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1 Introduction

One of the most remarkable features of string theory is the emergence of new weakly coupled
descriptions at the infinite distance limits of the moduli space. This observation has been
formulated more precisely in the Swampland distance conjecture [1] (see, e.g. refs. [2, 3] for
tests in string theory), which plays the central role in the Swampland program [4] (see also
reviews [5–8]). The emergent weakly coupled descriptions which appear at different corners
of the moduli space are dual to each other. Therefore, the distance conjecture, at its core, is
a general quantification of the universality of dualities in string theory. Indeed, the distance
conjecture is sometimes referred to as the duality conjecture (e.g. ref. [9]). However, the precise
logical relation between the distance conjecture and the various string dualities is not clear.
The purpose of the paper is to fill this gap. We make this connection more precise by showing
that refinements of distance conjecture can in fact explain dualities under several assumptions.

We focus on the higher dimensional supergravity theories with 16 or 32 supercharges.
We use a variety of Swampland conjectures to find the relation between the conjectures
and all the string dualities in d ≥ 9. Our arguments center around the sharpened distance
conjecture [10], and rely on various other conjectures such as the sub-lattice WGC [11]. This
work shows that the Swampland principles, with some assumptions, capture the essence of
the duality web, and perhaps must be viewed as fundamental.
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(a) (b)

Figure 1. (a) The worldsheet diagrams that contribute to the amplitude of string states. (b) For
an ordinary defect that couples to spacetime fields, such diagrams need to be summed. However, for
fundamental strings, including such diagrams would lead to overcounting of the amplitude since the
spacetime fields are supposed to emerge from string perturbation.

Note that all the theories we consider are supergravities and not string theories. In
other words, we will not assume that the UV completions of the mentioned supergravities
are the known string theories.

The paper is organized as follows. In section 2, the sharpened distance conjecture and its
connection to the emergent string conjecture [12, 13], our main tool in the paper, is reviewed.
In section 3, the T-duality between the IIA and IIB theories is derived from the bottom-up
perspective. In section 4, other 11d/10d string dualities of theories with 32 supercharges
are discussed. Similarly, 10d/9d string dualities of theories with 16 supercharges are argued
in section 5. We clarify the relationship between the string dualities and the Swampland
conjectures. Section 6 is devoted to the conclusions. The technical details are provided in
appendix A, B and D. The result of ref. [14] is reviewed in appendix C.

2 Sharpened distance conjecture

Let us start by reviewing the statements of the emergent string conjecture and the sharpened
distance conjecture, as we will frequently use them throughout the paper.

Statement (Emergent string conjecture). In any infinite distance limit of the field space,
the lightest tower of states is either a KK tower coming from the higher dimensional field
theory or excitations of a fundamental string [12, 13].

Note the word fundamental in describing the string. The criterion that the string is
fundamental makes the conjecture very strong. What we mean by a fundamental string is
a string that has graviton as a string state, and moreover, the scattering amplitudes of the
string states are dominated by processes involving string worldsheets (see figure 1). In other
words, the scattering amplitudes of the string states are given by a string perturbation theory.
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The emergent string conjecture is a very strong refinement of the distance conjecture.
However, we will be using a weaker refinement of the distance conjecture in our studies which
is the sharpened distance conjecture [10]. The sharpened distance conjecture states that the
value of the numerical coefficient λ in the distance conjecture must be lower bounded by
1/
√
d− 2. Moreover, the authors in ref. [10] also made the observation that the inequality

is only saturated when one of the string towers is the lightest tower. We include this
observation as part of the conjecture which results in a stronger version of the conjecture
stated in [10]. However, for the sake of brevity, we will refer to the stronger version as
the sharpened distance conjecture.

Statement (Sharpened Distance Conjecture [10]). The numerical coefficient λ in the distance
conjecture satisfies

λ ≥ 1√
d− 2

=: λmin . (2.1)

The inequality is saturated if and only if the lightest tower is the string states.

Note that in the above conjecture, it is not assumed that the corresponding string is
necessarily fundamental. In fact, for this precise reason, the sharpened distance conjecture
is a weaker conjecture than the emergent string conjecture. A derivation of the sharpened
distance conjecture from the emergent string conjecture was given in ref. [8], which we will
summarize here. The emergent string conjecture states that in every infinite distance limit,
the lightest tower is either a KK tower or a fundamental string tower. In both cases, we can
precisely calculate the coefficient λ in the direction which the tower becomes light the fastest.
For KK tower, this would be the direction which only the volume modulus changes, and for
KK tower, this would be the direction which controls the string tension. For string tower,
the usual dimensional reduction gives a coefficient λ which is always greater than 1/

√
d− 2

and for string tower, string perturbation gives the coefficient 1/
√
d− 2, in agreement with

the sharpened distance conjecture. We need to be more careful with the other directions
which are not the direction of steepest descent for the mass of the lightest tower. These are
the intermediate directions. To address this concern, [8] proposed an algorithm that takes
an arbitrary direction and gradually changes it in a way that decreases λ and ends on a
direction of the steepest descent. Note that this argument uses the fundamentality of the
string in deriving the λ = 1/

√
d− 2 for the string tower. In particular, it relies on the fact

that graviton is a string state and its amplitudes are given by the string worldsheet.
One could formulate a weaker version of the emergent string conjecture without the

assumption that the light string would be fundamental. The sharpened distance conjecture
is stronger than the weak version of the emergent string conjecture and weaker than the
emergent string conjecture.

Emergent string conjecture
⇓

Sharpened distance conjecture
⇓

Weak emergent string conjecture (without fundamentality of the string)
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In ref. [14], the sharpened distance conjecture was combined with the finiteness of the black
hole entropy to show that the number of string limits is always countable. This is a powerful
result that was used in ref. [14] to argue for string universality in the strong coupling regime
of 9d minimal supergravity. This result implies that with the exception of a measure zero
subset of infinite distance limits, any other limit decompactifies. Here, we extend the use
of this statement to find a bottom-up argument for dualities and infinite distance limits in
the moduli space of the 9d theories. However, there might be countable infinite distance
limits that our bottom-up argument misses, which are precisely the string limits or the
interfaces between two different descriptions.

3 IIA/IIB T-duality

Theories with N ≥ 16 supercharges have at least one anti-symmetric two form in their gravity
multiplet other than eleven dimension. Each 2-form Bµν is a higher form gauge field with
coupling g which is set by the action,

LB = 1
2g2dB ∧ ?dB. (3.1)

A string that is electrically charged under Bµν is called the supergravity string. The
supergravity string is special in that it can be BPS. In all the known string theories, in the
limit g → 0, a BPS supergravity string becomes the fundamental string. Moreover, if we
compactify the limit theory on a circle, it always has a T-dual in which the g → 0 and R→ 0.

In the following, we provide a bottom-up argument for this observation in theories with
32 supercharges in 10 dimension based on Swampland principles. More concretely, we use the
sub-lattice WGC [11] and the sharpened distance conjecture. We use the sub-lattice WGC to
infer the existence of a tower of BPS objects for every BPS condition.1

Assuming that the BPS supergravity string exists, the tension of the BPS supergravity
string is (see appendix A for derivation)2

T ∝M2
10e

φ̂/
√

2, (3.2)

where φ̂ is the canonically normalized dilaton field, M10 is the 10d Planck scale, and g = e
√

2 φ̂.
Let us define the string length ls such that,

ls = T−
1
2 ∝ l10e

−φ̂/(2
√

2), (3.3)

where l10 = M−1
10 is the 10d Planck length. We compactify the 10d theory on a circle with

radius R and consider a BPS version of a closed string, which is the winding string.
The mass of a winding string is protected by supersymmetry and is given by

mwinding = TR = R

l2s
, (3.4)

1This also follows from a stronger version of the BPS completeness hypothesis [15] which states that every
charge of Bµν is populated by a BPS string. There are counterexamples of this statement in theories with 16
supercharges [16] or less [11], but we are not aware of counterexamples in theories with 32 supercharges.

2There are two Bµν fields in the type IIB supergravity. Here we can choose any of them.
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even for small values of R where the 10d supergravity description breaks down. We can also
find the degeneracies of the ground states of a winding string and their representations under
the SO(8) rotation group in 9d. This is because the ground states of the BPS string must
furnish representations of the broken supersymmetries. In appendix B, we show that based
on the chirality of the 10d theory, the ground states of the winding string are given by

• Winding string in type IIA Supergravity: (8v ⊕ 8s)⊗ (8v ⊕ 8s) with mass m = R

l2s
.

• Winding string in type IIB Supergravity: (8v ⊕ 8c)⊗ (8v ⊕ 8s) with mass m = R

l2s
,

where 8v,8s, and 8c are the vector, spinor, and conjugate spinor representations of Spin(8),
respectively.

Recall that the massless spectrum of the IIA and IIB supergravity is given by (8v ⊕
8c)⊗ (8v ⊕ 8s) and (8v ⊕ 8s)⊗ (8v ⊕ 8s). After the compactification on S1, these become
the KK states charged under the KK U(1). On the other hand, the winding strings are
charged under the U(1) coming from the dimensional reduction of Bµν . Therefore, the
first/second line is consistent with the first level of the KK tower of Type IIB/Type IIA
supergravity on a circle with radius l2s/R. This is remarkable since the existence of the
BPS string alone seems to reproduce the well-known T-duality between type IIA and type
IIB string theories. In particular, this almost shows that the limit R → 0 of IIA/IIB is
the ten-dimensional IIB/IIA theory.

However, since we are not aware of the existence of the other non-BPS towers becoming
light in the limit R → 0, there are still following possibilities.

1. The winding strings are the leading tower, corresponding to the decompactification
limit to 10d.

2. The winding strings are the leading tower, corresponding to the decompactification
limit to 11d.

3. The winding strings are the leading tower, corresponding to the tensionless string limit.

4. The winding strings are not the leading tower, and lighter non-BPS states are the
leading tower, corresponding to the decompactification limit.

5. The winding strings are not the leading tower, and lighter non-BPS states are the
leading tower, corresponding to the tensionless string limit.

6. The leading tower is neither KK nor string state.

In the following, we show that the possibility 1 is the only option using the sharpened
distance conjectures.

First, it is easy to rule out the possibilities 2 and 4. If the possibility 2 is correct, given
that we have maximal supersymmetry, the theory must decompactify to the 11d supergravity
on T 2. However, in this case, we have to find two BPS towers (the BPS tower other than the
winding strings will be discussed in section 4.1). This does not occur at the generic point of θ.
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Similarly, the possibility 4 is excluded. Since the decompactification limit is either 10d
IIA/IIB supergravity on S1 or 11d supergravity on T 2, the KK modes are always the BPS
states, charged under U(1) gauge symmetries. Therefore, it is impossible that the leading
non-BPS tower becomes the KK tower.

Next, the sharpened distance conjecture excludes the possibility 6 by definition.
Then, we use the sharpened distance conjecture to rule out the possibilities 3 and 5. To

this end, we clarify what we mean by R→ 0 more precisely. There are two moduli fields in
9d supergravity. One is the dilaton φ̂, and the other is the radion field parameterizing the S1

radius. The canonically normalized radion modulus in d dimensions, ρ̂, is given by3

R

l9
= exp

√d− 1
d− 2 ρ̂

 , (3.5)

which becomes R/l9 = e
√

8/7 ρ̂ for 9d.
We consider the infinite distance in (φ̂, ρ̂)-plane.

φ̂+ iρ̂ =: reiθ, r →∞, θ : fixed. (3.6)

The R→ 0 limit corresponds to π < θ < 2π. In this limit, φ̂ goes to −∞ for π < θ < 3π/2,
and goes to +∞ for 3π/2 < θ < 2π. For θ = 3π/2, φ̂ remains constant.

As we do not want to change the effective 9d theory, we fix the value of l9.

l9 =
(
l8se

2
√

2φ̂R−1
)1/7

=
(
l8se

2
√

2φ̂−
√

8
7 ρ̂/l9

)1/7
= fixed, (3.7)

where the 10d and 9d Planck lengths are related as (l9/l10)8 = l9/R. This determines the
behavior of ls in this limit:

ls → l9 e
1

2
√

2

(
−φ̂+ ρ̂√

7

)
= l9 e

1√
7

sin(θ+α)r
, tanα = −

√
7, (3.8)

where −π/2 < α < π/2.
In this limit, the mass of the KK states and the BPS winding strings (mw = R/l2s) become

1
R

= l−1
9 e−

√
8
7 ρ̂,

R

l2s
= l−1

9 e

(
φ̂√

2
+ 3ρ̂√

14

)
= l−1

9 e
√

8
7 sin(θ+β)r, tan β =

√
7

3 , (3.9)

where −π/2 < β < π/2. We observe that the numerical coefficient λwinding for the BPS
winding string is given by

λwinding = −
√

8
7 sin(θ + β). (3.10)

The value of λwinding (3.10) as a function of θ is plotted in figure 2 (solid red line). The
dashed blue line corresponds to the minimum value of λ, λmin, dictated by the sharpened

3We treat ρ̂ as a dimensionless quantity normalized by l9.
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λmin=1/ 7

λwinding

1 3

2
2

-0.5

0.0

0.5

1.0

1
3

2 2

θ/π

Figure 2. Plots of the numerical coefficient λ as a function of θ. Solid red line: the value of
λwinding (3.10) as a function of θ. Dashed blue line: the minimum value of λ, λmin, dictated by the
sharpened distance conjecture.

distance conjecture. The figure implies that for π < θ . 1.65π, λwinding is bigger than λmin.
Since the winding tower whose mass is protected by the BPS condition has a decay rate
larger than λmin, the sharpened version of the distance conjecture implies that the above
limit must be a 10d decompactification limit, and so the possibility 1 is correct.

Moreover, from the chiralities of the winding states which we listed earlier, we conclude
that any weakly coupled type IIA theory is T-dual to a weakly coupled type IIB theory and
vice-versa. One can verify the relationship between the radii of the compact circles between
the two theories by matching the gauge coupling in the two theories, since the radius of the
circle controls the 9d gauge coupling of the KK U(1). One must not use the matching of the
masses of winding strings with KK states to relate the radii, since apriori we do not know
that the charge of the BPS string is fundamental. However, after establishing the duality,
we can use it to argue that the string with fundamental charge exist. This simply follows
from the existence of fundamental KK charge in the dual picture.

To be more precise, we showed that if quantum gravity is described by IIB/IIA super-
gravity on a circle with radius R at low energies, then the same theory at sufficiently small
(but finite) R is described by IIA/IIB supergravity at sufficiently small energies. Note that
the 9d theory exists for every value of R, even if the 10d description cannot be trusted.4
The statement of duality holds for any radius, and is useful when the radius is sufficiently
large in either description.

When the KK/winding state is not the lightest state, the above statement is trivially
correct. However, since we have argued that the KK/winding state is lightest for R→ 0 or
R → ∞, the statement of the T-duality above is non-trivial.

Strictly speaking, to demonstrate the T-duality, the matching of the spectrum is not
enough. The interaction should also be the same. Thanks to the maximal supersymmetry we
are working on, the interaction is uniquely fixed for a given massless spectrum, at least in
the two-derivative level. It is interesting to investigate the higher derivative corrections.

4It is expected that the original supergravity description breaks down for R → 0 because of the species
scale [17, 18] for a string with tension l−2

s is l−1
s . Any effective field theory description breaks at R� ls.
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4 Other dualities in theories with 32 supercharges

In this section, we argue the relationship between the string dualities of 11d/10d theories
(other than IIA/IIB T-duality) with 32 supercharges and the Swampland conjectures.

4.1 IIA/M-theory

Now let us study the strong coupling limit of a theory which at low energy is described by the
type IIA supergravity. Weak Gravity Conjecture (WGC) implies that for every BPS condition,
there exist a BPS particle that saturates it [19]. Moreover, the sub-lattice WGC [11] implies
that a tower of such particles exist. However, such particles are not guaranteed to exist for
every charge that can saturate the BPS condition.5 By applying the sub-lattice WGC to
the RR 1-form gauge field in type IIA, we find that there must be a tower of BPS particles
whose masses are protected by supersymmetry.

mBPS ∝
M10

g
3
4
, (4.1)

where g is the coupling constant of the 2-form field in the gravity multiplet (see eq. (3.1)).
Upon expressing this mass scale in terms of the canonically normalized spacetime modulus
φ̂ = ln(g)/

√
2, we find

mBPS ∝ exp
(
− 3√

8
φ̂

)
. (4.2)

The BPS particles might not be the lightest tower, however, they provide a tower which
has a decay rate faster than λmin = 1/

√
8. Therefore, the sharpened version of the distance

conjecture implies that this limit cannot be a string limit and must be a decompactification
limit. There is a unique field theory in dimension greater than 10 that has 32 supercharges [21–
23], which is the 11d supergravity, and the only 1d internal geometry which would preserve
all of that supersymmetry is a disjoint union of multiple S1. However, due to the uniqueness
of the lower dimensional graviton, the internal geometry must be connected. Therefore, the
only possibility is 11d supergravity on S1. Note that since the 11d supergravity does not have
any 1-form gauge field, there are no fluxes (in this case Wilson line) that can be turned on.

After dimensional reduction of the 11d supergravity, it is easy to see that the standard
matching [24] of the fields between M-theory on S1 and type IIA is unique. For example, the
11d supergravity on S1 produces a unique gauge field, which comes from the KK reduction
of the metric. For example, the radius of the S1 is uniquely fixed by the 10d gauge coupling.
Moreover, the particles charged under the type IIA gauge field (including the BPS tower we
considered) must have KK momenta. In fact, from the 11d picture, we can also see that the
BPS particles must be the KK particles. The BPS KK tower populate the entirety of the charge
lattice which provides the proof of the stronger version of BPS completeness in this theory.

5This is also motivated by a stronger version of the BPS completeness hypothesis [15] which assumes
that BPS single-particle bound states populate all allowed charges [20]. There are not counter-example to
this hypothesis in theories with 32 supercharges, however, we will not need to assume this hypothesis in
our arguments.
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4.2 IIB S-duality

The S-duality of a theory which at low energies is described by type IIB supergravity easily
follows from other dualities that we have derived so far.

In particular, we have shown in section 3 that such a theory on a circle of radius R
is dual to a IIA supergravity on a circle of radius l2s/R for sufficiently small R. Moreover,
in section 4.1, we have shown that type IIA supergravity with φ̂→∞ is described by 11d
supergravity on a circle. Therefore, type IIB supergravity on a circle has a dual description
as an 11d supergravity on a torus. Since the SL(2,Z) symmetry of the Teichmuller parameter
of the torus must be a discrete gauge symmetry in the 11d picture, this must also be the
case in the type IIB picture for the duality to hold. Therefore, we find that the low-energy
SL(2,Z) symmetry of type IIB supergravity cannot be an accidental symmetry, and must
indeed be a duality of the theory.6

5 Dualities in theories with 16 supercharges

In this section, we argue the relationship between the string dualities of 10d/9d theories
with 16 supercharges and the Swampland conjectures.

5.1 Duality between Spin(32)/Z2 and E8 × E8 supergravity theories

Similar to the previous duality, the duality between the Spin(32)/Z2 and E8×E8 supergravity
theories follows directly from the sharpened distance conjecture. The key point is that since
the gauge group in both theories is maximally enhanced, the charge lattice of the theory on
S1 is fully known. In particular, we show that the charge lattice is even and self-dual.

When we compactify the theory on S1, the charge lattice is the direct sum of two lattices,
i.e. the weight lattice of the 10d theory and Γ1,1. The first lattice consists of charges under
the KK reduction of 10d gauge fields, and the latter lattice is the charge lattice under Bµ9

and gµ9. A priori, it is non-trivial why the charge lattice must be decomposable this way.
However, charges states under Bµ9 are winding strings. The ground state of such winding
strings is BPS, and the action of such BPS strings is known from Swampland arguments [25].
In particular, we know that the gauge symmetry of the spacetime induces a current algebra
on the string. Therefore, the winding charge decouples from the other charges. Similarly, the
KK charge is known to not mix with the higher dimensional gauge charges. Therefore, the
full lattice must decompose into a 2d part and the higher dimensional charge lattice in the
absence of Wilson lines. Moreover, given that the charges of the KK charge and the winding
charge are known, it is easy to verify that the resulting 2d lattice is even and self-dual, just
like the remaining 16d lattice, which is either e2

8 or d+
16, where e8 and d+

16 are the weight
lattices of E8 and Spin(32)/Z2, respectively. Since the direct sum of two even and self-dual
lattices is even and self-dual, the overall charge lattice is even and self-dual.

All even and self-dual lattices with the signature (1, 17) are related by a similarity
transformation. Since it is natural to assume that variations of the 9d moduli act by a
similarity transformation on the charge lattice [26, 27] (see appendix D for an argument),

6The discussion here motivates not only SL(2,Z), but also SL(2,R). From the top-down perspective, the
D-instanton breaks SL(2,R) to SL(2,Z). From the bottom-up perspective, this breaking is motivated by the
breaking of (−1)-form symmetry.
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Figure 3. A hypothetical exotic internal geometry for 11d supergravity. The consistency of such
compactification depends on the existence of appropriate non-perturbative branes sitting at the vertices.

if an even and self-dual charge lattice is realized only at one point of the 9d moduli, all
such lattices can be realized. In particular, if we compactify the E8 × E8 theory on S1, we
can move in the 9d moduli space to change the charge lattice from Γ1,1 ⊕ e2

8 to Γ1,1 ⊕ d+
16.

Then we can act with a boost of increasing rapidity on Γ1,1 by moving to an infinite distance
of the moduli space. The sub-lattice WGC [11] implies the existence of towers of BPS
particles that lie on both axes of Γ1,1. Since these particles are BPS, we can calculate
their masses and see how they depend on the moduli of the 9d theory. Since the answer
is unique, we can find the answer via a trick by looking at the dependence of KK towers
in the decompactification limits of 10d supergravities on S1. We find that the coefficient
of the distance conjecture for such particles is

√
8/7. Given that this number is greater

than λmin = 1/
√

7, this limit must decompactify. Moreover, from the charge lattice, we
know that the gauge lie group contains Spin(32)/Z2. Given that the only non-anomalous
supergravity with such a gauge algebra is so(32) supergravity, we conclude that E8 × E8
and Spin(32)/Z2 supergravities are dual to each other.

5.2 Duality among heterotic Spin(32)/Z2, type I, and type I′

Here we consider the strong coupling limit of the Spin(32)/Z2 supergravity, where the dilaton
field in the gravity multiple is taken to infinity. In this limit the supergravity string charged
under Bµν , which is only BPS state in 10d theories with 16 supercharges, becomes infinitely
heavy. Therefore, the tower of the light states must be non-BPS. This is exactly what we
know from string theory [28]. This limit corresponds to the perturbative type I theory where
a non-supersymmetric type I fundamental string becomes tensionless. The question is how
to arrive at the same conclusion in a bottom-up manner.

From the sharpened distance conjecture, the strong coupling limit is either the tensionless
string or the decompactification limit. In the latter case, the theory must decompactify to
the 11d supergravity. In the following, we argue that there are no compactifications of 11d
supergravity which leads to the 10d Spin(32)/Z2 supergravity. This indicates that the strong
coupling limit is the tensionless non-BPS string limit.

To this end, suppose the strong coupling limit of the 10d supergravity decompactifies to
the 11d supergravity. Since the 11d supergravity has 32 supercharges, the internal dimension
must have features that break the half of the supersymmetry. A priori, one can imagine any
1d graph with singular points as a viable option of the compactification (see figure 3).7

7The singular points are viewed as positions of the brane.
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However, from the Swampland conjectures, it was argued in ref. [14] that the only
background preserving half of the supersymmetry is an interval. To see why we first put the
10d theory on a circle to find a type IIA background on the corresponding 1d graph. Then,
we introduce a BPS 4-brane coupled with a 3-form field. The BPS 4-brane is a supergravity
solution, and is required from the BPS completeness hypothesis. In ref. [14], it was pointed
out that since the BPS 4-brane solutions placed at a point in the graph must be continuously
transformable to zero-sized gauge theory instantons [29] of the 9d theory, no-global symmetry
conjecture implies that they correspond to different points in the Coulomb branch of a BPS
4-brane in 9d which we can call a small instanton.8

The worldvolume theory of small instanton at a generic point of its 1d Coulomb branch
is simply a BPS 4-brane placed on the graph.9 Therefore, the internal geometry must match
the Coulomb branch. However, the theory on large scales is described by a 5d SCFT and the
vertices of the internal geometry are the Coulomb branch singularities of such 5d SCFT. Given
the classification of such theories and their corresponding singularities, we know that the only
allowed vertices are the end of the interval points. Therefore, a 1d graph such as figure 3
does not preserve half of the supersymmetry. The only allowed geometry is an interval.

Now we have found that the only way to obtain a 10d theory with 16 supercharges
is to compactify the 11d supergravity on the interval. In this case, it is well-known that
the anomaly cancellation fixes the gauge group [32] to be E8 × E8. Therefore, we conclude
that the strong coupling limit of the Spin(32)/Z2 supergravity cannot be a KK limit, and
according to the sharpened distance conjecture, it must be a string limit. As we pointed
out earlier, it follows that the corresponding fundamental string is non-supersymmetric, as
expected from the type I string theory.

So far, we have explained the duality between the Spin(32)/Z2 theory and type I by
showing that Swampland conditions imply the existence of the type I string. The duality
between the type I and type I′ theory, on the other hand, is more subtle and was the subject
of a separate recent paper [14]. We review that argument in appendix C. Using various
Swampland conjectures, authors showed that the strong coupling limit of the 9d supergravity
is always described by type IIA supergravity on an interval. Moreover, there are BPS domain
walls along the interval whose location corresponds to the 9d moduli and uniquely determine
the unbroken gauge symmetry via Swampland argument.

5.3 E8 × E8 and 11d supergravity

Now we combine the chains of dualities that we have established to identify the strong
coupling limit of the E8 × E8 theory.

In appendix C, we review the Swampland argument of ref. [14] which shows that any 9d
supergravity has a strong coupling limit which decompactifies to type I′ background (type
IIA on an interval). We can apply this knowledge to the E8 × E8 supergravity on S1 and
take its strong coupling limit of φ→∞. According to the type IIA picture, this is the limit

8The small instanton was used to classify the possible patterns of the gauge algebra of supergravity
theories [30, 31].

9Moving the internal direction is identified as Coulomb branch as it is real one dimension. We need complex
scalars to obtain the Higgs branch.
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where the 10d coupling of type IIA is taken to infinity. From the discussion in section 4.1,
the theory decompactifies to 11d supergravity on S1 × I1. Therefore, we find that the strong
coupling limit of the E8 × E8 is 11d supergravity on I1.

5.4 Chain of dualities and 9d supergravity

Our bottom-up arguments for the dualities between the 10d and 11d supergravities have
direct implications for lower dimensions. We will argue below, that in 9d supergravities with
17 vector multiples, we know the structure of almost all infinite distance limits.

In ref. [14] it was shown that any strong coupling limit of a 9d N = 1 supergravity is
type IIA on an interval (type I′ theory). But now that we have a complete web of dualities
between the higher dimensional theories, we know that the type I′ theory shares its moduli
space with other 9d supergravities such as type I on a circle, Heterotic on a circle, or M-theory
on a cylinder. Therefore, we can tell that there are corners of the 9d supergravity with the
rank 17 that decompactify to each one of those theories. But we can do even better! Our
proof of dualities in the previous sections not only demonstrate that the mentioned theories
share a mutual moduli space, but also explains how the moduli of the theories are connected.
Therefore, we know exactly how the moduli between any two such descriptions are related.
For example, the duality between type IIA and 11d supergravity on circle, tells us how the
moduli of type I′ are related to the moduli of 11d supergravity on a cylinder. Therefore, if an
infinite distance limit is the type I′ supergravity, we can use that matching of the moduli
to figure out what limits go to 11d supergravity on the cylinder. In 9d theories of maximal
rank (r = 17), all the infinite distance limits are already covered by the dualities we derived.
Therefore, our arguments can be used as a bottom-up derivation that the infinite distance
limits of the 9d theory must behave exactly as superstring theory predicts [33].

Note that the reason we can identify the infinite distance limits is that a measure one
subset of infinite distance limits decompactify to higher dimensions. This result was shown
in [14] using the sharpened distance conjecture and the finiteness of the black hole entropy.
This is a very strong result which demonstrates how non-trivial sharpened distance conjecture
is. As long as we identify only one decompactification limit precisely, we can use the proven
dualities to infer the other infinite distance limits.

6 Conclusions

Swampland principles were previously used to argue that the only consistent 10d and 11d
supergravities are those appearing in string theory [15]. However, the dualities between
the different theories were less explored. In fact, the universality of dualities was the
main motivation behind the Swampland distance conjecture which was later sharpened in
subsequent formulations. We provided a concrete argument for this relationship by showing
that not only are Swampland conjectures motivated by string theory dualities, but also
string dualities can be derived from Swampland conjectures under several assumptions. Our
results are summarized in figure 4.

This work demonstrates the power of the Swampland conjectures and allows us to recast
the main lessons from string theory and its universality in terms of Swampland conjectures.
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IIAIIB

11d SUGRA

9d SUGRA 32Q

E8 × E8 SO(32)

9d SUGRA 16Q

sub-lattice
WGC

T-duality
sub-lattice WGC

Ref. [14]+sub-lattice
WGC S-duality

4-brane Coulomb
=internal space

T-duality
9d moduli space=charge lattice

S1

S1 S1

S1/Z2

S1/Z2

Ref. [14]

Figure 4. Summary of our result. The upper, middle, and lower boxes correspond to 11d, 10d, and
9d supersymmetric theories, respectively. The relation among them and dualities are denoted by the
arrows or texts in black color. The assumptions we used to derive the dualities are written in red
color. The sharpened distance conjecture are generically used, and is not written in the figure.
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A Tension of the supergravity string

We use supersymmetry to find the tension of a BPS supergravity string. We present the
calculation in 7d where there is a nice way of labeling the vectors in the gravity multiplet.
However, as we will explain later, the argument applies to any theory with 16 supercharges.

The gravity multiplet in 7d has three graviphotons and the smallest irreducible spinor
representation is a pseudo Majorana spinor which can be viewed as two sets of 8 real
grassman numbers. These two are actually related. The gravity multiplet can be packaged in
representations of Sp(1). The pseudo Majorana spinors carry a 2 dimensional representation
and are labeled by i ∈ {1, 2} and the graviphotons furnish a three dimensional representation
Aij where A is antisymmetric in i and j. The theory also has a pseudo Majorana spinor
χi which can be viewed as a doublet in Sp(1).

In this notation, the supersymmetry transformation rules take a simple form. The
fields are tetrads eµA, gravitino ψ

µ
a,i, graviphotons A

µi
j , 2-form Bµν , fermions χai , and the

dilaton φ. Greek indices are spacetime indices, {A,B, . . .} are Lorentz indices, {i, j, . . .} are
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Sp(1) indices, and {a, b, . . .} are spinor indices. We will often drop the spinor indices in the
calculations. Also, γµ = γAeµA where γA are 7d Dirac matrices.

Now let us go back to our question of interest. Consider the string electrically coupled
to Bµν . This string has an action term

S ∝ i
ˆ
?B ∧ dX ∧ dX + . . . (A.1)

Now we consider the action of supersymmetry on the field Bµν to see how this action
transforms. The full list of possible supersymmetry transformations of the fields in the
gravity multiplet is given as below [34].10

δeA = κε̄iγA ∧ ψi

δψi = 2
κ
Dεi + c1 ? [?(γ ∧ γ ∧ γεj) ∧ F ij ]eqκφ

+ d1 ? (γεj ∧ ?F ji )eqκφ

+ c2 ? [?(γ ∧ γ ∧ γ ∧ γεi) ∧G]eqκφ

+ d2 ? (γ ∧ γεi ∧ ?G)erκφ + bilinear fermions

δχi = c3 ? [(γ ∧ γεi) ∧ ?F ij ]eqκφ

+ c4 ? [(γ ∧ γ ∧ γεi) ∧ ?G]erκφ

+ c5 ? (γεi ∧ ?dφ) + bilinear ferimoins

δAji = f1

(
ε̄jψ − 1

2δ
j
i ε̄
kψ

)
e−qκφ

+ f3

(
ε̄jγχi −

1
2δ

j
i ε̄
kγχk

)
e−qκφ

δB = (f2ε̄
iγ ∧ ψi + f4ε̄

iγ ∧ γχi)e−rκφ + p2A
j
i ∧ δA

i
j

δφ = f5ε̄
iχi, (A.2)

where G = dB, F ij = dAij , γA is a 0-form, γ is a 1-form, ψi is a 1-form, κ is proportional
to the 7d Newton constant, and {ci, di, fi, pi, r, q} are all non-zero numerical coefficients
that are determined by the closure of the supersymmetry algebra. Note that, modulo the
Sp(1) index {i, j}, the above expressions hold for all dimensions. Note that the exponential
factor e−rκφ is the fundamental charge of the supergravity string, because the kinetic term
for B takes the following form

S7d
B = −

ˆ 1
2dB ∧ ?dBe

2rκφ (A.3)

The supersymmetry transformation of the action (A.1) is δB = (f2ε̄
iγ∧ψi+f4ε̄

iγ∧γχi)e−rκφ0 +
p2A

j
i ∧ δAij + . . .. For the string action to be supersymmetric, this variation must be canceled

by the supersymmetry transformation of other terms in the action. Note that φ0 is the
10We have used the fact that the spinors are pseudo Majorana to rewrite the terms in a slightly different

way that makes the calculations simpler. In particular, we have expressed the transformation rules of all of
the bosonic fields in terms of ε̄ rather than ε.
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asymptotic value of φ which sets the coupling constant of the theory. It is almost clear how to
cancel the last term since it already contains the supersymmetry transformation of Aji ∧Aij .
What is less clear, is how to cancel the other two terms. We will focus on ε̄iγ ∧ψie−rκφ0 term.
It is easy to see that if the supersymmetric variation of a term does not depend on anything
other than e and ψ and has a single γ matrix, that term must only depend on e.

Therefore, we are looking for a geometric 2-form. Moreover, our 2-form must be a
function of e and not its derivatives. The only such area form is the induced volume form
on the worldsheet. Let us verify that the induced area gives the correct variation under
supersymmetry transformation. Suppose h is the induced metric. We can express hαβ in
terms of the tetrads as

hαβ = ∂αX
µ∂βX

νeMµ e
N
ν ηMN . (A.4)

Moreover, we can write the determinant h as

h = 1
2hαβhα

′β′ε
αα′εββ

′
, (A.5)

and its supersymmetry variation is

δ
√
−h = −hα

′β′ε
αα′εββ

′

√
−h

∂αX
µ∂βX

nueNν δe
M
µ ηMN . (A.6)

In conformal coordinates, the first term simplifies as

hα′β′ε
αα′εββ

′

√
−h

= εαβ . (A.7)

Working in conformal coordinates, and plugging in δeMµ from (A.2) gives

δ
√
−hd2σ = −ejνδeiµηijdxµdxν = −κε̄ ∧ γψ, (A.8)

which is coordinate independent and holds in every coordinate system. Therefore, we find
that to cancel the supersymmetry transformation of (A.1) we must add

i
f2
κ

ˆ √
−he−rκφ. (A.9)

The prefactor f2
κ is a pure imaginary number that is determined by the closure of super-

symmetry algebra. Similarly, the number r is determined by supersymmetry. For example,
in 7d, we have

f2 = i√
2
, r = − 2√

5
. (A.10)

In general, we find that supersymmetry dictates the term

SNambu-Goto = −Ad2π

ˆ √
−hecdφ (A.11)
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for some dimension dependent positive constants Ad and cd. This also implies that the
tension of the supergravity string is given by

T = Ade
cdφ0 , (A.12)

where ecdφ0 is the coupling of the 2-form B in the gravity multiplet.
In 10 dimensions, r = 1/

√
2. Therefore, the tension of the string is given by

T = Aeφ̂0/
√

2, (A.13)

for some constant A. We can simplify our equations by shifting φ̂ by a constant to absorb
the coefficient A. This shift will make the normalization of B non-canonical, but the
normalization of φ̂ will remain canonical.

T = eφ̂0/
√

2M2
10. (A.14)

Note that in our convention,

S = T

2π ·Area. (A.15)

B Ground states of winding BPS string

In this section, we determine the Spin(8) representation of the ground state of the static
winding BPS supergravity string.11 After fixing the coordinates on the worldsheet, the low
energy action on the string would be in terms of spacetime coordinates Xi with i ∈ {1, 2, . . . , 8}.
In appendix A, we found that the action around the ground state of a BPS supergravity string is

S = −T
ˆ √
−gd2 σ, (B.1)

where T = Ade
cdφ and g is the induced metric on the string worldsheet. The above action is

trustable for perturbations around BPS configurations as well.
The action (B.1) is not the full worldsheet action. Any spacetime supercharge that is

preserved by the string, maps to a global charge on the worldsheet. The corresponding world-
sheet charges can be found by the Green-Schwarz formalism [37] for studying supersymmetric
branes [38]. However, the detail of the worldsheet action is not important for us.

We compactify the X9 direction with the radius R, X9 ∈ [0, 2πR). We consider a static
string winding around a circle. We choose the worldsheet coordinates as

(σ, τ) =
(
X9

R
,X0

)
, (B.2)

and we have gττ = 1 and gσσ = R2. This gauge choice is known as the static gauge or
unitary gauge [39–41].

The winding string along the X9 direction breaks the Lorentz symmetry as

SO(9, 1)→ SO(8)× SO(1, 1). (B.3)
11The partial supersymmetry breaking by the winding string was discussed, e.g., in refs. [35, 36].
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Let us take a closer look at the supercharges in 10d non-compact spacetime and their
action on the BPS string. Suppose we start with a supergravity with 32 supercharges. The
BPS string preserves half of the supersymmetry. These supercharges act on the worldsheet
fields and must be in fermionic representations of SO(8) corresponding to rotations in the
transverse coordinates to the string. This symmetry manifests itself as the R-symmetry of
the worldsheet theory. The smallest spinor representation of SO(8) is 8 dimensional. The
supercharges must also furnish representations of SO(1, 1) which is the Lorentz group of the
worldsheet. The irreducible representations of SO(1, 1) are one-dimensional and can be left
or right handed. However, since the R-symmetry maps the supercharges in an irreducible
representation of SO(8) to each other, they must all have the same worldsheet handedness.
Therefore, the supercharges lead to worldsheet charges that come in groups of 8 that all have
the same worldsheet handedness and are in the vector representation of SO(8). For theories
with 32 spacetime supercharges, we find the following two possibilities:

We consider the dimensionally reduced 9d supersymmetry algebra. In Spin(8) notation
corresponding to the spatial rotation, we have [42]12

{QaA, QḃB} ∼ γiaȧpiδAB, (B.4)

where i = 1, · · · , 8 is the direction transverse to the string, A,B = 1, 2 is the label of the
supersymmetry charges, and a = 1, · · · , 8 and ȧ = 1, · · · , 8 are the indexes for 8S and 8C
representations, respectively. The string states are not invariant under pi action since this
generates translation along the transverse direction to the string. This indicates that the
BPS string can preserve either Qa or Qȧ, but not both.

Suppose that Qa is preserved and Qȧ is broken. Then, we can normalize Qȧ in such
a way that

{Qȧ, Qḃ} = δȧḃ, (B.5)

is satisfied. This is analog to the Clifford algebra, and by utilizing the triality relation in
Spin(8), we see that the representation of the algebra above is

8v ⊕ 8s. (B.6)

Similarly, if Qȧ is preserved and Qa is broken, then the algebra of the broken supersymmetry
tells us that the representation is

8v ⊕ 8c. (B.7)

Therefore, by looking at the broken supersymmetry, we can find the Spin(8) representation
of the BPS supergravity string.

• 10d N = (1, 1) supergravity (IIA supergravity):
The supercharges are the two 10d Majorana-Weyl spinors with different chirality. These
supercharges are decomposed as

(8s, 1/2)⊕ (8c,−1/2), and (8s,−1/2)⊕ (8c, 1/2), (B.8)
12The minimal spinor in 9d is 16 components Majorana spinor, which can be decomposed into 8s + 8c of

Spin(8). Since we are working in the theories with 32 supercharges, we have two copies of the Majorana spinor.
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under SO(8)× SO(1, 1). Here −1/2 and 1/2 correspond to the left and right-handed
fermions, respectively.

Depending on the symmetry breaking pattern, we obtain either N = (0, 16) or the
vector N = (8, 8) as a 2d worldsheet theory. In the following, we argue that it is not
possible to obtain the 2d N = (0, 16) worldsheet theory assuming that the theory flows
to an SCFT without the symmetry enhancement.

First, as the perturbative anomaly of the bulk theory is canceled without Green-Schwarz
mechanism [43], there is no anomaly inflow [44] to the BPS string. This indicates that
the central charges of the left-mover and right-mover satisfy the relation [25]

cL − cR = 0. (B.9)

Moreover, we use the knowledge of N = (0, 2) superconformal subalgebra in the N =
(0, 16) theory. By identifying the R-symmetry U(1)R of the N = (0, 2) superconformal
algebra as an SO(2) subgroup of the SO(8) rotation group, we obtain the relation
cR = 0 [25]. In total, we have

cL = cR = 0. (B.10)

However, this contradicts the fact that there must be the center of mass degrees of
freedom.

Therefore, we conclude that the worldsheet theory possesses N = (8, 8).13 The super-
charge preserved by the BPS string is either

(8s, 1/2), and (8s,−1/2), (B.11)

or

(8c,−1/2), and (8c, 1/2). (B.12)

The worldsheet supersymmetry is N = (8s, 8s) or (8c, 8c). In both cases, the Spin(8)
chirality is the same. This means that the Spin(8) representation of the BPS string is

(8v ⊕ 8s(c))⊗ (8v ⊕ 8s(c)). (B.13)

Note that BPS states contain 28 states while non-BPS states contain 216 states.

• 10d N = (2, 0) supergravity (IIB supergravity):

The supercharges are the two 10d Majorana-Weyl spinors with the same chirality. Both
supercharges are decomposed as

QA=1,2 : (8s, 1/2)⊕ (8c,−1/2), (B.14)

under SO(8)× SO(1, 1).
13In this case, eq. (B.9) is still correct, but eq. (B.10) is modified.
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As in the previous case, the supercharge preserved by the BPS string is

QA=1 : (8s, 1/2), QA=2 : (8c,−1/2), (B.15)

or vice versa.

Therefore the worldsheet supersymmetry is N = (8s, 8c) or (8c, 8s), and the Spin(8)
representation of the BPS string is

(8v ⊕ 8s(c))⊗ (8v ⊕ 8c(s)). (B.16)

C Type I and type I′

The duality between the type I and type I′ theories is tricky and has been recently argued
using Swampland principles in ref. [14]. We review the argument here.

Let us compactify the SO(32) supergravity on a circle and take the small radius R limit
while taking the dilaton φ to infinity. We can choose different relative rates for them,

φ̂ = α ln(l10/R), (C.1)

where φ̂ is the canonically normalized dilaton. Since the dilaton goes to infinity, we can think
of this theory as type I supergravity on a circle of radius R.

Since α takes value in an uncountable set and the number of string limits is countable
(see ref. [14]), almost every such limit must decompactify. Therefore, we have a strong
coupling limit of the 9d supergravity, which must decompactify. Given that all the BPS
particles remain massive, the number of options is very limited. For example, this limit cannot
decompactify to an N = 1 supergravity on the circle, because in that case the KK tower
would be a light BPS tower. In ref. [14], this observation was used along with the classification
of 5d SCFTs to show that for large enough α, the only possible decompactification is the
type IIA supergravity on an interval with some BPS domain walls along the interval. As
reviewed in [14], the moduli of the 9d supergravity can be exactly matched to the location of
the domain walls along the interval, and the gauge theory living on the domain walls can be
identified without relying on string theory. This is the type I′ theory.

D Massive vector multiplets in supergravity

In this appendix, we argue that N = 16 supersymmetry determines the transformation of
the charge lattice under variation of the moduli. The idea is to show that the coupling of
any massive particle to massless vectors depends on the scalars in the same vector multiplet
in a specific way due to supersymmetry. Since these couplings set the charges, the charges
are set by the spacetime moduli.

First, let us remind ourselves of the supermultiplets in theories with 16 supercharges and
dimensions greater than 6. The only massless multiplets are the gravity multiplet and the
vector multiplet. However, we can also have massive multiplets. For example, if we start
with a theory with a non-Abelian gauge symmetry and move in the Coulomb branch, we
can Higgs some of the previously massless vector multiplets into massive vector multiplets.
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From the Higgsing argument, it is easy to see that the massive vector multiplets always have
9− d scalars in d dimensions. For example, in 9 dimensions, the massless vector multiplet
has one real scalar, which gets absorbed into the vector, turning it into a massive vector.
The same thing happens in all other dimensions in N = 16 theories.

If the mass of the massive vector field is sufficiently small, we must be able to incorporate
it into the field theory. In order to get some intuition about the supersymmetric coupling
of the massive vector multiplet to massless multiplets, let us start with the example of a
Higgsed gauge group.

It is helpful to work with the O(10− d, k) formulation of supergravities [45] where d is
the dimension of spacetime and k is the dimension of the gauge group. We use the convention
where the (10 − d, k) metric is

η =

 0 110−d 0
110−d 0 0

0 0 1k−(10−d)

 . (D.1)

Note that the 10− d graviphotons are excluded from k. Let us take the gauge group to be
G = U(1)r−1× SU(2), and move in its Coulomb branch to Higgs it into U(1)r. This allows us
to see how the two massive vector multiplets W± can supersymmetrically couple to the other
massless multiplets. In this example, k = r+2. The bosonic part of the action is given by [45]

S =
ˆ
dnx
√
−ge−2φ

[
R(g) + 4∂µφ∂µφ−

1
12H

µνρHµνρ

+ 1
8D

µĤM̂N̂DµĤM̂N̂ −
1
4ĤM̂N̂ F̂

µνM̂ F̂ N̂
µν − V (H)

]
, (D.2)

where

DµĤM̂N̂ = ∂µĤ
M̂N̂ − 2Â K̂

µ f
(M̂

K̂ L̂
ĤN̂)L̂.

F̂ M̂
µν = 2∂[µÂ

M̂
ν] + fM̂

K̂L̂
Â K̂
µ Â L̂

ν ,

Hµνρ = 3
(
∂[µ]Bνρ] − Â M̂

[µ ∂νÂρ]M̂ −
1
3fM̂K̂L̂

Â M̂
[µ Â K̂

ν Â L̂
ρ]

)
,

V (H) = fM̂
K̂P̂

f N̂
L̂Q̂
ĤM̂N̂Ĥ

K̂L̂ĤP̂ Q̂ + 1
4f

M̂
N̂K̂
ĤM̂N̂f

N̂
M̂L̂
ĤK̂L̂ + 1

6fM̂N̂K̂
fM̂N̂K̂ ,

(D.3)

where the scalars ĤK̂L̂ are in O(10−d, r+2)/[O(10−d)×O(r+2)], and M̂ = 1, · · · , 10−d+r+2.
Suppose that SU(2) corresponds to indices 10 − d + r ≤ M̂ ≤ 10 − d + r + 2. After

Higgsing the SU(2), we can use the quotient group O(10 − d) × O(r + 2) to make all the
scalars in ln[Ĥ]M̂N̂ where max{M̂, N̂} ≥ 10 − d + r except the following vanish.

(M̂, N̂) ∈{1, . . . 2(10− d)} × {10− d+ r, 10− d+ r + 1, 10− d+ r + 2}
∪ {10− d+ r, 10− d+ r + 1, 10− d+ r + 2} × {1, . . . 2(10− d)}, (D.4)

such that for 10−d < M̂ ≤ 2(10−d) and N̂ ∈ {10−d+r, 10−d+r+1, 10−d+r+2} we have

ln[ĤM̂N̂ ] = − ln[ĤM̂−(10−d) N̂ ] = ln[ĤN̂M̂ ] = − ln[ĤN̂ M̂−(10−d)]. (D.5)
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We use ln(Ĥ) because it belongs to the Lie algebra of O(d)×O(r + 2), which has a simpler
description.

We can also use the gauge symmetry to impose the unitary gauge ln[Ĥ]N̂ 11−d =
ln[Ĥ]11−d N̂ = 0 for N̂ > 10− d+ r and ln[Ĥ]10−d+r 11−d = C is the Higgsing parameter that
sets the mass scale of the Higgsed vector multiplets M̂Massive ∈ {10− d+ r+ 1, 10− d+ r+ 2}.
Note that these massive vector multiplets now each have 9 − d scalars corresponding to
ln[Ĥ]M̂N̂ where 11 − d < N̂ ≤ 2(10 − d).

Looking at the action, one can see that the charge of the two Higgsed vector multiplet
ÂN̂ under the massless vector ÂM̂ comes from the terms quadratic in F and is proportional
to ĤM̂N̂ . This scalar depends on scalars in the massless and massive multiplets through
exponentiation of ln[Ĥ]. Even though the dependence of the gauge couplings on the scalars in
the massless multiplets is complicated, its change under the change of them is easy. Changing
the scalars in the massless multiplets corresponds to a similarity transformation on Ĥ by an
element of O(10 − d, r), which acts on the first 10 − d + r indices. Therefore, the charges
of the massive multiplets which are given by ĤM̂N̂ with M̂ ≤ 10 − d + r < N̂ transform
in the fundamental representation of O(10 − d, r).

Λ ∈ O(10− d, r) : ĤM̂N̂ → ΛM̂ ′
M̂
ĤM̂ ′N̂ . (D.6)

In fact, this argument holds for any Higgsed massive multiplet. Consequently, if the theory
has a point of maximal enhancement where the gauge algebra becomes simple, this argument
tells us that the charge lattice transforms covariantly under O(10 − d, r) changes of the
moduli. We are particularly interested in 9d supergravities, which according to Swampland
arguments [31], always have such a point of symmetry enhancement. However, even if such
a point did not exist, such a constraint is generally expected from supersymmetry. For the
coupling terms ÂM̂ × . . . or ∂ÂM̂ × . . . to be supersymmetrically invariant, we need to cancel
the second order variation of ÂM̂ under supersymmetry with terms which involve scalars in
the same multiplet as ÂM̂ , which is why we typically end up with a term like HM̂N̂ Â

M̂ × . . .
or HM̂N̂∂Â

M̂ × . . .. Even though the rest of the terms (such as the mass term) can have
different scalar dependencies, the coupling to the massless vector multiplets is expected to
have fixed dependence on the scalars in the massless multiplets due to supersymmetry.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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