.

For the 1/x? term a similar analysis is possible, yielding
2

1,1
9zzl1 /52 ~ X12 exp (—0) —exp { [h(;(m — 2+ r"(X)) e] a} . (C.6)

class.

inst.

We thus see that in both terms in (C.15) and (C.16), the instanton contribution dominates
over the classical contribution if € < 1/2. Recall that, given the definition (C.13), 1/2 is
the maximum consistent value for the parameter e.

To get the full scaling behaviour of the metric, we still have to include the scaling of
X as discussed in section 3.1. Imposing the same assumptions on the maximal D1/D(-1)
charges as above, we find the scaling

X ~ exp { <h11()2()+3 — (AM(X) +1) e> 0} , (C.17)

which grows as we take the limit o — oo if € < 1/2. Thus the metric of the complexified
Kahler moduli in total scales to leading order like

gz~ exp [ (24 €) ] . (C.18)

“This is a very rough estimate and e.g. in the case of one-parameter CYs not the case [77]. However,
we are interested in the contribution to the metric due to the fact that towers of instantons with different
charges acquire a very small action in our limit, rather than the correction to the metric due to BPS
degeneracies. As it turns out, the latter cancel out in the final expression for the metric.
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The scaling for the metric component (C.4) can be deduced along the same lines. In

particular one can see that in the limit (2.4) this term scales as
exp [—2e0] (do)?. (C.19)

With the help of these scalings of the metric components associated to the saxionic
coordinates of the hypermultiplet moduli space, we can also infer the decay constants for
the periodic fields. We again use (C.1) to compute the the matrix of axion decay constants
for the axions ¢® and d,. The diagonal elements scale like

F2, =7y gaa ~exp[(1—€)o] (C.20)
~ 2 —

F? = 7_—QgC“lwexp —o (AP (X) +4 -2 hl’l(X)qL§ ell, (C.21)
“oxE 2

in units of the corrected Planck mass. As before, one can derive these results from a direct
computation of the metric, as we discuss in the appendix D. The same analysis can be used
to compute the decay constants for the remaining axions which, unlike the others, do not
fit into the metric Ansatz (C.1). One instead finds that

Fy ~exp[(3—€) o], (C.22)
F2) ~ exp [—o— <h1’1(X) +6—2 (hl’l(X) - ;’) eﬂ , (C.23)

with the first and second lines being the decay constants for 71 and ¢, respectively.

D Instantons in type IIA CY compactifications

In this work we have mostly focused on the type IIB hypermultiplet moduli space of a CY
X. However, a similar reasoning can be applied to the hypermultiplet moduli space of type
ITA compactified on the CY Y, mirror dual to X. The hypermultiplet moduli space of type
ITA on Y contains, besides the complex structure moduli of the Y, the RR 3-form axions
obtained by reducing the ITA 3-form C3 along 3-cycles. To describe the complex structure
moduli space, define an integral symplectic basis of 3-cycles (Ax, BY), A = 0,...h2 (Y),
satisfying

Al By =—-B;- Al =4t (D.1)

The coordinates of the complex structure moduli space are now defined via the periods of
the holomorphic 3-form €2 of Y over these 3-cycles

A A XA
BA Ap

In the same basis of 3-cycles, the 3-form axions are given by

cAz/Cg, §A=/03. (D.3)
An BA
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Applying the mirror map to the SL(2, Z)-completed expression for x in the IIB hypermul-
tiplet moduli space, one obtains the corresponding expression for the ITA hypermultiplet
moduli space [53]

2

R | Z |
ITA __ Y
WM = oK (2 2) + ﬁ t5s § Q, m§>0j 2 cos (27rm©,) Ky (4rmR|Z,|) ,  (D.4)

where the coordinate R is the mirror dual of the IIB dilaton 7 and K(z,z) = 2Im (ZAFA)
is the classical Kéahler potential in complex structure moduli space. Moreover, yy = —xx
is the Euler characteristic of the mirror Y of X and we have defined

Zy = (kaz™ —1MFy) (D.5)
0, = kaCh —18¢,). (D.6)

Finally, the instanton measure €2, counts the number of special Lagrangian 3-cycles ho-
mologous to ky A" in H3(Y,Z).

The large volume/strong coupling limit analysed in the type IIB setup now translates
into the large complex structure limit, as can easily be seen by looking at t* = Imz® in
the limit

1= e7td, R ~ePR(ty), o— 400. (D.7)

For [* = 0, i.e. the case where the D2-brane instantons only wrap A-cycles, the instanton

R|Zry| ~ € ( t1/2 +e 2 2(:3? . (D8)
0 0

Hence, we identify our case to be correspond to d = 3 in the language of [12] and we

action thus scales like

[

see that, as in the IIB case, there are towers of instantons which have an asymptotically
vanishing action.

The metric for the type IIA hypermultiplet moduli space for the case of purely electri-
cally charged D2-brane instantons, i.e. [* = 0, has already been calculated in [78]. In the
following we review their result and analyse the behaviour of the metric in the particular
limit (D.7). As in the IIB case in the main text, we consider a path on the hypermultiplet
moduli space along which the vevs for the periodic coordinates vanish, which simplifies the
analysis of the metric significantly.

A can be used to calculate the metric on the so-called

In general, the function
twistor space Z associated to the hypermultiplet moduli space Mpy. Z is a CP! bundle
over My with connection given by the SU(2) part of the the Levi-Civita connection on

M. The Kéahler-Einstein metric for the twistor space can be written as

14
+ 795 (D.9)
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where t is a complex coordinate on CP! and v sets the curvature of Myy. The 1-form
Dt is given by

Dt = dt + py — ipst + p_t>, (D.10)

where the p, are the components of the SU(2) connection on M. The Kéhler potential for
the twistor space reads

1
Kz =log h + Re log x4 (2", t) . (D.11)

In [78] the metric is however not calculated directly from y'/4, but by exploiting the SU(2)

connection underlying the quaternionic Kéahler geometry which is given by

i R
— E (1)
P+ =~ 3.2 : Ny ZydJs"

(D.12)

ps =g [2R2K(N dz* — Nadz®) Z ( JNdz, J§1”)d27)

y

8r
p- = (py)

Here, the functions j,y(*’*) are twistorial integrals given by

e _/ @bg (1_0 . 27riE,Y(t)> , 70 _/ dt 1:
Lt z

L toye2mE () 1

dt = dt 1
(1,£) _ —2mi= (t) (2,%) _
S / 1=1 108 ( Ine ’ ) Iy i/M tHL g e 2mi=y (1) — 17

(D.13)
where [, is a “BPS ray” on CP' and 0, = %1 which, for instantons with only electric

charges, can be chosen to be +1. Note that the functions on the right are the derivatives
of the funcitons on the left. Furthermore, we introduced =, which in our case (vanishing
vevs for the axion fields) is given by

=, =R(t'2Z,-tZ,) . (D.14)

IIA

Next, we note that our expression for x* actually corresponds to the type IIA 4d dilaton

r which in terms of the 7, functions can be written as

po R ZQ (2,90 + 2,50:7)) . (D.15)
4 1927 327‘(’2

Comparing this expression with (D.4), we can express the functions 7, in terms of sums
over Bessel functions:

N

| Z
T = 4 Z—” > lcos (2mm®,) Ky (4rmR|Z,[) , T = ZJ@(H). (D.16)
m>0 Y
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This identification can also be seen by using the representation of the Bessel function
[d
t
/t (at+ >e 2(0t+8) — 4 /aBK; (\/ ) , (D.17)
0

o0
and using that log(1 —z) = — > 2 In particular we can rewrite the instanton part

of (D.15) as

R - 1 [t S 1 " o
) [ o )
0

3272 v
¥

where for simplicity we have set ©, = 0 — which is also the case considered below — and

defined
Q= —47T72mZy, Bm = 4miRmZ, .

Using (D.17), we then see that
32 < ZQ (Z T4 4+ 7, g —>) o Z VomBmkKi (\/am6m> . (D.18)

which reduces to the expression in (D.4) upon inserting a,, and S,,.

To find the metric on the hypermultiplet moduli space it suffices to know the triplet
of quaternionic 2-forms on the quaternionic manifold. This can be expressed through the
SU(2) connection as

1
W=-2 (d? + 5? X 7) , (D.19)
and so w? is for instance given by
w3 = —2dps + dip, Ap_. (D.20)
For a given compatible almost complex structure .J3, the metric can be calculated from
9(X,Y) = w3(X, J3Y). (D.21)

This almost complex structure can be specified by choosing a basis of (1,0)-forms. A
suitable set in this case is given by [78]

dz*,
~ 1
_ = 1
Vi =dCn — FasdC™ — ; Qyqpd g
: D.22)
_ L 1+ 1,- 7 (
X =dr+2cdlogR — 7 ; 0, (RZ, g — 70d (RZ,))

4% (do— My + Grac?)

— 28 —



Using (D.20) and (D.12) as well as the basis of (1,0)-forms, one can show that w? can be
written as (cf. eq. (B.37) of [78])

Mb

s B
4r2 (1 -
iR?

2
2 A b))
— Q—NAgdz A dz” Y Z Qvuﬁ )QAquZ A dz

iR? A —
+ o AEEYN A Vs

)

(D.23)
R2K
4

1K
rU

NN
(Nadz + N,;dz”) t 5 Z (2%77(2)(1,27‘2)
v
A (Nadz® = Nypdz) +
where a new (1,0)-form 3 has been introduced, which in terms of the above basis reads

=%+ fAdZA + ¢ (D.24)

with the functions fy and gp such that (D.23) reproduces (D.20). Finally, N, = 0,a log K
and the dots stand for terms that are quadratic in the periodic directions, and which do
not play any role in computing the line element along the trajectory (D.7).

In fact, since we are just interested in the directions in which the RR-fields do not
change, we may project the above (1,0)-forms onto their components corresponding to
complex structure and dilaton directions. The corresponding components of 3 are

A~ 2 2 4T a b
£ 5 < R2U> dr+ 4 [273 K (1— R2U> (Nadz" - Nzdz")

(D.25)
(1, + (1,-)
0, (a0 az, - o
Here U is given by [78]
1 2 7 (2 AS -
U:K_QW;(MZ” T + oA M o (D.26)
where M?* is the inverse matrix of
Mas = Nas = Y 0T anas (D-27)
gl
and the vector vy is given by
1 2,+ = 7(2,—
=1 ;Qm (Z,Y@( 4 2,52 >) . (D.28)

Reading off the metric for the non-periodic directions from (D.23), one finds that it can be
split into four parts

ds® = ds? + ds3 + ds5 + ds3 . (D.29)
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The first one is given by

d82_(1_R2U)d 4

'RQU) a b
1=y 4r2( N, Njdz"dz

i)

3
+{RK( RzU Z <quj +anj1+)

32m2r2 (
.
(D.30)
N ( ) 167t ( anjv(lﬁ)) (Z Qvava(L_))
v
2
47‘2 (Z QqaZy ( )+ J(Q * )) dz"dz"

which contains the metric along the r direction and the dz®dz’ components that go with
1/72. The next part of the metric contains all the terms that go like 1/7:

R2
2 _ Nas— — 3 Q A D.31
ds5 . < AS E VT Dqngs | dzdz" (D.31)

The third part of the metric comes from the last term in (D.23) and includes terms that
go like 1/(rU):

KR?
T

2
dss

(KNaNb ZQ ID [Z,qpNa + quaNb]> dz"dz" (D.32)

The last contribution to (D.29) originates from the term in (D.23) containing Yz and the
fact that the differential djvl has a dR component. Thus, this part of the metric involves
terms like dR? and dRdz and it is given by

ds? — 732;1:5 <ZQ { 2+)dza+‘7’52,)dza}> <Z 07 [j7(2,+)27+j7(2,)27}>

ZQ Z, (Z T 4+ 2,53 —>) dR% + c.c.. (D.33)

322

We thus see that all terms of the metric including dR go like 1/72 unlike the terms in ds3
that go like 1/7.

Let us now compare the metric obtained above with the expressions that we get in
appendix C, where we adapted the FS metric Ansatz (C.1) to the quantum corrected,
SL(2,Z)-completed Kéhler potential x in the mirror dual IIB hypermultiplet moduli space.
For this we will use that in the presence of D(-1)/D1-brane instantons, the quantum cor-
rected mirror map coincides with the classical one except for the axions 5 A [79], whose vev
is however set to zero in the following.

Let us first focus on the metric components along z%, which correspond to (C.3). We
start with the part of the metric ds2, which goes like 1/r and consists of a classical and a
quantum part given by the first and second term respectively. The analog of the first term
in the expression (C.3) is just the classical part of the 1/x contribution and we identify

— 30 —



ITA exact result ‘ IIB Kahler potential approximation

R2 3
TNAE i’cab

The second part of ds3 appears when taking the second derivatives of r w.r.t. 2% and z°
and we thus can identify

ITA exact result ‘ IIB Kahler potential approximation
2 2 2 0
f? E ijw( )QaQb 877-r72x ZkA nl(( ) Zm koky Ko (27Tm’kAZA‘7—2)
5

We saw in appendix C that the IIB expression above is the leading contribution to the
metric in our limit. Thus, to leading order, the approximation for the metric in the I1IB
case in appendix C has the same behaviour as the exact result in the ITA case, as long as
the terms in ds? and ds? of the exact metric are not dominant over the contributions in
ds3. To see this, we find the analogues of these terms in (C.3).

Let us start with noting that in our limit to leading order we have the scaling U ~ r/R2.
Looking at (D.30) we see that

r
R2U

0(1). (D.34)

Thus indeed all the terms in (D.30) scale like 1/r% up to corrections that become negligible
in our limit, and in particular also the terms in (D.32) scale like 1/72. Up to the corrections
induced by U, the second term in (D.30) and the first term in (D.32) can be identified as the
classical contribution to the metric. We can furthermore identify them with the classical
contribution to the 1/x? term in (C.3):

ITA exact result ‘ IIB Kéhler potential approximation
2714 4K2
KrizRNaNE 7(-3247 ICa’Cb

The terms on the left side can be obtained from the product of the first-derivatives of the
classical expression for logr with respect to z* and z°, respectively. Taking the quantum-
corrected expression for r in (D.15), we see that we get the term in the brackets of (D.30)
and the second term in (D.32) which we can thus identify with the corresponding quantum
corrections of (C.3) to the 1/x? term, e.g.

ITA exact result IIB Kahler potential approximation
T4
KR L S0, 7 Z,qsN, 2 Ka Yo X ka2 ey Ko (2mmlka 2t |m)
vy ka
_ 2 4 2
&5 (2 0002y (727 + T2 itz | Sl S ka2 ko (27mlkaz? )|
vy ka

The remaining terms can be identified accordingly. Note that in the IIB Kahler approxi-
mation we set the periodic coordinates to zero in comparison to (C.3).
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We thus see that, in this limit, the contribution from ds% to the metric is dominant
over the others, which correspond to sub-leading terms in appendix C. Notice that, as far
as the z components of the metric are considered, the results of appendix C carry over to
the leading order of the exact metric in type ITA.

Having analysed the metric along the coordinates z®, we can now turn to the 4d
dilaton. Recall that in appendix C we promoted the Ansatz (C.1), for which the 4d dilaton
and the other moduli decouple, to the quantum corrected regime. There, an important
contribution to the line element along the trajectory (2.4) arises from (C.4). In the exact
type ITA metric, the analogous term is given by the first term in (D.30) which in the ITA
limit (D.7) reduces to dr?/r?. Evaluating this term in our limit thus gives rise to the same
behaviour as displayed in (C.19).

However, in the ITA exact metric there are also the terms in (D.33), which give us an
additional contribution for the metric components involving the coordinate R dual to the
10d type IIB dilaton. Since the limit (D.7) is defined via the scaling of R, it is important
to analyze the behaviour of these contributions, to make sure that they do not dominate
over the part that is already present in the Ansatz (C.1). The functional dependence of
the terms in (D.33) suggests that they have the same behaviour as dr?/r?, since they can
be written as the pull-back of log r:

2 2
IR2 ~ <3logr> IR

ZQ 2, (2,72 + 2,527)

32r2 R
R3dR o |
32mr2 (ZQ 245 ) (Z 0,2, [T 2, + T %D (D.35)
g
dlogr dlogr "
~ < R Dm0 )dez .

Therefore in the limit (D.7) these terms scale similarly to dr?/r2. We can then conclude that
the Ansatz (C.1) also captures the leading behaviour of the exact metric in the limit (D.7)
along the direction R.

So far, we have only investigated the metric components for the dilaton and the complex
structure moduli z*. In the main text, we are also interested in the metric components
quadratic in the RR fields since, classically, these correspond to the decay constants of the
corresponding axions. We first focus on the RR fields ¢ arising from reducing the ITA
3-form along the A-cycles. In this case, we directly use the expression for the metric found
in [78]. This metric contains to leading order two terms quadratic in d¢* that are induced
fully by the instanton corrections. The first term arises from

R? _
22 EaniNE= 3272 <ZQ 7,7 QAdCA> (Z QWZVJV(z)quCE) ; (D.36)
v

and the second term is given by

L ASy, L, As 2 I (2 Vg
—MNEYYe D - MY (Y0, TP gagndC ;ﬂm Jgmqrdc™ ), (D.37)

Y
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where we recall that M** is the inverse of (D.27) which in our limit is dominated by the
instanton contribution. Since we are only interested in the scaling behaviour of the metric
component quadratic in the RR fields, we can approximate the above expression by

1
(D.37) ~ = > Qange TP d¢dC™ (D.38)
Y

Thus comparing with the result for the metric components quadratic in the Kéahler moduli,
we see that the metric g¢c behaves to leading order in our limit like

1
gCACE ~ @QZAZE . (Dgg)
Here, g,as» reduces to the leading contribution of g.az for (A,¥) = (a,b) and in

analogy to the leading expression for g,.;» we further defined the components g,oz0 =
RQ

= Q,YJ,Y(Q)quO and similar for g,0z« even though they do not correspond to metric com-
5

ponents for physical field. We note that (D.39) is reminiscent of the expression for the
components quadratic in the RR field of the classical IIB hypermultiplet moduli space
metric given by (C.1).

From the term on the Lh.s. of (D.37) we can also infer the behaviour of the decay
constants of the axions (s obtained by reducing the ITA 3-form along the B-cycles. We
obtain to leading order in our limit

2 ZAzZE

—1
1 - 1 s r s s R P
—— MM,V D =M dadls ~ [ S :Qm@)qmz] deadls ~ =L —dlzdls,
r r 2 > r
(D.40)

where we used in the last step that the term in bracket resembles the leading contribution
to the metric component quadratic in the complexified Kédhler moduli. Here, gzAZZ is to
be understood as the inverse of the g.as» defined above. Again the above result shows
that the quantum corrected decay constants for the C~A have, to leading order, a similar
dependence on g,z as the classical decay constants in (C.1).

To sum up, in the ITA case we also have towers of instantons becoming very relevant
due to their small action in the large complex structure limit. By directly computing
the quantum corrected metric, one finds that its leading behaviour reproduces the one
obtained in appendix C by adapting the classical metric Ansatz (C.1) to the type IIB
SL(2, Z)-invariant 4d dilaton. As such, the analysis of the main text applies to this case as
well, and the classical infinite distance along (D.7) is resolved by quantum corrections.
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