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It is expected that infinite distance limits in the moduli space of quantum gravity are accompanied by a
tower of light states. In view of the emergent string conjecture, this tower must either induce a
decompactification or correspond to the emergence of a tensionless critical string. We study the consistency
conditions implied by this conjecture on the asymptotic behavior of quantum gravity under dimensional
reduction. If the emergent string descends from a (2þ 1)-dimensional membrane in a higher-dimensional
theory, we find that such a membrane must parametrically decouple from the Kaluza-Klein scale. We verify
this censorship against emergent membrane limits, where the membrane would sit at the Kaluza-Klein
scale, in the hypermultiplet moduli space of Calabi-Yau 3-fold compactifications of string/M-theory. At the
classical level, a putative membrane limit arises, up to duality, from an M5-brane wrapping the
asymptotically shrinking special Lagrangian 3-cycle corresponding to the Strominger-Yau-Zaslow fiber
of the Calabi-Yau. We show how quantum corrections in the moduli space obstruct such a limit and instead
lead to a decompactification to 11 dimensions, where the role of the M5- and M2-branes are interchanged.
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I. INTRODUCTION

Consistency conditions imposed by quantum gravity
restrict the space of acceptable effective field theories
(EFTs). From the set of EFTs that naively we would have
deemed consistent only a small subset can actually be UV
completed to a theory of quantum gravity, and therefore
populate the landscape. The remaining theories run into
consistency problems when gravity is taken into account,
and are said to be in the swampland.
The swampland program [1] aims to delineate the

boundary between the landscape and the swampland, an
endeavor which has received lots of attention in recent
years. In this context, an ever-growing web of general
interconnected conjectures on the nature of quantum
gravity has been taking shape; see Refs. [2–5] for recent
reviews. Among these swampland conjectures the swamp-
land distance conjecture (SDC) asserts that along infinite
distance limits in moduli space a tower of states has to
become asymptotically massless, therefore breaking the
EFT description. This has been extensively tested in string

theory [6–17], where asymptotic regions in moduli space
exhibit a simplified structure that allows precise checks at a
quantitative level. The conjecture has also been motivated
by its relation to the weak gravity conjecture [18,19].
The emergent string conjecture [20] is a refinement of the

SDC proposing that infinite distance limits in moduli space
either are pure decompactification limits or signal a tran-
sition to a duality frame determined by a unique emergent
critical weakly coupled string such that Tstr ∼M2

KK. The
emergent string conjecture has been scrutinized in the
context of the Kähler moduli space of F-/M-/IIA-theory
in 6D/5D/4D in Refs. [20–22], in the complex structure
moduli space of F-theory in 8D in Refs. [23,24], and for the
4D N ¼ 2 hypermultiplet moduli space in Refs. [25,26].
The case of M-theory on G2 manifolds was treated in
Ref. [27], while 4D N ¼ 1 F-theory was studied in
Ref. [28], with the leading quantum corrections included
in Ref. [29]. Their effect, both in the vector multiplet and
hypermultiplet moduli spaces, is to remove pathological
string limits in which Tstr ≺ M2

KK.
1 Such limits are expected

to be impossible in the landscape, as otherwise one could
decouple the Kaluza-Klein (KK) scale and obtain genuinely
lower-dimensional critical string theories. Complementary*Corresponding author.
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viewpoints on the relevance of strings for determining the
asymptotics of moduli space have appeared in Refs. [30–32].
In the present work we analyze infinite distance limits

in the hypermultiplet moduli space of M-theory on a
Calabi-Yau 3-fold X in which, classically, a distinguished
membrane becomes light at the same rate as the KK scale.
Such putative limits will be called (emergent) membrane
limits. We find that quantum corrections forbid these
limits, deflecting them into trajectories in which the
membrane always sits at a scale parametrically higher
than the KK scale, as is characteristic for a decompacti-
fication of the theory.
Our motivation for this work is twofold. The first moti-

vation is to challenge the emergent string conjecture by trying
to construct limits in which an object different from a critical
string becomes equally light as the KK scale. The natural
candidate for such an object would indeed be a membrane
which is as close to being “critical” as possible, in the sense
that at least under dimensional reduction it becomes a critical
string. What we have in mind is a situation similar to the one
for the M2-brane in 11-dimensional M-theory. Even if
realizable, emergent membrane limits would presumably still
qualify as decompactification limits since, unlike a critical
string, the membrane is not expected to give rise to a dense
tower of particle excitations. However, if they existed, we
could start in the interior of the moduli space, where the KK
scale and the tension of the M2-brane are comparable, and
move to an infinite distance point, where again a (dual)
membrane sits at the same scale as the effective KK scale. In
this sense, wewould encounter essentially the same theory at
infinite distance—analogous to what happens for emergent
string limits in the hypermultiplet moduli space of type II
string theory [26]. We find it intriguing that gravity censors
the appearance of such emergent membrane limits in the
quantum moduli space.
The second motivation is to investigate the implications

of the emergent string conjecture upon dimensional reduc-
tion. As it turns out, the observed quantum obstruction
against a membrane limit is a consequence of the emergent
string conjecture in the theory obtained by dimensional
reduction. More precisely, emergent membrane limits
would lead, under further compactification on an M-theory
circle, to pathological string limits in which Tstr ≺ M2

KK.
The quantum obstruction to these limits must therefore
already be at work for the membranes in the five-
dimensional M-theory setting. In this sense, the emergent
string conjecture acts as a censor against emergent mem-
brane limits in one dimension higher.
To provide a realization of this quantum obstruction

to membrane limits we exploit a useful fact: the hyper-
multiplet moduli space of M-theory onR1;4 × X is identical
to that of type IIA string theory on R1;3 × X. This implies,
after mirror symmetry, an identification of the emergent
string limits of Refs. [25,26] with the trajectories of
the membrane limits under consideration, allowing us to

translate the effect of the quantum corrections from one
setting to the other. This leads to the conclusion that the
putative membrane limits are quantum obstructed and the
five-dimensional M-theory undergoes a decompactification
limit instead. The situation is depicted in Fig. 1.
The structure of the paper is the following. In Sec. II we

discuss how consistency under dimensional reduction for
the emergent string conjecture forbids the existence of
limits in which a “critical” membrane becomes light at the
same rate as the KK scale. Section III gives a review of the
hypermultiplet moduli space of five-dimensional M-theory
and analyzes the type of scalings needed in said moduli
space to give rise to a classical membrane limit. In Sec. IV
we review the type IIB hypermultiplet moduli space limits
of Refs. [25,26]. In Sec. V we translate these limits to the
type IIA setting via mirror symmetry and make contact
with the five-dimensional M-theory limits through the
identification of the corresponding hypermultiplet moduli
spaces. Section VI analyzes how quantum corrections
obstruct the classical membrane limits and instead lead
to a decompactification of the theory. We conclude with a
summary in Sec. VII.

II. CONSISTENCY UNDER DIMENSIONAL
REDUCTION

Consistency under dimensional reduction has served
as a fruitful guiding principle for formulating swampland
conjectures, most prominently in the context of the weak
gravity conjecture [3,33–39]. Here we would like to
address the following question:
Is the emergent string conjecture consistent under

dimensional reduction?
Suppose we have a theory in D dimensions and fix an

infinite distance limit in its moduli space. Denote by MðDÞ
KK

the mass scale of the lightest KK tower in the limit and

assume that MðDÞ
KK=M

ðDÞ
Pl → 0 asymptotically. Denote

FIG. 1. Under the identification of the 5D M-theory and 4D
type IIA hypermultiplet moduli spaces, the quantum corrected
emergent string limits of Refs. [25,26] correspond to decom-
pactification limits in M-theory.
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furthermore by TðDÞ
str the tension of the lightest critical string

in the limit. The emergent string conjecture predicts that

TðDÞ
str ≿ ðMðDÞ

KKÞ2 asymptotically. Under compactification on
a circle of constant radius, as measured in units of the
D-dimensional Planck scale, this relation will be preserved.
In addition, the string will generate a tower of winding
states on the circle. These will however not lead to any
inconsistency.
The situation is different if, instead of a critical string,

we consider a membrane with a (2þ 1)-dimensional
worldvolume in the D-dimensional theory. Let us denote

the tension of the lightest such brane by TðDÞ
brane. Assuming

the existence of such a brane in the D-dimensional theory,
its infinite distance limits will be characterized by the
dimensionless parameter

μ ¼ TðDÞ
brane

ðMðDÞ
KKÞ3

: ð1Þ

After compactification, the membrane will lead to a new

string of tension TðD−1Þ
str ¼ RS1 · T

ðDÞ
brane from wrapping the

brane on the S1 of radius RS1 . In the sequel it is always
understood that the membrane under consideration has the
special property that the string obtained in this way is a
critical string. We will sometimes call such objects critical
membranes.
The special case μ ¼ const could be called an “emergent

membrane” limit. The reader will object that, unlike a
critical string, a membrane is not expected to give rise to an
infinite tower of particle-like excitations and hence the
special nature of such a regime might be dubious. Thus,
such a limit should be classified as a decompactification
limit in view of the emergent string conjecture. We will see,
however, that the existence of an emergent membrane limit
can potentially lead to trouble with the emergent string
conjecture in lower dimensions.
In the dimensionally reduced theory, the emergent string

conjecture requires that TðD−1Þ
str ≿ ðMðD−1Þ

KK Þ2. For a circle of
constant radius of order one in units of MðDÞ

Pl , M
ðD−1Þ
KK ∼

MðDÞ
KK. This gives rise to a nontrivial constraint on admis-

sible limits in the D-dimensional theory:2

TðD−1Þ
str

ðMðD−1Þ
KK Þ2

∼
TðDÞ
brane ·RS1

ðMðDÞ
KKÞ2

¼ TðDÞ
brane

ðMðDÞ
KKÞ3

·
MðDÞ

KK

MS1
KK

∼μ ·
MðDÞ

KK

MS1
KK

¼ μ ·
MðDÞ

KK

MðDÞ
Pl

·
MðDÞ

Pl

MS1
KK

∼μ ·
MðDÞ

KK

MðDÞ
Pl

≿
!

1: ð2Þ

Since the KK scale is assumed to approach zero in the
D-dimensional theory, it is necessary that μ → ∞ in the
limit. Hence, we find that the emergent string conjecture
predicts a censorship of infinite distance limits in a higher-
dimensional theory where a critical membrane sits at the
same scale as (or below) the KK tower.
In the saturated case of an emergent string limit in the

dimensionally reduced theory, TðD−1Þ
str ∼ ðMðDÞ

KKÞ2, we can
extract the following scaling in the D-dimensional theory
from Eq. (2):

�
MðDÞ

KK

MðDÞ
Pl

�3

∼
1

μ3
;

TðDÞ
brane

ðMðDÞ
Pl Þ3

∼
1

μ2
: ð3Þ

In the remainder of this article, we will explore how this
censorship is realized quantitatively in the five-dimensional
setting of M-theory compactified on a Calabi-Yau 3-fold.

III. CLASSICAL MEMBRANE LIMITS
IN M-THEORY

In this section we briefly review the moduli space of
M-theory compactified on a Calabi-Yau 3-fold and we
analyze the conditions that need to be met to engineer
classical membrane limits.

A. The moduli space of M-theory
on Calabi-Yau 3-folds

M-theory compactified on a Calabi-Yau 3-fold gives
rise to a five-dimensional N ¼ 2 supergravity theory
containing a number of hypermultiplets and vector mul-
tiplets whose scalar fields parametrize the deformations
of the internal space. Such a dimensional reduction of
11-dimensional supergravity was carried out in Ref. [40].
In D ¼ 11 the bosonic field content is given by the

metric Gμ̂ ν̂ and a 3-form gauge field Cμ̂ ν̂ ρ̂. Upon dimen-
sional reduction on a Calabi-Yau 3-fold X with Hodge
numbers ðh1;1; h2;1Þ we obtain h1;1 − 1 vector multiplets
and h2;1 þ 1 hypermultiplets. In the following we denote
the splitting of indices by μ̂ ¼ ðμ; i; īÞ (μ ¼ 1;…; 5,
i; ī ¼ 1, 2, 3).
The scalar components of the vector multiplets para-

metrizing the moduli space are accounted for by the (real)
scalarsGij̄ except for the overall volume of X, which in five-
dimensional M-theory decouples from the vector multiplets.
If we denote by MΛ the Kähler coordinates in the decom-
position of the Kähler form, the vector multiplet moduli
space coordinates would be given by tΛ ¼ MΛ=V

1
3 subject to

the constraint VðtΛÞ ¼ 1, i.e., the vector multiplet moduli
space of five-dimensional M-theory is a hypersurface cut
from the real projection of that of type IIA string theory.
The volume scalar V, the real scalar Cμνρ and the

complex scalar Cijk ¼ ϵijkD conform the four scalar

2Clearly, one can also consider limits in which the circle
radius scales with respect to MðDÞ

Pl , but the fact that we run
into a constraint for the current limit is already enough for our
argument.
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degrees of freedom of the universal hypermultiplet
ðV; Cμνρ; DÞ. The remaining h2;1 hypermultiplets are
accounted for by the complex scalars ðGij; Cijk̄Þ.

B. Classical membrane limits

We would like to investigate if it is possible to engineer
infinite distance limits in the hypermultiplet moduli
space of five-dimensional M-theory along which a critical
membrane in the sense defined in Sec. II becomes expo-
nentially light at the same rate as the KK scale. In analogy
with Refs. [20,29] we would call them emergent membrane
limits.
We will consider trajectories involving only the

volume scalar V and the complex structure moduli za,
a ¼ 1;…; h2;1, of X. Varying za will affect the volume of
certain 3-cycles. We denote the 3-cycles with the slowest
and fastest scaling along the limit byA and B, respectively.
Then, the mass scales of the membranes and KK modes in
the theory compare to the five-dimensional Planck scale as

TM2

ðM5D
Pl Þ3

∼
1

V11D
X

∼
�

TM5

ðM5D
Pl Þ6

�1
2

; ð4Þ

TM5jA
ðM5D

Pl Þ3
∼ V11D

A

1

V11D
X

; ð5Þ

�
MKK

M5D
Pl

�
3

∼min

�
1

V11D
B

;

�
1

V11D
X

�1
2

�
1

V11D
X

; ð6Þ

where all the volumes are measured in 11-dimensional
units. At the classical level, we can distinguish two
scenarios:
(1) M2-limit: The unwrapped M2-brane becomes light

at the same rate as the KK modes, which happens if3

V11D
B ∼ const: ð7Þ

(2) M5-limit: The M5-brane wrapped on the A-cycle
becomes light at the same rate as the KK modes,
which requires that

V11D
A ∼

1

V11D
B

or V11D
A ∼

�
1

V11D
X

�1
2

: ð8Þ

In order for the membrane obtained by wrapping the
M5-brane on the A-cycle to correspond to a critical

membrane (i.e., one which gives rise to a critical string
once wrapped on a circle), the A-cycle must be a special
Lagrangian 3-torus [41]. This will become particularly
clear from the perspective of the dual type IIA string theory
in Sec. V.
Obtaining membrane limits is therefore classically

possible. However, the hypermultiplet moduli space of
five-dimensional M-theory receives quantum corrections
that could deflect the chosen trajectories, modifying their
properties such that the membrane no longer becomes light
at the same rate as the KK modes.
A similar phenomenon was observed for infinite distance

limits in the hypermultiplet moduli space of type IIB string
theory in Refs. [25,26]. There, the D1-limit presented
an infinite distance trajectory along which classically a
D1-string became tensionless faster than the KK scale.
Such behavior is expected to be forbidden after taking
quantum corrections into account, as otherwise we would
be able to decouple both scales and obtain critical four-
dimensional strings with an infinite number of oscillation
modes. Indeed, the authors found that including the
relevant effects due to Dð−1Þ- and D1-instantons modified
the trajectory in such a way that both scales became light
at the same rate, yielding an emergent string limit.
Similar quantum obstructions to pathological string limits
in the vector multiplet moduli space of type II theories
were analyzed in Ref. [20] and for 4D N ¼ 1 theories
in Ref. [29].
Given the above, we need a way to take into account the

quantum corrections to the hypermultiplet moduli space
of five-dimensional M-theory. Our strategy will be to first
study the problem in the hypermultiplet moduli space of
type IIA string theory and to then translate the results to the
M-theory setup.

IV. REVIEW: TYPE IIB HYPERMULTIPLET
LIMITS

The quantum corrections to the hypermultiplet moduli
space of type II string theories compactified on Calabi-Yau
3-folds have been extensively studied in the literature;
see Refs. [42,43] and references therein. In the settings in
which only mutually local D-instantons contribute, the
quantum-corrected metric for the hypermultiplet moduli
space can be given explicitly.4 This fact was exploited in
Refs. [25,26], where all the limits fall in this category.
We are investigating limits in the hypermultiplet moduli

space of M-theory on R1;4 × X. Since the radius of the
M-theory circle, measured in five-dimensional Planck
units, sits in a vector multiplet from the point of view of
the dimensionally reduced theory, this moduli space3This condition follows straightforwardly from Eq. (6) if the

minimal KK scale comes from B. If the minimal KK scale instead
comes from X, it follows that V11D

X ∼ 1 and hence V11D
B ≾ 1. If B

is shrinking, so must be all other 3-cycles since by assumption B
has the fastest scaling. In order to avoid a contradiction with
V11D
X ∼ 1, we should therefore again require V11D

B ∼ 1.

4This metric was first computed in Ref. [44]. See also Ref. [45]
for a recent mathematical treatment of quaternionic Kähler
metrics including the case of the hypermultiplet metric with
mutually local D-instanton corrections.
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coincides with the hypermultiplet moduli space of type IIA
string theory on R1;3 × X [46]. By then exploiting mirror
symmetry to type IIB on R1;3 × Y we will be able to
translate the quantum corrections computed in
Refs. [25,26] to the membrane limits under consideration.
We would like to stress that the relation between the

limits is at the level of the trajectories in the respective
hypermultiplet moduli spaces, once viewed as hypermul-
tiplets of the four-dimensional type IIA compactification
on X and once as those of the five-dimensional M-theory
compactification. In the first case, the trajectories describe
emergent string limits, while the nature of the limit in the
second case is the subject of our investigation. We will
elaborate on this point more in Sec. V B.
In this section we review the results of Refs. [25,26] on

emergent string limits in the hypermultiplet moduli space
of type IIB string theory and the quantum corrections they
receive. At the end we also comment on the reasons behind
focusing on the class of limits under consideration here.

A. Type II hypermultiplet moduli spaces

To fix notation, let us list the scalars parametrizing the
hypermultiplet moduli space of type II string theories.
Excellent reviews on said moduli spaces and the quantum
corrections that they receive can be found in Refs. [42,43].
For type IIB string theory on a Calabi-Yau 3-fold Y

we have h1;1ðYÞ þ 1 hypermultiplets with the following
bosonic content:

universal hypermultiplet∶ ðτIIB; b0; c0Þ; ð9Þ

h1;1ðYÞ hypermultiplets∶ ðzaIIB; ca; daÞ: ð10Þ

Here τIIB ¼ C0 þ ie−ϕIIB ¼ τIIB1 þ iτIIB2 is the ten-
dimensional type IIB axio-dilaton and b0 and c0 are the
axions dual to the four-dimensional components of the B2

and C2 2-forms respectively. Furthermore, zaIIB ¼ ba þ ita

are the complexified Kähler moduli for the decomposition
of the Kähler form over a basis fγaIIBg of 2-cycles and ca

and da are two axions related to the integrals of the C2 and
C4 forms over the same basis of 2-cycles.
Defining the four-dimensional dilaton by

ðM4D
Pl Þ2 ¼ 4πe−2φ4M2

s ¼ 2πðτIIB2 Þ2VYðtaÞM2
s ð11Þ

we have appropriate coordinates to express the classical
hypermultiplet moduli space metric as

ds2MIIB
HM

¼ 1

2
ðφ4Þ2 þ gab̄dz

a
IIBdz̄

b
IIB þ ðaxionsÞ: ð12Þ

Corresponding to the membrane limits with which we
would like to make contact, and as in the trajectories
considered in Refs. [25,26], we will keep the axions set
to zero.

Type IIA string theory compactified on a Calabi-Yau
3-fold X presents h2;1ðXÞ þ 1 hypermultiplets, whose
bosonic content is as follows:

universal hypermultiplet∶ ðϕIIA; σ; ζ0; ζ̃0Þ; ð13Þ

h2;1ðXÞ hypermultiplets∶ ðzaIIA; ζa; ζ̃aÞ: ð14Þ

Here ϕIIA is the ten-dimensional type IIA dilaton, σ is the
Neveu-Schwarz axion dual to the four-dimensional 2-form
B2 and ζ0 and ζ̃0 are obtained by integrating the 3-form C3

over the 3-cycle γ0 dual to the unique holomorphic (3,0)-
form ΩX of X and its symplectic pair γ0 respectively. The
remaining h2;1ðXÞ hypermultiplets involve the complex
structure moduli zaIIA ¼ Xa=X0, where ðX0; XaÞ are the ΩX

periods of X. Finally, ζa and ζ̃a are obtained by integrating
C3 over the A- and B-cycles conforming the fγaIIA; γIIAa g
basis of (1,2)- and (2,1)-cycles.
The four-dimensional dilaton is defined by

ðM4D
Pl Þ2 ¼ 4πe−2φ4M2

s ¼ πR2KðzaIIA; z̄aIIAÞM2
s ; ð15Þ

where R is related to the ten-dimensional type IIA string
coupling as displayed in Eq. (43). The classical hyper-
multiplet moduli space metric is mutatis mutandis the same
as Eq. (12). Again, the axions will be set to zero in the
following. Throughout the text we will denote the string

coupling by gIIAðBÞ ¼ 1=τIIAðBÞ2 .

B. Classical string limits

Out of the limits in the hypermultiplet moduli space of
type IIB string theory discussed in Refs. [25,26] we are
interested in recalling the properties of the D1- and
F1-limits, which we will later identify with the M5- and
M2-limits, respectively.
D1-limit: The classical D1-limit corresponds to a strong

coupling, large volume limit in which the 2-cycles of Y are
uniformly scaled.5 More concretely, the scaling along the
trajectory is given by

D1∶ gIIB ∼ λ
3
2; ta ∼ λ; λ → ∞: ð16Þ

The object becoming massless at the fastest rate, in the
classical limit, is the D1-string with tension

TD1

ðM4D
Pl Þ2

¼ 1

gIIB

�
Ms

M4D
Pl

�
2

∼
1

λ
3
2

: ð17Þ

The KK scale is set by the overall volume of the
manifold Y as

5See Sec. IV D for a discussion on the systematics behind the
infinite distance limits.
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�
MKK

M4D
Pl

�
2

¼ 1

V
1
3

Y

�
Ms

M4D
Pl

�
2

∼
1

λ
: ð18Þ

F1-limit: The F1-limit is the S-dual of the D1-limit.
Taking into account the action of S-duality,

τ0IIB¼−
1

τIIB
; t0a¼jτIIBjta; e−2φ

0
4 ¼gIIBe−2φ4 ; ð19Þ

we obtain the trajectory of the weak coupling, small volume
limit

F1∶ g0IIB ∼
1

λ
3
2

; t0a ∼
1

λ
1
2

; λ → ∞: ð20Þ

As expected from S-duality, it is now the F1-string that
classically becomes the lightest,

TF1

ðM4D
Pl Þ2

¼
�
M0

s

M4D
Pl

�
2

∼
1

λ
3
2

; ð21Þ

with the KK scale falling once again behind as

�
MKK

M4D
Pl

�
2

¼ 1

V
01
3

Y

�
M0

s

M4D
Pl

�
2

∼
1

λ
: ð22Þ

Both of these classical limits, in which a critical string
becomes parametrically lighter than the KK scale, get
deflected by quantum corrections [25,26].

C. Quantum corrections

Along the F1-limit, the relevant quantum corrections are
the α0 corrections and the worldsheet instanton contribu-
tions. For the D1-limit it is the Dð−1Þ- and D1-instantons
that will give the relevant corrections, which constitute a
mutually local configuration of instantons. The two sets of
quantum corrections are S-dual to each other, as one would
have expected.
When only Dð−1Þ- and D1-instantons contribute,

enough continuous shift symmetries in the Ramond-
Ramond sector remain unbroken so that the hypermultiplet
moduli space simplifies and can be described in terms of
tensor multiplets. The quantum corrections can then be
captured in an object known as the contact potential χ,
which is a quantum-corrected version of the four-dimen-
sional dilaton,

�
Ms

M4D
Pl

�
2

∼ e2φ4 !QC 1

χ
; χ0 ¼ χ

jτIIBj
⟷
S-dual

χ: ð23Þ

It was argued in Ref. [25] that this quantity determines a
metric that asymptotically approximates the one on the
hypermultiplet space in the relevant limits. In particular, it
acts as an approximate Kähler potential

K ¼ − log χ ð24Þ

for the metric gab̄ on the space of complexified Kähler
moduli. The explicit expression for χ was found in
Ref. [47] by exploiting the c-map and considerations
of SLð2;ZÞ invariance, and recast in a new form by
Poisson resummation in Ref. [48] to make the role of
the Dð−1Þ- and D1-instantons manifest.
This was used in Refs. [25,26] to analyze exactly which

contributions need to be taken into account along the
F1- and D1-limits, and how they modify the classical
trajectory. The pathological behavior classically found for
the string limits is thereby removed.
F1-limit: For the F1-limit, in which classically the

volume of the manifold shrinks to zero, it was argued in
Ref. [26] that instead one eventually reaches a minimal
quantum-corrected volume such that the Kähler coordi-
nates freeze but one still encounters an infinite distance
limit along the quantum-corrected four-dimensional dila-
ton. This was supported by analyzing a similar trajectory in
the vector multiplet moduli space of type IIA string theory
on Y, which was then embedded into the hypermultiplet
moduli space of type IIB string theory on Y via the c-map.
The effect of this is that the contribution of the worldsheet
instantons freezes deep enough into the trajectory, i.e., once
the quantum volume has been reached, the quantum-
corrected quantities contain a constant piece corresponding
to the worldsheet instantons that no longer affects the
functional dependence on the parameter λ. The scaling of
the four-dimensional dilaton is quantum corrected to

�
M0

s

M4D
Pl

�
2

∼
1

λ
3
2

!QC 1

χ0
∼

1

λ3
; ð25Þ

which results in the F1-string tension

TF1

ðM4D
Pl Þ2

¼ 1

χ0
∼

1

λ3
ð26Þ

and the KK scale

�
MKK

M4D
Pl

�
2

¼ 1

ðV 0QC
Y Þ13

1

χ0
∼

1

λ3
ð27Þ

decreasing at the same rate. In other words, the quantum
corrections deflect the pathological string limit in the
necessary way to obtain an emergent string limit.
D1-limit: The results for the F1-limit were then trans-

lated to the D1-limit setting by S-duality. Under S-duality,
freezing of the worldsheet instantons is translated into
freezing of the D1-instanton contributions deep enough
along the trajectory. For a classical D1-type trajectory the
relative scaling of the Kähler coordinates and the string
coupling is such that
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ta

gIIB
⟶
λ→∞

0 ð28Þ

(note that if the quotient goes to ∞ we have a decom-
pactification limit; see below). This corresponds under
S-duality to an F1-type limit in which the classical volume
of the manifold is shrinking. Now, in order for the
contribution of the D1-instantons to freeze, we need the
scaling of the Kähler moduli to get quantum accelerated
deep enough along the trajectory to obtain

taQC
gIIB

⟶
λ→∞

1: ð29Þ

This yields a quantum-corrected trajectory for the four-
dimensional dilaton

�
Ms

M4D
Pl

�
2

∼ 1!QC 1

χ
∼

1

λ
3
2

; ð30Þ

which is compatible with Eq. (25) under S-duality. As a
result, the D1-string tension,

TD1

ðM4D
Pl Þ2

¼ 1

gIIB

1

χ
∼

1

λ3
; ð31Þ

and the KK mass,

�
MKK

M4D
Pl

�
2

¼ 1

ðVQC
Y Þ13

1

χ
∼

1

λ3
; ð32Þ

scale in the same way. Once again, the quantum corrections
modify the classical trajectory so as to remove the patho-
logical behavior and to yield an emergent string limit.

D. Other possible limits

We have just reviewed the physics of the D1-limit and
its S-dual, the F1-limit. Throughout the text we will only
consider limits that are related, after an appropriate chain of
identifications, to these two limits. This restriction, present
already in Refs. [25,26], stems from the inherent difficulty
of performing explicit computations for the quantum
corrections to trajectories in the hypermultiplet moduli
space of type II string theories. Therefore, we have to
content ourselves with configurations in which only mutu-
ally local D-instantons contribute, for which the problem is
tractable.
Consider a homogeneously scaling manifold with

ta ∼ λμ; gIIB ∼ λν: ð33Þ

As long as we are in the classical large volume regime, the
nonperturbative contributions then scale like

SWS ∼ V2-cycle ∼ ta ∼ λμ; ð34Þ

SDð−1Þ ∼
V0-cycle

gIIB
∼

1

gIIB
∼ λ−ν; ð35Þ

SD1 ∼
V2-cycle

gIIB
∼

ta

gIIB
∼ λμ−ν; ð36Þ

SD3 ∼
V4-cycle

gIIB
∼
ðtaÞ2
gIIB

∼ λ2μ−ν; ð37Þ

SD5 ∼
V6-cycle

gIIB
∼
ðtaÞ3
gIIB

∼ λ3μ−ν; ð38Þ

SNS5 ∼
V6-cycle

g2IIB
∼
ðtaÞ3
g2IIB

∼ λ3μ−2ν: ð39Þ

Demanding that D3-, D5- and NS5-instantons do not give
relevant contributions along the limit6 constrains μ and ν to
either fulfill the inequality

μ > 0; and ν ≤
3μ

2
ð40Þ

or the inequality

μ ≤ 0; and ν ≤ 3μ: ð41Þ

Trajectories fulfilling condition (40) are related by
S-duality to trajectories that satisfy condition (41), and
vice versa. The D1-limit saturates condition (40) and,
as a consequence, the F1-limit lies in the regime of
condition (41). For λ → ∞ the latter of course leaves the
regime of validity of the large volume approximation and
quantum corrections to the volume formulas become
important, as discussed.
Looking closer at Eq. (40) we see that it also includes

trajectories that classically lead to decompactification
limits and are therefore not of our interest. Computing
the classical tension of the different object and imposing
that the KK scale sits below all of them amounts to the
condition μ > ν. To exclude the classical decompactifica-
tion limits we therefore also impose μ ≤ ν, obtaining

0 < μ ≤ ν ≤
3μ

2
: ð42Þ

The classical D1-limit trajectory saturates ν ≤ 3μ=2, while
the quantum-corrected trajectory, after taking Eq. (29) into
account, saturates μ ≤ ν.

6Mutually local instanton configurations in which D3- and
D5-instantons contribute do exist. However, after mirror sym-
metry to the type IIA side, a symplectic transformation and mirror
symmetry back to the IIB side, they can be written as a
configuration in which the only D-instantons whose action
decreases are the Dð−1Þ- and D1-instantons. We therefore
consider only this mutually local type of configuration.
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Within the class of limits in which the manifold is
homogeneously growing or shrinking, this explains the
choice of limits. We could ask ourselves if inhomogeneous
limits could lead to other situations in which the problem is
also tractable and that present different physics.
Beyond an overall scaling of the manifold, the large

distance finite volume limits in the classical Kähler moduli
space of a Calabi-Yau 3-fold were classified in Ref. [20].
There are three possibilities: type T2, K3 and T4 limits. The
nomenclature refers to the type of fiber that shrinks along
the limit, given by a genus-one curve T2, a K3 surface or an
Abelian surface T4, respectively.
A particular realization of a type T2 limit was considered

in Ref. [26], termed the D3-limit in reference to the leading
tensionless string obtained from wrapping D3-branes on
the shrinking elliptic fiber. The D3-limit is obtained as a
Fourier-Mukai transform of the D1-limit. This means that,
in spite of D3-instantons contributing to the D3-limit, the
quantum corrections can still be extracted from the results
for the D1-limit. It also means that the physics of the two
limits is equivalent, and therefore there is no need to discuss
the D3-limit separately.
The same discussion should in principle go through for

a type T4 limit. After translating such a limit to a D1-limit
via a Fourier-Mukai transform we can essentially repeat
the analysis. Such limits are expected to be physically
equivalent to those D1-limits with tractable instanton
contributions, and we therefore do not pursue this direction
further. By contrast, a type IIB 5-brane on a shrinking
K3-fiber does not give rise to a critical string7 and hence
such degenerations do not lead to an emergent string limit.
This is a notable difference to the emergent heterotic string
limits in type IIA string theory/M-theory associated with a
shrinking K3-fiber wrapped by an NS5/M5-brane [20].

V. TYPE IIA HYPERMULTIPLET LIMITS AND
RELATION TO M-THEORY

We now use mirror symmetry to translate the trajectories
in the hypermultiplet moduli space of type IIB string theory
studied in the previous section to limits in the type IIA
setting. We also review the equivalence between the
hypermultiplet moduli spaces necessary to make contact
with five-dimensional M-theory. This section provides the
technical foundation for the analysis in Sec. VI.

A. Mirror map

In the picture advocated by Strominger, Yau, and Zaslow
(SYZ) [49], mirror symmetry is understood, near the large

complex structure point of X, as T-duality along a special
Lagrangian 3-cycle with T3 topology by which X is fibered.
We will refer to this cycle as the SYZ-cycle. See Fig. 2 for
an illustration.
The classical mirror map was found in Ref. [50], with the

role of quantum corrections, such as instanton effects,
discussed in Refs. [51–53]. The quantum-corrected mirror
map for the fields we are interested in coincides with the
classical one for D-instanton configurations with vanishing
magnetic charge [44], such as the ones we are considering.
Therefore, it will suffice for our purposes to take into
account the relations

zaIIA ¼ zaIIB; φIIA
4 ¼ φIIB

4 ⇔
gIIA
VIIA
SYZ

¼ gIIB ¼ 1

2R
: ð43Þ

Here VIIA
SYZ is the volume of the SYZ-cycle.

The D-instantons are accordingly mapped under mirror
symmetry [48]. Dð−1Þ-instantons wrapping a 0-cycle in Y
are mapped to D2-instantons wrapping γ0 in X, which we
can identify with the SYZ-cycle, i.e.,

VSYZ ¼ Vγ0 : ð44Þ

D1-instantons wrapping a 2-cycle kaγaIIB in Y with n units
of Dð−1Þ-charge are mapped to D2-instantons wrapping a
special Lagrangian 3-cycle kaγaIIA þ nγ0 in X. Therefore,
mirror symmetry identifies

Dð−1Þj0-cycle ↔ D2jγ0¼SYZ-cycle; ð45Þ

D1jkaγaIIB ↔ D2jkaγaIIA : ð46Þ

Strings coming from Dðpþ 2Þ-branes wrapping (pþ 1)-
cycles and Dp-instantons supported on the same cycles
scale in the same way on both sides of the mirror map.

FIG. 2. The SYZ fibration structure taken into consideration for
the limits in the region of large volume/LCS.

7For example, if the K3 fiber is also elliptically fibered, a
Fourier-Mukai transform along the elliptic fiber transforms a
D5-brane on the K3 fiber to a D3-brane wrapping the base of
the K3, which yields a noncritical string. By S-duality similar
conclusions hold for wrapped type IIB NS5-branes.
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Volume of special Lagrangian 3-cycles: On the type IIA
side, knowing the scaling of the volume of some special
Lagrangian 3-cycles will prove to be necessary in order to
compute the tensions of the objects under scrutiny.
The volume of a special Lagrangian 3-cycle Γ in X is

given by (see e.g., Ref. [20])

VIIA
Γ ¼ ð8VIIA

X Þ12
ði RX ΩX ∧ Ω̄XÞ12

Im
Z
Γ
e−iθΩX; ð47Þ

where θ is related to the calibration and the superscript IIA
indicates that the volume is measured in string units. The
first thing we observe is that, since on the type IIA side we
are taking a complex structure limit, VIIA

X ¼ R
X ðJIIAX Þ3 is

constant. In order to make effective use of this formula we
need to justify how the scaling of the rest of the quantities
involved will be extracted via mirror symmetry from the
type IIB trajectories.
We start by looking at the classical D1- and F1-limits.

We have seen that the corresponding trajectories are
modified by taking into account the appropriate quantum
corrections relevant deep into the limit, but at the initial
stages of the trajectory we are still in a regime of reasonably
large volume and moderate string coupling. This situation
corresponds, under mirror symmetry, to the large complex
structure (LCS) region in complex structure moduli space.
As long as this approximation is valid, the denominator
scales like

�
i
Z
X
ΩX ∧ Ω̄X

�1
2

∼
�Z

Y
J3Y

�1
2

∼ ðtaÞ32: ð48Þ

The period vector, evaluated for the 3-cycles in
fγ0; γaIIA; γIIAa ; γ0g ¼ fγαg, scales as

Im
Z
γα
e−iθΩX ∼ ΠαðtaÞ; ΠαðtaÞ ∼ ð1; ta; ðtaÞ2; ðtaÞ3Þ;

ð49Þ
where we have exploited the structure of the LCS periods.
Therefore, for the D1-limit the 3-cycle with the slowest

scaling VA will be the SYZ-cycle with

VIIA
SYZ ∼

1

ðtaÞ32 ; ð50Þ

while its symplectic dual γ0 will be the one with the fastest
scaling VB with

VIIA
γ0 ∼ ðtaÞ32: ð51Þ

In the F1-limit, classically ta → 0 as λ → ∞ and therefore
the roles of the slowest and fastest scaling cycles are
exchanged.
The above reasoning is valid only in an appropriate

region of moduli space. By definition, the classical limits

are obtained by taking the scaling of certain quantities
beyond their regime of applicability, already on the type IIB
side, i.e., ignoring the relevant quantum corrections.
Therefore, it is implicit in the nomenclature that in order
to obtain the classical type IIA trajectories we can use the
above formulas for both the D1- and F1-limits.
Of course, we are interested in the quantum-corrected

limits deep along the trajectory, which are modified
compared to the classical situation in such a way that
the pathological string limits found by naively extrapolat-
ing the classical scalings are removed. Here we should be
more careful, as for example the behavior of the periods
could change as we move in moduli space.
The D1-limit is a large volume limit that should corre-

spond via mirror symmetry to an LCS limit in complex
structure moduli space. Therefore, we can continue to trust
both the SYZ fibration structure and the scaling of the
periods, which we used to extract the dependence of the
volume of the relevant 3-cycles on the mirror dual ta

variables. We then just need to take into consideration the
quantum acceleration of the scaling discussed around
Eq. (29) in order to account for the quantum corrections.
In the F1-limit the situation is more subtle, as we are

moving away from the large volume region. Indeed, the
naive vanishing of the volume along the classical trajectory
arises from taking the large volume/LCS analysis too far.
This was argued in Ref. [26] by analyzing the analogous
problem in the vector multiplet moduli space and embed-
ding the trajectory into the hypermultiplet moduli space via
the c-map. If we denote by ya a set of coordinates in
complex structure moduli space, the naive vanishing of the
volume on the Kähler side would be found by employing
the classical mirror map

zaIIA ¼ zaIIB ¼ 1

2πi
logðyaÞ; ð52Þ

valid around the LCS point ya ¼ 0, also deep along the
trajectory. The small volume point corresponding to ya → 1
is actually a constant volume point, as the periods, and
consequently the quantum-corrected mirror map, tend to a
constant value. For specific examples of this phenomenon in
the vector multiplet moduli space see Refs. [6,11]. In this
way, the type IIB Kähler coordinates zaIIB freeze at late stages
of the F1-limit and by mirror symmetry so do the type IIA
complex structure coordinates zaIIA. Since in the mirror dual
to the F1-limit no D-instantons contribute significantly and
the hypermultiplet moduli space is α0 exact,8 the fact that the

8From the point of view of the type IIA mirror of the F1-limit
taking the complete form of the periods as opposed to only
considering the leading terms around the LCS is not a quantum
correction, as both situations are classical. Therefore, the term
“quantum corrections” for this limit refers to the splitting of
the quantities that one would observe on the Kähler moduli
space side.
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zaIIA approach a constant value should also be seen directly
from the structure of the periods in concrete examples.
Ultimately, the important fact is that even when the formulas
derived above stop being valid along the F1-limit and its
mirror dual, deep enough along the trajectory we know that
zaIIA will become constant. This is enough information to
obtain the asymptotic behavior for the mass scales appearing
in the problem, and reproduces the results found after
quantum corrections on the type IIB side.
After these preliminaries, let us now analyze the mirror

duals of the D1- and the F1-limits.
D4-limit: First, consider the D1-limit. We have tension-

less D1-strings and Dð−1Þ-instantons wrapping a 0-cycle
in Y. Under mirror symmetry the lightest object must hence
be a D4-string wrapping the SYZ-cycle. Therefore, we call
this limit the D4-limit. Indeed, under the three T-dualities
which define mirror symmetry in the SYZ picture, a
D4-brane along the T3 fiber maps to a D1-brane in type IIB.
The type IIA string coupling is given, taking into account

Eqs. (43), (50) and (29), by

gIIA ∼
gIIB
ðtaÞ32 ∼ 1!QC 1

λ
3
4

: ð53Þ

The tension of the D4-brane wrapping the SYZ-cycle
scales, using Eqs. (43) and (30), like

TD4jSYZ
ðM4D

Pl Þ2
¼ VIIA

SYZ

gIIA

�
Ms

M4D
Pl

�
2

∼
1

λ
3
2

!QC 1

λ3
: ð54Þ

In this complex structure limit the volume of X measured
in string units remains unaltered, but the manifold becomes
highly inhomogeneous, with the KK scale set by the
γ0-cycle. From Eqs. (51), (29) and (30) we see that

�
MKK

M4D
Pl

�
2

¼ 1

ðVIIA
γ0 Þ23

�
Ms

M4D
Pl

�
2

∼
1

λ
!QC 1

λ3
: ð55Þ

Along the D4-limit the only cycles whose volume varies are
the 3-cycles. Since we only have even D-branes available,
no other candidate tower except for that of D0-branes
exists that could signal a decompactification to M-theory.
Employing Eqs. (53) and (30) we observe that their mass
scales like

�
MD0

M4D
Pl

�
2

¼ 1

g2IIA

�
Ms

M4D
Pl

�
2

∼ 1!QC1 ð56Þ

and hence we are safely within the realm of validity of
type IIA string theory. The mirror tower of particles in the
D1-limit is given by D3-branes wrapping the mirror dual to
the SYZ-cycle which, although ΩY is constant along the
D1-limit, has a varying volume due to the factor of VIIB

Y in
the analogous expression to Eq. (47).

A-F1-limit: In the mirror dual to the F1-limit, which we
will refer to as the A-F1-limit, no D-instantons contribute
significantly and the hypermultiplet moduli space is α0
exact. As discussed before, quantum corrections imply the
freezing of the complex structure moduli. Taking this into
account, as well as Eqs. (43) and (50), we obtain

g0IIA ∼
g0IIB
ðt0aÞ32 ∼

1

λ
3
4

!QC 1

λ
3
2

: ð57Þ

The lightest string is the fundamental type IIA string,
whose tension behaves, in view of Eq. (25), like

TF1

ðM4D
Pl Þ2

¼
�
M0

s

M4D
Pl

�
2

∼
1

λ
3
2

!QC 1

λ3
: ð58Þ

In the Appendix we argue that the KK scale is set by the
shrinking S3. This scale tends to zero at the same rate as the
fundamental string scale once the periods have approached
their constant value

�
MKK

M4D
Pl

�
2

¼ 1

ðV 0IIA
γ0 Þ23

�
M0

s

M4D
Pl

�
2

∼
1

λ
!QC 1

λ3
; ð59Þ

where we have used Eqs. (50) and (25). The mass scale of
the D0-branes, obtained from Eqs. (57) and (25), remains
constant along the limit,

�
MD0

M4D
Pl

�
2

¼ 1

g02IIA

�
M0

s

M4D
Pl

�
2

∼ 1!QC1; ð60Þ

and therefore we are safely within the type IIA framework.
To conclude, on the type IIB side the self-similarity of

the theory under strong coupling limits was instrumental in
relating the D1- and F1-limits. Although ten-dimensional
type IIA string theory does not enjoy such an S-duality,
and just decompactifies to M-theory under purely strong
coupling limits, when compactified on a Calabi-Yau
3-fold it inherits the S-duality of type IIB string theory
through mirror symmetry. Therefore, the D4- and A-F1-
limits are related to each other in this way, but the
possibility to connect the two frames is a property of the
compactified theory only.

B. Identification of the moduli spaces

As mentioned at the beginning of Sec. IV, the hyper-
multiplet moduli space of five-dimensional M-theory and
that of four-dimensional type IIA string theory can be
identified. This owes to the fact that when compactifying
five-dimensional M-theory on S1 the M-theory circle is
associated with a vector multiplet from the four-dimensional
M-theory perspective. More precisely, the radius in five-
dimensional Planck units is expressed in terms of the volume
of X in string units via the standard relation
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RM5D
Pl ¼ ðVIIA

X Þ13: ð61Þ

Therefore, the hypermultiplet moduli space of M-theory
on R1;4 × X remains unaltered if we further compactify to
obtain M-theory on R1;3 × X × S1, which can then be
identified with type IIA string theory on R1;3 × X.
The precise equivalence between the M-theory and

type IIA quantities can be seen explicitly from the dimen-
sional reduction of 11-dimensional supergravity. By com-
parison of the Lagrangian densities in Ref. [40], where the
aforementioned reduction was explicitly carried out, one
infers that the complex structure moduli zaIIA remain the
same on both sides, while the volume scalar in M-theory
gets identified with

V11D
X ¼ VIIA

X

g2IIA
: ð62Þ

This is essentially the four-dimensional dilaton

VIIA
X

g2IIA
¼ VIIA

X

g2IIB

1

ðVIIA
SYZÞ2

∼
R
X ΩX ∧ Ω̄X

g2IIB
∼
VYðtaÞ
g2IIB

∼ e−2φ4 :

ð63Þ

Therefore, the coordinates employed in all three hyper-
multiplet moduli spaces considered are equivalent after
taking into account circle reduction and mirror symmetry,
so that we can directly translate the results on quantum
corrections from one setting to another. The volumes of the
3-cycles are related, via Eq. (47), as

V11D
3-cycle ¼

VIIA
3-cycle

gIIA
: ð64Þ

We have seen that the D4- and A-F1-limits are truly four-
dimensional physical settings that do not undergo a
decompactification to M-theory, where a rescaling of the
Kähler forms like JM ¼ JIIA=g2=3IIA would be justified as
exploited in Ref. [20]. Similarly, the classical membrane
limits considered in Sec. III B are five-dimensional
scenarios in which the M-theory circle is not present.
Nonetheless, the identifications just discussed allow us to
formally express all the mass scales of the classical
membrane limits in terms of the type IIA variables and
then, through mirror symmetry, in terms of the type IIB
quantities discussed in Refs. [25,26]. For the latter the
quantum corrections are known, a fact that we exploit in the
next section.

VI. QUANTUM OBSTRUCTIONS TO
MEMBRANE LIMITS

We are finally in a position to address the main question
of this article, namely the fate of the classical membrane

limits in five-dimensional M-theory, as introduced in
Sec. III B. Recall that in these limits a “critical” membrane,
either the M2-brane or the M5-brane wrapping a shrinking
T3 fiber, classically becomes light at the same rate as the
KK modes. We refer to these two classical limits as the
M2- and M5-limit, respectively. With the help of the results
from Sec. V we will now show that quantum corrections
obstruct such membrane limits, precisely as predicted on
general grounds in Sec. II.

A. M5-limit

The classical M5-limit occurs when either of the two
conditions in Eq. (8) is fulfilled. The first of them, when
expressed in type IIA variables using Eq. (64), reads

VIIA
A ∼

g2IIA
VIIA
B

; ð65Þ

while the second one is

VIIA
A ∼

g2IIA
ðVIIA

X Þ12 : ð66Þ

Let us focus on Eq. (65) first. Consider a situation in
which the mirror manifold Y is homogeneously growing (in
string units), i.e., where along the trajectory in hyper-
multiplet moduli space, expressed in terms of the type IIB
variables, all Kähler coordinates scale like λ, with λ → ∞.
From the form of the periods of X under mirror symmetry it
follows that the 3-cycles whose volume exhibits the slowest
and fastest scaling are given by the SYZ-cycle γ0 with
the property (50) and its symplectic dual γ0 scaling as in
Eq. (51), as we saw in the D4-limit. This means that the
condition (65) translates into

gIIA ∼ 1; ð67Þ
which is the behavior classically found for Eq. (53).
Therefore, under these conditions the M5-limit corresponds
to the classical trajectory of the D4-limit, or its mirror dual,
the D1-limit. After taking the quantum corrections into
account, we find that the relevant scales now behave like

TM2

ðM5D
Pl Þ3

∼
g2IIA
VIIA
X

∼ 1!QC 1

λ
3
2

∼
1

λ̃
; ð68Þ

TM5jA
ðM5D

Pl Þ3
∼
VIIA
A gIIA
VIIA
X

∼
1

λ
3
2

!QC 1

λ3
∼

1

λ̃2
; ð69Þ

�
MKK;B

M5D
Pl

�
3

∼
g3IIA

VIIA
B VIIA

X
∼

1

λ
3
2

!QC 1

λ
9
2

∼
1

λ̃3
; ð70Þ

�
MKK;V

M5D
Pl

�
3

∼
�
g2IIA
VIIA
X

�3
2

∼ 1!QC 1

λ
9
4

∼
1

λ̃
3
2

; ð71Þ
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with λ̃ → ∞. The impact of the quantum corrections was
characterized in the type IIB language as the freezing of the
D1-instanton contributions. By Eq. (46) this translates, on
the type IIA side, into the freezing of the D2-instanton
contributions associated with (1,2)-cycles. In M-theory,
finally, the quantum corrections hence freeze the volumes
of said (1,2)-cycles measured in 11-dimensional units. The
classical membrane limit is deflected by the effect of
quantum corrections coming from M2-brane instantons
on the 3-cycles. The five-dimensional M-theory undergoes
a decompactification limit along the trajectory and realizes
exactly the ratio (3) between the membrane tension and
the KK scale which is predicted by requiring consistency
under dimensional reduction. In Sec. VI C we will further
analyze the decompactification limit induced by the quan-
tum corrections.
Let us briefly comment on the second putative realiza-

tion of an M5-limit, corresponding to Eq. (66). This
condition results, for the mirror of a homogeneously
growing manifold, in a scaling

gIIA ∼
1

λ
3
4

: ð72Þ

At the classical level the tension of the wrapped M5-brane
indeed sits at the KK scale set by the overall volume of the
manifold, but the assumption that this was the lowest-lying
KK scale was unfounded:

TM2

ðM5D
Pl Þ3

∼
g2IIA
VIIA
X

∼
1

λ
3
2

; ð73Þ

TM5jA
ðM5D

Pl Þ3
∼
VIIA
A gIIA
VIIA
X

∼
1

λ
9
4

; ð74Þ
�
MKK;B

M5D
Pl

�
3

∼
g3IIA

VIIA
B VIIA

X
∼

1

λ
15
4

; ð75Þ

�
MKK;V

M5D
Pl

�
3

∼
�
g2IIA
VIIA
X

�3
2

∼
1

λ
9
4

: ð76Þ

Already at the classical level do we therefore encounter a
decompactification limit. This is, in fact, no different than
in the analogous type IIB limit; there the condition (72)
would imply that

gIIB ¼ gIIA
VIIA
SYZ

∼ λ
3
4 ≲ λ ∼ ta; ð77Þ

and therefore we also face a classical decompactification
limit from the point of view of the type II theories.

B. M2-limit

The classical M2-limit corresponds to the condition (7),
i.e., the KK tower becoming light at the fastest rate must be

associated with a 3-cycle that is not scaling in 11-
dimensional Planck units. Naively, one might think that
a classical M2-limit cannot be realized since as soon as
(measured in 11-dimensional units) a 3-cycle shrinks the
wrapped M5-brane will be lighter, while if it grows the
corresponding KK tower will be leading.
However, in view of the M5-limit discussed above,

it is natural to expect the M2-limit to correspond to the
A-F1-limit. This is indeed the case, and the KK towers that
would naively lead to a decompactification in the M2-limit
are precisely the ones argued to be absent in the Appendix.
Taking therefore only the relevant scales into account9 and
expressing the A-F1-limit in the M-theory language, we
find the scaling behavior

TM2

ðM5D
Pl Þ3

∼
g2IIA
VIIA
X

∼
1

λ
3
2

!QC 1

λ3
∼

1

λ̃2
; ð78Þ

TM5jB
ðM5D

Pl Þ3
∼
VIIA
B gIIA
VIIA
X

∼ 1!QC 1

λ
3
2

∼
1

λ̃
; ð79Þ

�
MKK;A

M5D
Pl

�
3

∼
g3IIA

VIIA
A VIIA

X
∼

1

λ
3
2

!QC 1

λ
9
2

∼
1

λ̃3
; ð80Þ

�
MKK;V

M5D
Pl

�
3

∼
�
g2IIA
VIIA
X

�3
2

∼
1

λ
9
4

!QC 1

λ
9
2

∼
1

λ̃3
; ð81Þ

with λ̃ → ∞. Note that here the A-cycle and B-cycle are
the S3 and T3 respectively, since the dependence of the
volumes on λ is the inverse of that for the D4-limit. Once
again, the classical membrane limit is deflected by the
quantum corrections and we observe the ratio (3) between
the scalings, as expected from consistency under dimen-
sional reduction.
We might wonder what is the fate of the membrane

coming from wrapping an M5-brane on the shrinking S3.
After taking the quantum corrections into account it falls
behind,

TM5jA
ðM5D

Pl Þ3
∼
VIIA
A gIIA
VIIA
X

∼
1

λ
3
2

!QC 1

λ
3
2

∼
1

λ̃
; ð82Þ

but in the classical limit we might be tempted to analyze its
role as it sits at the same scale as the fundamental string. We
could have asked this already for the D4-brane wrapping
the same cycle in the A-F1-limit. The resulting object
corresponds to a noncritical string and therefore does not
lead to a competing critical string, even in the classical
theory. This noncritical string has an analogue also in the

9The arguments after Eq. (A2) also explain why there are no
KK states in the classical theory associated with the scale of V11D

X ,
which would naively destroy the membrane limit already before
quantum corrections come into play.
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D1-limit; indeed, the D4-brane wrapping the S3 in the
A-F1-limit dualizes to a D7-brane wrapping the whole
Calabi-Yau Y in the F1-limit, which in turn is S-dual to a
(0,1) 7-brane wrapping the whole Calabi-Yau X in the
D1-limit.

C. Decompactification process

We now analyze in more detail the process of decom-
pactification characterizing the quantum deflected mem-
brane limits. For concreteness, the discussion is phrased in
the framework of the M5-limit fulfilling condition (65).
With the quantum corrections taken into account, the KK

tower from the S3 base of the SYZ fibration becomes light
at the fastest rate. The theory should therefore undergo a
decompactification to eight-dimensional M-theory with
the internal dimensions accounted for by the T3. As the
volume of the base grows without bound all supersymmetry
breaking defects, in particular the degeneration loci of the
T3 fibration, are driven to infinity, thereby restoring the
appropriate amount of supersymmetry.
In the eight-dimensional theory we measure the mass

scales in terms of M8D
Pl , finding

TM2

ðM8D
Pl Þ3

∼
�

1

V11D
A

�1
2

∼ λ
3
4; ð83Þ

TM5jA
ðM8D

Pl Þ3
∼ ðV11D

A Þ12 ∼ 1

λ
3
4

: ð84Þ

If we now consider the tower of particles coming from
M2-branes wrapped on S1 × S1 ⊂ T3 we see that they
signal further decompactification to 11 dimensions, becom-
ing light like

TM2jS1×S1
M8D

Pl

∼ ðV11D
A Þ32 ∼ 1

λ
9
4

: ð85Þ

These set the KK scale

M̃KK ≔ TM2jS1×S1 ð86Þ

for a dual torus T̃3 with volume

volðT̃3Þ ¼
�

1

M̃KK

�
3

∼
�

1

ðV11D
A Þ23 M

11D
Pl

�
3

: ð87Þ

Compactifying the dual 11-dimensional theory on it, we
obtain the relation

ðM̃11D
Pl Þ3 ¼ ðM8D

Pl Þ2M11D
Pl ðV11D

A Þ23; ð88Þ

from which one reads

�
M8D

Pl

M̃11D
Pl

�
3

∼
�

1

V11D
A

�1
2

∼ λ
3
4: ð89Þ

Expressing the tensions in terms of M̃11D
Pl we find

TM2

ðM̃11D
Pl Þ3 ∼ λ

3
2;

TM5jA
ðM̃11D

Pl Þ3 ∼ 1: ð90Þ

We conclude that the wrapped M5-brane is the new
M2-brane while the M2-brane orthogonal to the original
torus becomes the M5-brane wrapping the dual torus.

VII. CONCLUSIONS

In five-dimensional M-theory we were able to engineer
classical infinite distance limits in the hypermultiplet
moduli space in which a critical membrane, in the termi-
nology of Sec. II, becomes parametrically light at the same
rate as the KK scale. These trajectories are equivalent,
under identification of the hypermultiplet moduli spaces
of M-theory on R1;4 × X and type IIA string theory on
R1;3 × X and application of mirror symmetry, to the
classical string limits discussed in Refs. [25,26]. In these
an emergent critical string becomes tensionless parametri-
cally faster than the KK scale.
Taking quantum corrections into account modifies the

string limits such that the tension of the critical string
becoming parametrically light is bounded from below by
the KK scale. Translating the corrections to the trajectories
to the M-theory setting, we see that the membrane limits are
deflected into a limit with scaling

Theavy

ðM5D
Pl Þ3

∼
1

λ̃
; ð91Þ

T light

ðM5D
Pl Þ3

∼
1

λ̃2
; ð92Þ

�
MKK

M5D
Pl

�
3

∼
1

λ̃3
; ð93Þ

with λ̃ → ∞. This explicitly reproduces the behavior
expected from consistency under dimensional reduction,
as obtained in Eq. (3).
The identification of the moduli spaces relied on the

fact that, from the point of view of five-dimensional
M-theory compactified on S1, the M-theory circle is a
vector multiplet. As a consequence, the hypermultiplet
moduli space of M-theory on R1;4 × X and M-theory on
R1;3 × X × S1 are identical, the latter theory being equiv-
alent to type IIA string theory on R1;3 × X.
Both in five-dimensional M-theory and in type IIA string

theory we are considering pure hypermultiplet moduli
space trajectories. The complex structure moduli are the
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same in both theories, while the remaining coordinate is the
volume scalar for M-theory and the four-dimensional dilaton
for string theory. This four-dimensional dilaton involves the
string coupling and the volume ofX measured in string units,
which from the type IIA perspective is unchanged as no
Kählermoduli arevaried.Therefore, the scalingof thevolume
scalar measured in 11-dimensional units directly determines
the scaling of the type IIA string coupling.
Type IIA hypermultiplet and vector multiplet moduli

spaces locally factor, and the possible limits in the vector
multiplet moduli space were studied in Ref. [20], where no
membrane limit was found. The light membranes in the
five-dimensional theory would become, upon wrapping
this M-theory circle, the light strings in the type IIA string
theory, and their mass scale would appropriately pick up a
factor of the M-theory circle radius. Therefore, we can
interpret the fact that five-dimensional M-theory membrane
limits turn into decompactification limits after quantum
corrections are taken into account as a preventive measure
against pathological string limits in the related, but not
physically equivalent, four-dimensional string theory set-
tings. In other words, the decoupling of membranes in the
M-theory limits is necessary for the consistency under
dimensional reduction of the emergent string conjecture.
Indeed, all compactifications of a consistent theory

of quantum gravity must be consistent as well. Eleven-
dimensional M-theory gives rise to both the five-
dimensional M-theory and the four-dimensional type IIA
string theory as considered in this article. The spectra of
light states along the hypermultiplet moduli space limits of
these two descendant theories are connected so as to ensure
the quantum consistency of both.
Without the hypermultiplet moduli space identification

there is no obvious a priori reason for the separation of
scales (3) between the KK modes and the lightest (critical)
membrane in the theory, as observed in five-dimensional
M-theory. The consistency of the emergent string conjec-
ture under dimensional reduction provides a rationale for
this relation and hence sheds new light also on the
asymptotics of quantum gravity theories with no critical
strings in their spectrum.
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APPENDIX: KK SCALE IN A-F1-LIMITS

In this Appendix, we comment on the correct identi-
fication of the KK scale in the A-F1-limit of Sec. VA. As
claimed there, the KK scale is set by the modes coming
from the shrinking S3, which is not the fastest growing
cycle and in fact is shrinking along the limit. To understand
this, we first emphasize that the truly meaningful scalings
are the quantum-corrected ones, since in the A-F1-limit the
distinction between classical and quantum-corrected tra-
jectories is arbitrary.10 The rate at which all possible KK
modes become light is uniform after taking the corrected
trajectories into account. Indeed, deep enough along the
limit eventually zaIIA ∼ const, and therefore we can directly
write

�
MKK

M4D
Pl

�
2

¼ 1

ðV 0IIA
3-cycleÞ

2
3

�
M0

s

M4D
Pl

�
2

!QC1 · 1
χ0
∼

1

λ3
; ðA1Þ

without reference to the specific 3-cycle considered.
However, at least for the classical A-F1-limit, we find

some additional KK towers with scaling

�
MKK;γα

M4D
Pl

�
2

¼ 1

ðV 0IIA
γα Þ23

�
M0

s

M4D
Pl

�
2

∼
1

λ2−
α
3

; ðA2Þ

where α ¼ 0, 1, 2, 3. The casewith α ¼ 3 corresponds to the
S3 tower highlighted above, but, for example, the putative
KK tower associated with the growing T3 (α ¼ 0) becomes
light faster than any other scale in the problem. This cannot
be true, as no such phenomenon occurs in the mirror dual
type IIB limit, i.e., in the classical F1-limit.
To resolve this puzzle, recall that we are using the SYZ

fibration structure and the LCS behavior of the periods in
order to extract the scalings for the classical limits. Thisworks
well in the limit of largeS3 base, but soon becomes invalid for
a trajectory like the one taken in the A-F1-limit. Luckily,
mapping the quantum-corrected F1-limit to the mirror side is
still possible thanks to the simplicity provided by the freezing
of the Kähler coordinates on the type IIB side.
In spite of this, taking the classical limit precisely

neglects these subtleties and exploits the LCS results
beyond their regime of applicability. This is the origin of
the pathological behavior that is removed after taking the
pertinent corrections into account. From this point of view,
we might want to still argue why a tower like the one
corresponding to the growing T3 from the SYZ fibration
should not be there even before exiting the regime of
validity of the LCS approximation. A heuristic way to see
this is to consider mirror symmetry as T-duality on the SYZ
torus. This duality maps the T3 KK tower observed on the
type IIA side to string winding states along the dual SYZ
torus fiber. If present, these light winding states would also

10See footnote 8.
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endanger the classical F1-limit. However, on the IIB side it
is clear that the winding states are not there as asymptoti-
cally light particles since the Calabi-Yau exhibits a non-
trivial fibration structure rather than being a direct product
T3 × S3. The degenerations of the T3 fiber trivialize the
homology class of the S1 factors inside the T3 as elements
of H1ðY;ZÞ, giving a nonzero mass term to the naive
winding states. As a consequence, the KK modes on the
type IIA side must also be absent, or at least they cannot
become asymptotically massless. This expected behavior is

confirmed by numerical computation of the eigenvalues of
the scalar Laplace operator on the Dwork family
(
P

iX
5
i þ ψ

Q
iXi) of quintic 3-folds [54–56]. The towers

corresponding to α ¼ 1, 2 would correspond to cycles that
are partially inside the T3 fiber and degenerate in a similar
fashion. Therefore, in the limits in which the manifold is
shrinking from the type IIB perspective, we only take into
account the S3 KK modes for the classical analysis on the
type IIA side.
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