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The recently proposed swampland cobordism conjecture predicts the existence of new nonsupersym-
metric objects which supplement the spectrum of low-energy gravitational effective field theories. In this
paper, we study a subset of these defects related to the Gliozzi-Scherk-Olive projection on the string
worldsheet. These include the predicted domain wall between type IIA and IIB superstring theories and the
newly discovered R7-brane. We study these defects in two different ways: via long-string probes and target-
space effective field theory. We find that the R7-brane can be identified with a collapsed cylindrical
configuration of the IIA/IIB wall, and further, that the R7-brane is stable, in contrast to previous
expectations. Moreover, we argue that BPS D-branes pulled across the IIA/IIB wall become non-BPS
D-branes, which we identify with fluxbrane configurations. We show that the non-BPS D-branes of either
type II theory are charged under a Z2 remnant of the Ramond-Ramond potentials of the other, which we
identify with the mod 2 reduction of the Ramond-Ramond fluxes. Similar considerations provide a
complementary perspective on the heterotic soð32Þ S-duals of known non-BPS 7- and 8-branes in type I
string theory.
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I. INTRODUCTION

A basic but important issue which any putative theory of
quantum gravity must address is to identify the spectrum of
states and objects whose existence affects physics at long
distances. Indeed, this data is central in identifying the
relevant degrees of freedom in any candidate UV
completion. Celebrated objects of this sort are the BPS
D-branes of open superstring theories [1]. As supersym-
metric configurations, they are protected against quantum
mechanical corrections, and thus robust statements can be
made about their properties even at strong coupling.
While D-branes provide one example, there is no a priori

guarantee that they provide a representative catalog of all
possible extended objects in quantum gravity. Indeed, more

general field configurations in gravitational effective field
theories suggest a far broader range of possibilities, in line
with the general expectation that UV-complete quantum
gravity must include states of all possible charges [2]. In
such situations, topological—rather than supersymmetric—
considerations can provide a complementary perspective.
Recently, this approach was sharpened in the form of the

swampland cobordism conjecture [3]. This conjecture
asserts that the bordism groups of quantum gravity are
trivial:

ΩQG
k ¼ 0: ð1:1Þ

Without a full definition of UV complete quantum gravity,
we cannot directly check the validity of the cobordism
conjecture. Nevertheless, this conjecture is still a powerful
tool, since the bordism groups of spacetimes describable in
a given low-energy effective field theory (EFT) are typi-
cally nontrivial. As such, we are able to predict (sometimes
postdict) the existence of objects which enrich the spectrum
of the original EFT and trivialize its bordism. For example,
the cobordism conjecture correctly postdicts the existence
of D-branes, O-planes, and other extended objects discov-
ered earlier through other means. For some recent inves-
tigations of the cobordism conjecture, see Refs. [3–26].
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More excitingly, the cobordism conjecture also predicts
the existence of entirely new non-BPS objects. Notable
examples include a codimension-one domain wall between
the two type II theories (the IIA/IIB wall) [3], codimension-
two branes in type IIB known as reflection 7-branes
R7-branes) [11,18,19], as well as a number of nonsuper-
symmetric heterotic branes [20,23,25].1 In many of these
examples, self-consistency of the candidate background
requires these objects to have large string coupling near
their core, so that they resist a microscopic treatment using
worldsheet techniques (similarly to the supersymmetric
NS5-brane). Without simple worldsheet constructions or
supersymmetric protection, these objects are harder to
study than their better-known supersymmetric cousins.
In this paper, we aim to provide further evidence for the

existence of some of these predicted objects and to establish
some of their basic properties. The specific objects we
consider are what we call GSO defects, namely, defects in
target space associated to the GSO projection on the string
theory worldsheet. These include two basic sorts of object:
The first are 8-brane GSO domain walls (such as the IIA/IIB
wall) which separate 10-dimensional string vacua that differ
in the choice of GSO projection. The second are 7-brane
GSO vortices (such as the FL R7-brane), characterized by a
discrete holonomy in the target-space Z2 gauge field
associated to the quantum symmetry of the GSO projection.
Our main focus will be on the GSO defects in the type II
theories. Nevertheless, wewill also consider GSO defects in
the soð32Þ heterotic (Hetso) string theory, which turn
out to be the S-duals of the well-known non-BPS
D7- and D8-branes of type I string theory [28–32].
We study GSO defects from two complementary points

of view. The first is in terms of the worldsheet EFT of the
fundamental string. While GSO defects resist direct treat-
ment in terms of the critical string worldsheet,2 we may
nevertheless consider the low-energy EFT describing small
fluctuations of a long fundamental string in the presence of
a GSO defect. Far away from the (potentially strongly
coupled) core of the defect, we can take the string coupling
to be small, so that the long-string EFT is under control. In
this regime, we are able to characterize some aspects of the
IIA/IIB wall and the R7-brane in terms of defects in the
long-string EFT.
Our second perspective is to consider the behavior of

GSO defects in the target space and their effect on fields
and probe branes. In particular, we find that BPS

Dp-branes on the IIA (respectively IIB) side of the wall
are related to non-BPS Dp-branes on the IIB (respectively
IIA) side of the wall. As we show, these non-BPS
Dp-branes turn out to be charged under a Z2 remnant of
the odd-form (respectively even-form) RR potentials
present for their BPS counterparts. We further argue that
the non-BPS Dp-branes are in turn just the initial configu-
ration for the nonsupersymmetric flux-p-branes of
Refs. [35–37]. Note that this result contradicts previous
statements in the literature (e.g., [ [38], Sec. 3.3]) that the
non-BPS Dp-branes carry no conserved charge and can
decay into purely neutral radiation.3

One aspect of the IIA/IIB wall we are able to infer is that
it serves as a Neumann boundary condition for the Z2

gauge field for left-moving spacetime fermion number
ð−1ÞFL (on both sides, so that the gauge fields fluctuate
independently). As a result, we may consider a configu-
ration in which the IIA/IIB wall is wrapped into a cylinder
extended in seven spatial directions with a discrete hol-
onomy of ð−1ÞFL around a circle in the two transverse
directions (see Fig. 1). Due to the tension of the IIA/IIB
wall, this configuration will be unstable, and the cylinder
will dynamically shrink. Viewed from far away, this
configuration is indistinguishable from the FL R7-brane
of the type II theory on the outside, and so we conjecture
that the endpoint of this shrinking process is simply the
R7-brane itself.
We give two further cross-checks of this picture. First,

we are able to match the worldvolume form fields on the FL
R7-brane in either type II theory with the bulk Ramond-
Ramond (RR) form fields of the other. This suggests that
these form fields on the R7-brane arise as the zero modes
of the RR fields of the other type II theory living inside a
small cylindrical IIA/IIB wall. Second, we verify that an

FIG. 1. Configuration of a IIA/IIB wall with spatial topology
S1 × R7 and a ð−1ÞFL monodromy around its 1-cycle, with IIA
on the inside and IIB on the outside.

1The R7-brane, as well as the IIA/IIB wall, were predicted in
passing in earlier work [27] for similar reasons.

2J. M. and J. P. M. thank H. Ooguri, B. Rayhaun, S.-H. Shao,
and A. Sharon for many previous discussions and collaboration
on worldsheet constructions of vortices [33]. J. J. H. and E. T.
thank M. Cvetič and G. Zoccarato for many attempts at realizing
the IIA/IIB wall in supergravity, and M. Dierigl and M. Montero
for attempts at realizing the R7-brane directly in worldsheet
terms [34].

3There is no contradiction between our claim and the K-theory
classification of D-branes; indeed, our arguments in Appen-
dixes C and E for this Z2 charge rely on K-theory. Our claim
is that the non-BPS D-branes carry charge associated to the
torsional holonomies of the differential K-theory field, rather
than the integrally quantized fluxes, as is the case for the BPS
D-branes.

JONATHAN J. HECKMAN et al. PHYS. REV. D 113, 066021 (2026)

066021-2



analogous transition between a GSO domain wall and a
GSO vortex is possible in the Hetso theory, at least at strong
coupling where we may use known D-brane physics in the
dual type I description.
Perhaps counterintuitively, our considerations suggest

that the R7-brane is actually stable. As an object of low
codimension, it suffers a potential instability to spreading
out in the transverse directions into a configuration of lower
energy density (see, e.g., [39]). However, if this were
possible, the resulting configuration should be describable
in terms of a smooth field configuration in the low-energy
EFT. As there is no smooth configuration of the type II
supergravity EFT realizing the charge of the R7-brane, we
conclude that the R7-brane must indeed be stable. This
criterion, that an object whose charge cannot be realized by
a smooth EFT configuration must be stable, was empha-
sized in [23].4

To build further intuition for the stability of the R7-
brane, it is helpful to contrast it with the GSO vortex of the
Hetso theory. As reviewed below, this GSO vortex is given
by the S-dual of the type I non-BPS 7-brane first identified
in [31], which is associated to a discrete KO-theory charge.
This 7-brane has a worldvolume tachyon, and suffers a
spreading-out instability [40,41]. The end result of this
instability is a smooth configuration of the Spinð32Þ=Z2

gauge field with nonzero magnetic flux. This smooth
configuration is able to realize the holonomy of the non-
BPS 7-brane because the associated Z2 gauge field is
embedded in the center of Spinð32Þ=Z2. In contrast, the Z2

gauge field ð−1ÞFL in either type II theory is not embedded
inside any continuous (internal) gauge group, and thus the
R7-brane cannot dissolve into a dilute gauge flux. This is
analogous to the deep IR of a superconducting phase where
a Uð1Þ gauge field is broken to Z2, and the corresponding
flux tubes are stable string excitations.
The rest of this paper is organized as follows. First, in

Sec. II, we review the relevant features of the GSO
projection, as well as our two main examples of type II
and Hetso string theory. In Sec. III, we study GSO walls
from the perspective of a long-string, and in Sec. IV, we
give a target space analysis. In Sec. V we turn to
codimension-two GSO vortices, and discuss their relation-
ship to cylindrical configurations of GSO walls. Section VI
discusses the stability of the different GSO defects. Finally,
Sec. VII contains our conclusions and some directions for
future investigation.
We supplement our main discussion with a number of

appendixes, containing important calculations and argu-
ments to support our main points. In Appendix A, we detail

subtleties in the GSO projection arising from discrete
anomalies (or “backfiring bosonization”) [42]. Appendix B
discusses the origin of the extension of the type I gauge
group. Appendix C derives the relationship between the Z2

remnants of the RR potentials of type IIA (respectively IIB)
and the mod 2 reductions of the RR fluxes in type IIB
(respectively IIA). Appendix D reviews the path integral
formulation of RR fluxes in terms of integrals over flux
configurations with suitable Lagrange multipliers. In
Appendix E we present some general comments on
fluxbranes, and argue that non-BPS D-branes can be
precisely identified with RR fluxbranes. Finally,
Appendix F provides some additional details on the
D7-brane of type I string theory, and argues for the
connection between the D7-brane and a cylindrical
D8-brane.

II. REVIEW OF THE GSO PROJECTION

We begin by reviewing the basic structure of the GSO
projection for the Ramond-Neveu-Schwarz (RNS) string.
In the RNS formalism, the physical string spectrum is
obtained only after performing a projection onto states of
definite fermion number in the Neveu-Schwarz (NS) and
Ramond (R) sectors. Among other reasons, this projection
is required in order to eliminate the tachyonic ground state
in the NS sector and have a consistent string perturbation
theory. Roughly speaking, the GSO projection arises from
the sum over possible spin structures σ on the superstring
worldsheet, or, essentially equivalently, from gauging
worldsheet fermion parity ð−1Þf. There are a number of
technical subtleties in the precise meaning of the sum over
spin structures (see, e.g., [42,43]) which will not play any
role in our main discussion, but which we comment on in
Appendix A.
In performing a sum over worldsheet spin structures, one

is free to include a phase factor ð−1ÞArfðσÞ, where ArfðσÞ is
the Arf invariant of the spin structure σ. Including this
factor corresponds to stacking a Majorana chain [44] onto
the worldsheet [45–47]. The impact of this factor is to shift
the fermion number of the Ramond sector ground state, or
equivalently, to modify the GSO projection to project onto
states of opposite fermion number in the Ramond sector.
One may view the choice of including or not including the
factor ð−1ÞArfðσÞ as a discrete theta angle of the worldsheet
theory, which should correspond in target space to a
discrete parameter labeling string vacua that differ only
in the choice of GSO projection.
After performing the GSO projection, the resulting

theory admits a Z2 quantum symmetry which assigns
charge to states in the Ramond sector. This Z2 global
symmetry of the worldsheet theory corresponds to a Z2

gauge symmetry in target space. As reviewed below, the
details of this gauge symmetry depend on the particular
theory considered; for the sake of exposition, we will refer
to this quantum symmetry here as ð−1ÞFGSO . An essential

4In [23], the authors introduced the SUGRA bordism groups
ΩSUGRA

k to characterize the charges that cannot be realized by
smooth EFT configurations. Indeed, the R7-branes are associated
to nontrivial classes in the SUGRA bordism groups of the
respective type II theories.
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technical fact is that the operation of stacking ð−1ÞArfðσÞ
before taking the GSO projection corresponds, after GSO,
to a further gauging of the quantum symmetry ð−1ÞFGSO

(see, e.g., [48]).5 This can be understood as follows:
gauging ð−1ÞFGSO projects out the physical string states
in the Ramond sector, and adds in new twisted-sector states
which correspond to the Ramond sector states of opposite
worldsheet fermion parity.
Another key effect has to do with the possibility of a

mixed anomaly between worldsheet fermion number ð−1Þf
and some continuous global symmetry G of the worldsheet
theory. The specific mixed anomaly is characterized by a 3d
action

Z
M3

a ∪ ρ�eðgÞ; ð2:1Þ

where Σ2 ¼ ∂M3 is the worldsheet, a∈H1ðM3;Z2Þ
is the ð−1Þf background field, eðgÞ∈H2ðG;Z2Þ, and
ρ∶ M3 → BG is the background field for G [49]. In the
presence of such an anomaly, the global symmetry after
GSO is given by a central extension Ĝ ofG by the quantum
symmetry ð−1ÞFGSO of GSO,

ZFGSO
2 → Ĝ → G: ð2:2Þ

When this happens, the target space gauge symmetry
corresponding to ð−1ÞFGSO is embedded as a central Z2

subgroup of the continuous Ĝ gauge symmetry.

A. Example: Type II string theory

In this paper, we consider defects related to the GSO
projection in two main examples. The first example is type
II string theory. In the light-cone-gauge RNS formalism,
type II string theory is described by worldsheet fields
ðXi;ψ i; ψ̃ iÞ, where i ¼ 1;…; 8 parametrize eight transverse
spatial directions, Xi are 2d bosons, and ψ i and ψ̃ i are 2d
left- and right-moving Majorana-Weyl fermions respec-
tively. The action on a worldsheet Σ is simply

S ¼
Z
Σ
ð∂Xi

∂Xi þ ψ i
∂ψ i þ ψ̃ i

∂ψ̃ iÞ: ð2:3Þ

In type II string theory, one must sum over independent
spin structures ðσL; σRÞ for the left- and right-moving
fermions respectively, and one may choose to include a
factor of theArf invariant for either chirality.Our conventions
will be that type IIB string theory is obtained by not including
this factor for either spin structure, while type IIA string

theory includes this factor only for the left-moving spin
structure σL.

6

After performing the GSO projection, there are two
independent quantum symmetries ð−1ÞFL and ð−1ÞFR

which assign charge to the left- and right-moving
Ramond sectors respectively. Due to a mixed anomaly
of the form (2.1) between worldsheet fermion number and
rotations in the eight transverse directions, the diagonal
symmetry ð−1ÞF ¼ ð−1ÞFLð−1ÞFR is embedded as the
center of the transverse rotation group Spin(8) and corre-
sponds to target-space fermion number. Thus, the only
discrete Z2 gauge symmetry in the type II target space
arising from GSO corresponds to either of ð−1ÞFL or
ð−1ÞFR , which by convention we will take to be ð−1ÞFL .
The discrete parameter distinguishing type IIA from type
IIB and the Z2 gauge field ð−1ÞFL are the H0 and H1

components of the twisting of K-theory considered in [27].

B. Example: Hetso string theory

The second example we consider is the Hetso heterotic
string theory. In the light-cone-gauge RNS formalism, the
fermionic construction of the heterotic string involves
worldsheet fields ðXi; ψ̃ i; λAÞ, where Xi; ψ̃ i are as in the
type II string, and λA for A ¼ 1;…; 32 are 32 left-moving
worldsheet fermions. The action is

S ¼
Z
Σ
ð∂Xi

∂Xi þ λA∂λA þ ψ̃ i
∂ψ̃ iÞ: ð2:4Þ

In order to obtain the Hetso heterotic string, one must again
sum over left- and right-moving spin structures ðσL; σRÞ
independently. The right-handed GSO projection behaves
similarly to the type II string, and its quantum symmetry
corresponds to target-space fermion number ð−1ÞF in the
ten noncompact spacetime dimensions. Our focus will be
on the left-handed GSO projection which acts on the 32
left-moving fermions λA. The result of the left-handed
GSO projection is a Narain CFT obtained by the compac-
tification of 16 chiral bosons, φi, on a 16-dimensional even
self-dual lattice Γ16.
In order to describe the effect of stacking the factor

ð−1ÞArfðσLÞ, it will be useful to consider the global rotation
symmetry acting on the 32 fermions. Before GSO, we have
an SO(32) global symmetry under which the 32 fermions
λA transform as a vector. This symmetry has a mixed
anomaly with left-handed fermion number ð−1ÞfL of the
form (2.1), and thus will be extended by the quantum
symmetry of the left-handed GSO projection. Moreover,
left-handed worldsheet fermion number ð−1ÞfL can be
identified with the central element of SO(32). As all states

5When bosonization “backfires” (see Appendix A), this fact
remains true provided that the further gauging of ð−1ÞFGSO is done
with the opposite refermionization procedure as was used in the
GSO projection. See [42][Sec. IV.3] for details.

6The two other possibilities (including this factor on both sides
or only on the right-moving side) yield theories equivalent to type
IIB and type IIA upon performing a spacetime reflection.
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with nonzero ð−1ÞfL charge are projected out by GSO, the
worldsheet global symmetry after GSO will involve a
quotient as well.
Putting these two effects together, we learn that the

worldsheet global symmetry after the left-handed GSO
projection is given by Spinð32Þ=Z2, where Z2 corresponds
to a central element in Spin(32) that lifts the unique central
element of SO(32). As it turns out, there are two such
elements in Spin(32). The center of Spin(32) is given by
Zs

2 × Zc
2, where the generators ð−1Þs and ð−1Þc of Zs

2 and
Zc

2 act nontrivially in the spinor and conjugate-spinor
representations respectively. Both elements ð−1Þs and
ð−1Þc lift the central element of SO(32), and so there
are two nominal possibilities for the global symmetry of the
heterotic string worldsheet after GSO, given by
Spinð32Þ=Zs

2 and Spinð32Þ=Zc
2. These two groups are

abstractly isomorphic, and the two options are exchanged
by a reflection in one of the bosonized fields φi → −φi.
Nevertheless, if we fix the action of Spin(32) on the

Ramond sector before GSO projection, it is meaningful to
discuss the difference between the options Spinð32Þ=Zs

2

and Spinð32Þ=Zc
2. The states which transform as spinors

under this internal rotation group are given by massive
excitations of the heterotic string, arising from quantization
of the zero modes of λA in the Ramond sector. In order to
specify the action of Spin(32) on the Ramond sector, one
must choose which of ð−1Þs and ð−1Þc acts as left-moving
fermion parity ð−1ÞfL ; the two options are exchanged upon
stacking the factor ð−1ÞArfðσLÞ. Depending on this choice,
the states which survive the GSO projection live in the
weight lattice of either Spinð32Þ=Zs

2 or Spinð32Þ=Zc
2, both

of which are abstractly isomorphic to Γ16. Our convention
will be that without the factor ð−1ÞArfðσLÞ one obtains the
global form Spinð32Þ=Zc

2, which allows for the spinor
representation, while with the factor ð−1ÞArfðσLÞ one
obtains Spinð32Þ=Zs

2, allowing for the conjugate-spinor
representation.

1. The S-dual type I theory

Finally, it is also of interest to consider the avatar of the
Hetso GSO projection in the S-dual type I string theory.
Type I string theory is given by an orientifold of the
type IIB string by worldsheet parity Ω together with the
introduction of 32 space-filling D9-branes in order to
cancel the charge of the O9-plane. In order to match with
the above discussion, we must understand why the gauge
group of the type I string theory is given by Spinð32Þ=Z2,
and what determines the chirality of the Z2 subgroup in the
quotient.
At first glance, the gauge group of type I appears to be

O(32), as this is the Ω-invariant subgroup of the U(32)
gauge group living on the stack of 32 D9-branes in type
IIB. Let us first consider the identity component SO(32).
The orientifold projection removes the continuous gauge

potential B2 from the spectrum, but leaves behind a
discrete Z2 two-form gauge field under which the funda-
mental string is charged. In type II string theory, in the
presence of D-branes, the D-brane localized gauge fields
FDp transform as

FD9 → FD9 −
1

2π
dΛ ð2:5Þ

under a bulk gauge transformation B2 → B2 þ dΛ, where
we use the embedding Uð1Þ ↪ UðNÞ for a stack of N
D-branes. As a result, in type I string theory, the discrete
remnant of the B2 field gauges the Z2 center symmetry of
the SO(32) gauge field, reducing the physical gauge group
to the quotient SOð32Þ=Z2.
That being said, the whole gauge group is known to lift

to Spinð32Þ=Z2. Let us briefly discuss how this comes
about. In type I string theory there is also a Z2 eight-form
gauge potential given by the discrete remnant of the RR
field C8, which transforms as C8 → −C8 under Ω. Now, in
type IIB, before the orientifold projection, we have a
coupling of the form

Z
C8 ∧ TrðFD9Þ; ð2:6Þ

on the D9-brane worldvolume, between C8 and the U(32)
gauge fields. Globally, this coupling is better described as a
coupling between C8 and the characteristic class c1 of the
U(32) gauge bundle. In type I, the coupling (2.6) descends
to a coupling between the Z2 remnant of C8 and the
characteristic class w2 of the SO(32) gauge bundle, using
the fact that c1 pulls back to w2 under the embedding
SOð32Þ ↪ Uð32Þ. As a result, the remnant ofC8 gauges the
magnetic seven-form symmetry of SO(32) gauge theory,
extending SO(32) to Spin(32). The new one-formZ2 gauge
field that extends SO(32) is given by the electromagnetic
dual of the discrete remnant of C8. The identity of this dual
field is surprisingly subtle, and is described in Appendix B.
Taking both effects into account, we conclude that

the global form of the type I gauge group is given by
Spinð32Þ=Z2. In order to address the chirality of the Z2

quotient in Spinð32Þ=Z2, let us return to the disconnected
component of O(32), consisting of internal reflections. As
explained in [31], the disconnected component of O(32) is
broken by Dð−1Þ-brane instantons, whose partition func-
tion picks up a sign under an internal reflection.
Equivalently, the disconnected component is broken by
the vev of C0, which controls the phase of the Dð−1Þ-brane
partition function. There are two values of C0 invariant
under the orientifold projection C0 → −C0, given by
C0 ¼ 0 or C0 ¼ π, taking into account the identification
C0 ∼ C0 þ 2π. As explained in [50,51], the two choices are
gauge equivalent, as they are exchanged under an internal
reflection in O(32). Thus, the chirality of the Z2 quotient,
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though ultimately unphysical, is controlled by the nominal
vev of C0.
We now track the effect of this parameter on the

worldsheet of the type I D1-string, the S-dual of the
Hetso fundamental string. Open strings in the 1–9 sector
transform in the fundamental representation of SO(32).
Following the discussion in [52] (see also [53]), we
consider a wrapped D-string on a long circle with periodic
boundary conditions for the fermionic 1–9 strings. Observe
that the zero modes for these fermionic modes Λi

0 (with
i ¼ 1;…; 32) satisfy the Clifford algebra fΛi

0;Λ
j
0g ¼ 2δij,

and so the corresponding ground states on the D1-string
build up spinor representations of Spinð32Þ=Z2, just as in
the Hetso string. Turning on a vev C0 ¼ π shifts the
fundamental IIB string charge of the D1-string, altering
the projection induced by the Z2 remnant of the B2 field.
As [51] shows, the effect is to introduce a discrete theta
angle in the D1-string worlsheet gauge theory, which
changes the chirality of the spinors of the ground state
associated with the wrapped D1-string. Turning on this
discrete theta angle on the D1-string is the S-dual of
stacking a factor ð−1ÞArfðσLÞ on the Hetso string worldsheet.

III. GSO DOMAIN WALLS: LONG STRING PROBE

Motivated by the swampland cobordism conjecture, our
aim in this section is to characterize domain walls connect-
ing pairs of perturbative string vacua differing only by the
choice of whether or not to include a factor of ð−1ÞArfðσÞ in
the GSO projection. We focus on cases where far from the
wall we have asymptotically supersymmetric Minkowski
vacua. Moreover, we will set the asymptotic value of the
string coupling gs to some small fixed value far away from
the domain wall on each side. As mentioned above, our two
main examples live in type II and Hetso string theory. These
are given by the domain wall that separates type IIA from
type IIB string theory and the domain wall between the two
equivalent versions of the Hetso theory with nominal gauge
groups Spinð32Þ=Zs

2 and Spinð32Þ=Zc
2.

In general, we do not expect to have a worldsheet
construction of GSO domain walls in perturbative string
theory, as the dilatonmayhave a stronggradient in thevicinity
of the wall.7 Rather than produce a full worldsheet con-
struction,we shall instead study these domainwalls under one
crucial assumption: that a single long fundamental stringmay
be stretched across the domainwall, as depicted inFig. 2. This
assumption is not justified from first principles. However, we
will see that it leads to a self-consistent picture for the physics
of the domainwall.While it is difficult to study the interaction
of critical strings with the domain wall, in the regime of a
single long string we may instead consider the low-energy

effective description of small excitations of the long string. At
scales longer than the thickness of the domainwall, its imprint
must be describable by some interface in the long-string
effective theory (see Fig. 3). By characterizing someuniversal
features of this interface, wewill be able to predict features of
the GSO domain walls.
As it turns out, there is a well-known topological interface

between worldsheet theories that differ by the factor
ð−1ÞArfðσLÞ. Before the GSO projection, this interface can
be described in terms of a single unpaired Majorana that
lives at the end of the Majorana chain [44]. This is a gapped
interface, as the (anomalous) partition function of a single
1D Majorana mode is independent of the metric, and
is given by either

ffiffiffi
2

p
or 0 depending on whether the boun-

dary conditions are antiperiodic or periodic [47,54–56].
Alternatively, after GSO, this interface can be described as
the interface obtained by gauging the quantum symmetry of
GSO on half of the worldsheet. As described above, this

FIG. 2. Target space picture of a long F1-string crossing the
IIA/IIB wall.

FIG. 3. Depiction of a GSO interface in type II theory for a long
string. In the long string, gs → 0 limit we can treat this as a fixed
defect in which the choice of GSO projection is different on the
two sides of the wall. We have depicted this as a “shaded region”
to emphasize that we are remaining agnostic as to the microscopic
structure of this interface. That being said, anomaly inflow
considerations indicate that anomalies can be cancelled by a
1D Majorana fermion trapped on a thin interface.

7Compare with the supersymmetric NS5-brane, whose core
does not admit a simple worldsheet description. This issue also
arises for the nonsupersymmetric heterotic branes considered
in [20,23,25].
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corresponds in type II to the gauging interface for ð−1ÞFL,
and in Hetso to the gauging interface for the Z2 center of
either form of Spinð32Þ=Z2.
It seems highly unlikely that the interface in the long-

string EFT corresponding to the GSO domain wall is simply
given by this topological interface. Instead, our expectation
is that the GSO domain wall corresponds to some nonuni-
versal, nontopological deformation of this topological inter-
face. Nevertheless, we expect that certain robust features
controlled by topology such as anomaly inflow and the
spectrum of boundary states and (quasi)stable objects can be
reliably extracted from these coarse considerations.
In particular, one defining property of the topological

gauging interface is that the topological line operators
implementing the quantum symmetry of GSO may end on
the gauging interface. The quantum symmetry will be a
global symmetry in the ungauged region. The correspond-
ing topological line operator can end on the gauging
interface simply because it becomes indistinguishable from
the identity operator in the gauged region.
For instance, in the type II string, the line operators

implementing the symmetry ð−1ÞFL may end on the
gauging interface from either side, as depicted in Fig. 4.
In target space, this implies that the long string stretched
across the IIA/IIB wall may consistently pass through a
monodromy cut for the target space gauge field ð−1ÞFL . As
a result, we learn that monodromy cuts for ð−1ÞFL can end
on the IIA/IIB domain wall (see Fig. 5). Equivalently, the
IIA/IIB domain wall serves as a Neumann boundary
condition for the discrete gauge fields ð−1ÞFL , so that both
sides fluctuate independently.

IV. GSO DOMAIN WALLS: VIEW
FROM TARGET SPACE

We now turn to the target space interpretation of
codimension-one GSO domain walls. As a first point, it
is helpful to contrast these GSO domain walls with the
D8-brane of type IIA string theory. Recall that the D8-brane
of type IIA string theory partitions the theory into regions
with differing values of the Romans mass parameter. In

particular, this implies that there is a difference in the value
of the cosmological constant on the two sides of such walls.
This is to be expected because the IIA spectrum with
Romans mass [57] includes a continuous RR nine-form
potential C9 and an integer-quantized on-shell flux FIIA

10 [1].
In the case of GSO defects, the situation is qualitatively

different. By definition, the GSO domain walls source the
Z2-valued target space parameter that controls the choice of
GSO projection on the string worldsheet. In type II string
theory, this is the Z2 parameter considered in [27], which
controls whether the type II string is type IIA or type IIB. In
the Hetso string, this (unphysical) discrete parameter is
S-dual to the vev of C0 mod 2π in the type I description,
which controls the nominal chirality of the gauge group
Spinð32Þ=Z2. These torsion parameters do not correspond
to any shift in the vacuum energy, and so we may take the
cosmological constant to be zero on both sides of the wall.
For BPS domain walls, this would force the domain wall to
have vanishing tension. However, as the GSO domain walls
are non-BPS, we expect them to have some positive tension
associated with the potential barrier between the vacua on
either side. This will prove especially important in Sec. V,
where we consider cylindrical bubblelike configurations,
since there will be no macroscopic bulk energy density
which can obstruct their collapse.8

Our aim in the remainder of this sectionwill be to establish
some further properties of theseGSOdomainwalls.Webegin
by studying the IIA/IIB wall from the perspective of super-
gravity, focusing on the structure of RR potentials on the two
sides of the wall. Then, we turn to D-branes near the IIA/IIB
wall. Finally, we discuss the GSO walls of Hetso and their
S-dual counterparts in type I string theory.

A. RR potentials and the IIA/IIB wall

We now discuss in greater detail the properties of the
bulk IIA and IIB theories in the presence of the IIA/IIB

FIG. 4. Endability of both of the ð−1ÞFL
A and ð−1ÞFL

B topological
symmetry operators on the IIA/IIB worldsheet interface.

FIG. 5. Depiction of a long F1-string in the vicinity of the
IIA/IIB wall. There is a ð−1ÞFL monodromy cut which emanates
out of the wall, leading to a topological operator for ð−1ÞFL

ending on the interface between different GSO projections on the
worldvolume of the string.

8Microscopically there can be a nonzero Casimir energy, but
this is only expected to play a role at or below the string scale. In a
long cylindrical configuration this is a subdominant effect.
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wall. Our discussion will be at the level of bottom-up
effective field theory away from the wall, where we remain
agnostic about possible boundary conditions/dynamics
localized near its core. The main outcome of our discussion
will be to motivate the statement that the massless RR
potentials on one side of the wall are related to fluxes on the
other side of the wall, namely,

C2k−1 ¼
1

2
F2k−1 mod 2π ðIIBÞ and

C2k ¼
1

2
F2k mod 2π ðIIAÞ: ð4:1Þ

As we will see, the various non-BPS D-branes still carry a
conserved Z2 charge associated with these Z2-valued
potentials. In Appendix C we establish (4.1) by directly
analyzing the homotopy fixed point spectral sequence
associated with the action of ð−1ÞFL on the RR fields.
How can we see something like (4.1) emerge in the low-

energy effective field theory? The main point is that RR
potentials of one type II theory are related to the RR fluxes
of the other type II theory. As the argument presented in
Appendix C is rather formal, our aim in the remainder of
this subsection will be to motivate this connection by way
of a minimal effective action which fits the requisite data.
As a first set of comments, observe that the IIA and IIB

theories have a different set of massless higher-form
potentials. In particular, the IIA side of the wall supports
massless odd-form RR potentials, while the IIB side instead
has massless even-form potential. Any putative effective
field theory which includes the IIA/IIB wall must somehow
keep track of both sets of RR fields, in such a way that the
even-form potentials become gapped on the IIA side, while
the odd-form potentials become gapped on the IIB side.
We work in a formalism where our path integral is over

field strength tensors along with Lagrange multipliers to
enforce the desired relation between the curvature of RR
potentials and fluxes. Appendix D reviews this formulation
for the standard type II supergravity theories. A simple
effective action which fits all the requisite data is the hybrid
Lagrangian,9

LIIA=IIB ¼ ΘA

2
ðjK0j2 þ jK2j2 þ jK4j2Þ

þ ΘB

2
ðjL5j2 þ jL7j2 þ jL9j2Þ ð4:2Þ

−K4 ∧ dL5 − K2 ∧ dL7 − K0 ∧ dL9; ð4:3Þ
where in the above we have introduced indicator functions
ΘA and ΘB which are unity on their respective sides of the
wall and zero otherwise (a nonzero thickness for the wall
can be introduced by using more general smoothing
functions). In this Lagrangian, we have even-degree form
fields K0, K2, K4, and odd-degree form fields L5, L7, L9,
which will play complementary roles on either side of the
wall. There can in principle be additional degrees of
freedom on the wall itself which couple to these bulk
fields; if present they will produce additional localized
contributions to the equations of motion, as well as the
various boundary conditions. For now we remain agnostic
on the presence (or absence) of such modes and couplings.
Observe that the equations of motion are

ΘIIA � K2k − dL9−2k ¼ 0; ð4:4Þ

ΘIIB � L9−2k − dK2k ¼ 0; ð4:5Þ
for k ¼ 0, 1, 2. In the IIA bulk we get the expected
equations of motion under the identifications CIIA

9−2k ¼
L9−2k; FIIA

10−2k ¼ �K2k, in a formulation which favors the
RR potentials CIIA

9 , CIIA
7 , and CIIA

5 . In the IIB bulk we get
the expected equation of motion under the identifications
CIIB
2k ¼ K2k; FIIB

2kþ1 ¼ �L9−2k in a formulation which favors
the RR potentials CIIB

4 , CIIB
2 , and CIIB

0 .
Note that, as we cross the wall from IIA to IIB, the IIA

RR potentials CIIA
odd are reinterpreted on-shell as the IIB

fluxes FIIB
odd, while conversely the IIB potentials CIIB

even are
reinterpreted on-shell as the IIA fluxes FIIA

even.
10 The hybrid

action (4.2), (4.3) illustrates that the field content of IIA and
IIB is such that the RR fluxes on one side of the wall can
play the role of Lagrange multipliers on the other side.

9As reviewed in Appendix D, in the Lagrangian for just the IIA
or IIB Lagrangian we have R-valued “fluxes” and Uð1Þ-valued
Lagrange multipliers. Since we are interchanging the roles of
fluxes and Lagrange multipliers on the two sides of the wall we
can take either the K’s or L’s to be R-valued, and the other set to
be Uð1Þ-valued. At least on-shell, this recovers the expected
statement that we get curvatures for Uð1Þ bundles with properly
quantized fluxes. As far as our modest aim of motivating a
relation between the RR potentials on one side and fluxes on the
other, the present treatment suffices.

10Though our presentation has favored a particular electric/
magnetic split for the flux we can of course use the Hodge dual
fluxes, though this does lead to a few complications. The main
issue is the treatment of the Lagrange multiplier for the flux FIIB

5

and its relation to the IIA flux FIIA
4 .

As a few additional (speculative) comments, one could also opt
for a “democratic” pseudo-Lagrangian in which all fluxes and
potentials appear on an equal footing (aside from the Romans
mass which would require us to introduce a “K10” and an “L−1”):

Ldemocratic
IIA=IIB ¼

X
0≤k≤4

�
ΘIIA

2
jK2kj2 þ

ΘIIB

2
jL2kþ1j2 −K2k ∧ dL9−2k

�
:

ð4:6Þ
This formulation is particularly suggestive since it would natu-
rally be compatible with a tower of Stueckelberged fields in
which we extend the range of k to be all of Z, in line with the
appearance of a formal tower of RR potentials observed in
Appendix C. Making sense of such a formal sum (let alone
identifying the appropriate field content) is a task we leave to the
interested reader.
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Moreover, we observe that this is compatible with the on-
shell relation (4.1). In summary, this effective action
motivates an interpretation in which the RR potentials
on one side of the wall are related to the RR fluxes on the
other. Let us emphasize that the effective action (4.2), (4.3)
is meant to give a heuristic picture of the transition
from IIA to IIB, and should not be trusted in the vicinity
of the wall, where more involved boundary conditions are
required.

B. D-branes near the IIA/IIB wall

In the previous subsection and especially Appendix C,
we argued that the Z2 remnants of the RR potentials
on one side of the IIA/IIB wall are simply the
mod 2 reduction of the RR fluxes on the other. We now
consider the objects charged under these potentials and
fluxes, namely D-branes. In particular, our aim will be to
study D-branes which extend in a direction transverse to
the wall. By Wick rotation, the same results will apply to a
D-brane which is moved through the wall. Since we do
not have a full construction of the IIA/IIB wall, we shall
instead resort to a number of bottom-up self-consistency
conditions.
To proceed, consider a long D-brane which passes

through the IIA/IIB wall (see Fig. 6). From the perspective
of a long string ending on the long D-brane, this configu-
ration is characterized by an open string worldsheet with a
GSO interface in the middle and corresponding boundary
conditions for the D-brane on the two sides. One can also
consider taking a single endpoint of the string and dragging
it along the D-brane, going from one side of the wall to the
other. See Fig. 7 for a depiction of this process from the
perspective of the worldsheet. To understand which
D-branes are allowed in this configuration, we note that
for each even (respectively odd) dimension p, there is a
topological junction between the gauging interface for
ð−1ÞFL , the BPS or anti-BPS Dp-brane boundary for
IIA (respectively IIB), and the non-BPS Dp-brane boun-
dary for IIB (respectively IIA). This follows from the
results of [32], where descent relations between the various

D-branes were considered.11 Thus, a long string ending on
a BPS Dp-brane on one side of the wall can consistently
move across the wall to end on a non-BPS Dp-brane.
As a result, we propose that a BPS Dp-brane on one side

of the IIA/IIB wall becomes a non-BPS Dp-brane when
pushed across the wall. This corresponds to a Wick rotation
of Fig. 6. We expect that there are nontrivial strong
coupling dynamics in the vicinity of the wall, especially
near the intersection of the D-brane with the IIA/IIB wall.
Nevertheless, as above, our expectation is that the long-
string EFT provides a reliable description of the long-
distance and universal features of this brane configuration.
As a cross-check of this proposal, we may consider the

RR fields sourced by the Dp-branes on either side of the
wall. The BPS Dp-brane, as usual, sources a unit flux

Z
S8−p

F8−p ¼ 2π; ð4:7Þ

of the RR field F8−p on the sphere linking its worldvolume.
By the relationship (4.1) between the RR fluxes and
potentials across the wall, we expect that the non-BPS
Dp-brane sources a nontrivial holonomy

Z
S8−p

C8−p ¼ π ð4:8Þ

of the RR potential C8−p, as depicted in Fig. 6. This effect,
though not well known, is actually a feature of the non-BPS
D-branes, as we derive in Appendix E. In particular, the

FIG. 6. A long Dð2kÞ-brane configuration crossing the IIA/IIB wall. To the left of the IIA/IIB wall we have a BPS D-brane, while on
the right we have a non-BPS D-brane. The non-BPS brane produces a holonomy

R
8−2k
S C8−2k ¼ π on the sphere (blue circle) linking the

non-BPS D-brane (see Appendix E). We schematically depict the decay of this non-BPS D-brane into a dilute fluxbrane.

11One might object that [32] showed that the non-BPS Dp-
brane boundary is realized as the orbifold of the boundary for a
Dp − Dp-brane pair, rather than a single Dp-brane. However,
[32] also showed that a single BPS Dp-brane boundary is the
orbifold of the non-BPS Dp-brane boundary. In fact, these
statements are entirely symmetrical, and can be invariantly
described in terms of junctions between boundaries and the bulk
gauging interface. The boundary condition for a Dp − Dp-brane
pair is a nonsimple boundary, and so a junction involving it can be
decomposed as a direct sum of junctions with each of its simple
summands.

GLIOZZI-SCHERK-OLIVE DEFECTS: IIA/IIB WALLS AND … PHYS. REV. D 113, 066021 (2026)

066021-9



non-BPS D-branes are not entirely uncharged: they carry a
Z2 “fluxbrane charge” which may be measured at infinity
by the Aharanov-Bohm phase experienced by a BPS
Dð7 − pÞ-brane carried around the non-BPS Dp-brane.
While the BPS side of the long-brane configuration is

stable, the non-BPS D-brane on the other side of the wall is
unstable. As such, it can decay via tachyon condensation to
a configuration of the closed string fields. As we argue in
Appendix E, the endpoint of this tachyon decay is a dilute
fluxbrane configuration characterized by

Z
R9−p

⊥
F9−p ¼ �π; ð4:9Þ

as depicted on the right hand side of Fig. 6. Thus, the
ultimate fate of a BPS (or anti-BPS) Dp-brane pushed
through the IIA/IIB wall is a dilute �π-fluxbrane on the
other side. Viewed in the opposite direction, this supports a
picture where the BPS D-branes of IIA (respectively IIB)
are merely thin, solitonic flux tubes of the RR form fields of
IIB (respectively IIA), which become gapped when they
cross the IIA/IIB wall.
In this context, a natural guess is that the sign�π in (4.9)

is determined by the charge of the Dp-brane, i.e., whether it
is BPS or anti-BPS. It is worth noting that, from the
perspective of the long-string EFT, the charge of the
Dp-brane is determined by including or omitting a
ð−1ÞFL topological line along the D-brane boundary [47].
It is not yet clear to us how this condition might be related
to the target space physics we have been discussing.
This appears to be a relatively self-consistent picture for

various D-brane configurations near the IIA/IIB wall, but
there is clearly more work to be done. For example, a
particularly difficult issue concerns the choice of boundary
conditions for the RR potentials and fluxes along the wall.

Observe that our characterization of long D-branes cross-
ing/passing through the IIA/IIB wall treated the Dp-branes
on equal footing with their electromagnetically dual
Dð6 − pÞ-brane counterparts. This would seem to suggest
we should impose the same boundary conditions (say,
Dirichlet or Neumann) for both Fpþ2 and �Fpþ2 ¼ F8−p
along the wall. However, this is not consistent, as it would
overconstrain the bulk dynamics.12 Particularly challenging
is the self-dual field F5 of IIB, whose boundary condition
necessarily involves the fermions and gravitini which
cancel the gravitational anomaly of F5. A final, related
issue has to do with the conservation of D-brane charge
across the IIA/IIB wall, as we have related the integer
conserved Dp-brane charge to the fluxbrane charge η ¼ π
of the non-BPS D-brane, which is only conserved mod 2.

C. The Hetso wall and the type I D8-brane

Let us now turn to the GSO wall of Hetso. In this case,
the difference between the two sides of the wall is milder,
since the main change is the nominal global form of the
gauge group, i.e., we have a domain wall between the
Spinð32Þ=Zc

2 and Spinð32Þ=Zs
2 gauge theories, coupled to

gravity.
In fact, the S-dual of this GSO domain wall is well

understood: it is precisely the non-BPS D8-brane of type I
string theory. Indeed, as discussed in Sec. II B 1, the IIB
RR-scalar C0 is projected in type I to a Z2-valued scalar
C0 ¼ 0 or π mod 2π, which controls the nominal form of
the gauge group.13 As argued in [31,51,58], the non-BPS
D8-brane of type I produces a jump ΔC0 ¼ π across it, and
so the non-BPS D8-brane of type I may be identified as the

FIG. 8. A spinor state in Spinð32Þ=Zc
2 heterotic (or type I)

transitioning across the GSO wall (type I D8-brane). The end
result is a particle attached to a tensionful string stretching back to
the GSO wall. In type I string theory, this is likely given by a
single fundamental type I string, analogous to the Hanany-Witten
effect for pushing a type IIA D0-brane across a D8-brane.

FIG. 7. Worldsheet depiction of a long-string endpoint attached
to a Dð2pÞ-brane which crosses a IIA/IIB GSO wall, as
characterized by the junction between the BPS boundary, the
non-BPS boundary, and the bulk gauging interface DA=B (or,
whatever nonuniversal deformation corresponds to the IIA/IIB
wall). In the target space, one endpoint of the long-string
worldsheet attaches to the brane, and is moved across the wall.
In the worldsheet depicted above, this is characterized by
choosing a slicing where time evolution proceeds from left to
right (horizontally).

12To appreciate the puzzle from a complementary perspective,
compare this with the case of a standard superconductor. While
electric charges are screened, magnetic charges are confined.

13As also discussed in Sec. II B 1, the precise value of C0 is
unphysical as it can be shifted by an anomalous det ¼ −1
reflection element in a (Pin-lift of) Oð32Þ, as shown in [50,51].
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S-dual of the GSO domain wall of Hetso. This effect is an
example of our conclusions in Appendix E, where we argue
that the non-BPS D-branes produce a π holonomy in the
RR potentials around their worldvolumes. Importantly, this
8-brane is not a GSO domain wall in the type I description,
as it is associated to the GSO projection on the heterotic
string worldsheet, not the type I worldsheet.
We can probe the Hetso GSO wall using the non-BPS

particle in the spinor representation of the gauge group,
which is realized in the S-dual type I description as the non-
BPS D0-brane [29]. In the Hetso description, this particle is
merely a closed string state charged under the quantum
symmetry ð−1Þs of the GSO projection. Thus, this particle
is analogous to a quanta of the RR fields of type II string
theory. As these fields become gapped when brought across
the IIA/IIB wall, our expectation is that the spinor cannot
freely cross the GSO wall.
Thus, consider pushing the spinor through the GSO

wall of Hetso. On the other side, the gauge group is
Spinð32Þ=Zs

2, which forbids the spinor representation.
As depicted in Fig. 8, a natural guess is that the resulting
particle on the other side of the wall is attached back to the
wall by a tensionful string. Dynamically, this tension would
exert a force on the particle, ensuring that it gets pulled
back through the wall to the side where it is an allowed
excitation. In the type I description, this can be realized as a
non-BPS D0-brane attached to F1 string, in line with the
known Hanany-Witten transition [59] in the type IIA
D0-D8 system [60–62]. To reach type I, one must orbifold
this Hanany-Witten transition first by ð−1ÞFL to reach type
IIB and then by Ω to reach type I.
More explicitly, note that the endpoint of a type I

F1-string carries Chan-Paton factors charged in the vector
representation of soð32Þ. If we stretch an F1 string deep
into the Spinð32Þ=Zs

2 side, we can consistently attach a
D0-brane in the spinor representation S for the simple
reason that the product representation V ⊗ S is invariant
under Zs

2 and thus survives as a consistent state.

V. GSO VORTICES

Our discussion so far has focused on the codimension-
one GSO walls, defined by a jump in the choice of GSO
projection. In this section we turn to the codimension-two
GSO vortices. As described in the Introduction, these are
vortices (or “cosmic strings”) for theZ2 gauge symmetry in
target space associated with the quantum symmetry of the
GSO projection. As the electrically charged states under
this Z2 gauge symmetry are perturbative string states in the
Ramond sector, the GSO vortices are defined by the phase
experienced by a Ramond-sector string state when moved
around the vortex. The existence of GSO vortices is
predicted by the completeness hypothesis [1,63,64], or
equivalently, by the cobordism conjecture [3]. We focus our
attention on two examples of GSO vortices: the FL R7
brane in type II and the non-BPS 7-brane in Hetso which is

S-dual to the type I D7-brane. Many properties of these
objects have been described at length elsewhere
[18,19,31,65]. Our plan in this section will be to give a
topological characterization of GSO vortices and relate
them to the collapse of GSO walls wrapped in a cylindrical
configuration. We defer issues concerning the stability and
dynamics of such configurations to Sec. VI.

A. FL R7-branes in type II

We first turn to the GSO vortices of the type II theories.
In type IIB, this is the FL R7-brane discussed in
Refs. [11,18], whose monodromy involves reflection on
a cycle of the F-theory torus. In type IIA, we have an
analogous FL R7-brane, whose monodromy corresponds to
a reflection of the M-theory circle. Lifting this configura-
tion to M-theory produces the cobordism defect trivializing
the class of M-theory on a Klein bottle, another object
predicted by the cobordism conjecture [3].
Many properties of the IIB FL R7-brane were established

in [11,18,19]. Monodromy around the FL R7-brane causes
all of the RR potentials to flip sign, i.e., Ceven ↦ −Ceven, so
that it acts as a generalization of an Alice string (see [66]).
By considering lasso-type configurations in which BPS
D-branes wind around the R7-brane, [11] argued that a pair
of D-branes can terminate on the GSO vortex. In order to
maintain gauge invariance C2k ↦ C2p þ dλ2p−1, this at the
very least requires the GSO vortex to support odd degree
potentials, i.e., b2k−1. Indeed, the appearance of odd degree
potentials on the worldvolume of the GSO vortex is strong
evidence that this vortex is in fact related to our GSO wall;
observe that in crossing the IIA/IIB wall, the spectrum of
massless RR potentials changes, as per our discussion in
Sec. IVA and Appendix C.
We now argue for a direct relationship between the

GSO vortex to the GSO wall. Instead of having the wall
fill a plane R8;1 ⊂ R9;1 we can instead consider a con-
figuration in which it is wrapped over a circle embedded
in R2, so that the spatial profile of the wall is topologically
R7 × S1 (see Fig. 9). Recall from Sec. III that it is possible

FIG. 9. Depiction of the collapse of the IIA/IIB wall to the
ð−1ÞFL R7-brane of type IIB string theory (the eight dimensions
parallel to the R7-brane worldvolume have not been drawn).
When IIA is on the outside, one instead reaches the ð−1ÞFL R7-
brane of type IIA string theory.
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to end a ð−1ÞFL monodromy cut on a IIA/IIB wall. From
the bulk perspective, this implies that there exists a
boundary condition for the ð−1ÞFL bulk gauge field which
can be twisted around the cycle S1 in the worldvolume of
the IIA/IIB wall. Putting this together, we learn that a GSO
vortex and the GSO wall in a cylindrical configuration
with a discrete monodromy have the same charge with
respect to the ð−1ÞFL gauge symmetry.14 Put differently,
we see that the endpoint of a ð−1ÞFL monodromy cut on
the IIA/IIB wall can be identified with a dissolved R7-
brane. Due to the tension of the IIA/IIB wall, this
cylindrical configuration will tend to shrink, presumably
stabilizing at some small radius due to quantum mechani-
cal effects. We identify the end point of this process as the
R7-brane itself.
In particular, observe that in the limit where the bubble is

very small, with IIB on the outside, the zero modes of the
bulk IIA RR potentials exactly match the spectrum of
potentials bodd expected on a GSO vortex. This can also be
understood from the worldsheet EFT of the long string, as

the collapse simply sends vertex operators for the IIA RR
fields to the twisted sectors of ð−1ÞFL on the IIB side,
which correspond to the IIB RR fields.15 This is depicted in
Fig. 10. Moreover, since we also know that a singleD(odd)-
brane of type IIB transmutates to a fluxbrane on the other
side of the IIA/IIB wall, this relation between GSO vortices
and GSO walls also establishes that a single D-brane can
terminate on a GSO vortex. As a consequence, the charge
lattice for the b2k−1 potentials on the FL R7-brane pop-
ulates Z.16

While we have focused on the case of the type IIB GSO
vortex and a GSO wall which collapses to IIB on the
outside, we can of course consider the closely related case
of a type IIA GSO vortex and a GSO wall which collapses
to IIA on the outside. In this case, the primary change is that
the spectrum of RR potentials and BPS D-branes is of
course different, but we learn that the IIA GSO vortex
supports Uð1Þ-valued beven potentials, and that D(even)-
branes can end on it.

B. GSO vortices in Hetso
Let us now turn to the case of GSO walls and vortices in

Hetso string theory and its S-dual type I string theory. As
discussed in Secs. II B and II B 1, the quantum symmetry of
GSO in Hetso string theory is the Z2 center of the gauge
group Spinð32Þ=Z2, which in type I is given by the Z2

K-theory gauge field under which the non-BPS D0-brane is
charged (see Appendix B). As shown in [58], this vortex is
simply the non-BPS D7-brane of type I.
Applying the same reasoning as above, we expect that

the GSO vortex of Hetso can equally well be constructed by

FIG. 10. On the left, we depict a Euclidean worldsheet which includes a IIA/IIB interface, now wrapped on a compact region. There is
a ð−1ÞFL

B monodromy around a circle in its worldvolume. This worldsheet embeds in the target space as a transverse spatial slice of
Fig. 1. On the right we show the collapse of the interface region which, in the target space, corresponds to the collapse of the cylindrical
IIA/IIB wall configuration along a contractible circle. On the worldsheet we must terminate the ð−1ÞFL

B symmetry operator on a local
operator which does not survive the IIB GSO projection but does survive the IIA GSO projection. These are given precisely by the
RR-sector vertex operators of IIA. Note that this discussion should be understood in the context of the long-string EFT, as there are
difficulties in extending it to the case of the critical string [33].

FIG. 11. A D7-brane carries the same charge as a single
D8-brane with an Oð1Þ Wilson line along its S1 direction in
its worldvolume. This equivalence relation in D7-brane charge is
denoted by ∼ above.

14What happens if we wrap the IIA/IIB wall on a general Sn?
To prevent collapse to nothing in the cylindrical configuration, we
needed the monodromy cut to terminate on a codimension-two
cycle, but none is available for lower-dimensional spheres. There
are almost certainly other objects which may be dissolved in the
IIA/IIB wall, but our focus here is on the R7-brane.

15There are difficulties in making this picture consistent for
critical strings [33].

16In [11] a conservative interpretation of lasso-type configu-
rations implies that an even number of branes can terminate, i.e.,
one would only get a 2Z lattice. For an odd number of branes this
requires brane-junction configurations which include fractionally
charged constituents. That being said, such fractional string
junction configurations are known to be sensible in certain
supersymmetric contexts, and provide a uniform characterization
of higher-form charge structures for some branes (see, e.g.,
[67,68]).
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starting off-shell with a GSO domain wall wrapped on a
circle with a discrete homolomy, and contracting it to a
small size. In type I, this corresponds to an off-shell circular
configuration of a D8-brane contracting to a D7-brane, as in
Fig. 11.17 We confirm this in type I language in Appendix F
through an analysis of non-BPS D-brane configurations.

VI. STABILITY CONSIDERATIONS

Our discussion so far has focused on topological proper-
ties of the GSO defects. In this section we turn to the
stability of these objects. We begin with an analysis of GSO
vortices, which we have identified with a collapsed GSO
wall wrapped in a cylindrical configuration. We then return
to stability of the GSO walls themselves.
We now argue—contrary to previous expectations—that

the ð−1ÞFL R7-branes of the type II theories are actually
stable, while the GSO vortices of Hetso are unstable (in
accordance with the known instabilities of their S-duals).
The main criterion we use to evaluate stability is whether
there is a smooth field configuration in the bulk which
allows these localized configurations to expand out in size.
Indeed, this criteria was used in [23] to argue for the
stability of new non-BPS branes in heterotic string theory.
Said differently, we know that these GSO vortices carry a
Z2 magnetic gauge charge, and we are asking whether this
gauge charge can be realized by a smooth configuration of
lower energy density. If the Z2 gauge group embeds in a
connected, continuous, internal gauge group, we can realize
the asymptotic holonomy of the GSO vortex by a smooth
gauge field configuration with nonzero magnetic flux.18 In
the case of the IIA/IIB wall there is no such configuration,
since ð−1ÞFL is a discrete gauge symmetry of the type II
theories. On the other hand, the Z2 holonomy of the Hetso
GSO vortex embeds in the center of Spinð32Þ=Z2. As such,
we expect that the GSO vortex of type II theories is stable,
whereas we expect the GSO defect of Hetso (and the S-dual
D7-brane of type I) to be dynamically unstable, puffing up
into a flux configuration.
Could there be some other quasisingular configurations

which the R7-branes of the type II theories decay into?
While the absence of a microscopic characterization
obstructs a full analysis, we find such a possibility
implausible. For instance, consider a configuration in
which the R7-brane puffs up into some cylindrical domain
wall, analogous to the cylindrical IIA/IIB wall considered
above. Due to the tension of the domain wall, this
configuration will only have a chance to expand if the

vacuum energy is lower on the inside than the outside of the
wall. In particular, one might imagine a domain wall
separating the type II vacuum with some putative AdS10
vacuum. However, such a configuration would in turn sow
the seeds for an instability of the type II vacuum itself,
contradicting its known stability. Even worse, the gravita-
tional attraction of the domain wall would ensure that
sufficiently large bubbles would be hidden behind event
horizons, as was recently discussed in [69].
It is worthwhile to contrast this vortex with seemingly

similar codimension-two defects which arise from non-
supersymmetric orbifolds such as C=Zn (see [39]).

19 In that
case, an initially localized tachyon in a closed string twisted
sector condenses, leading to an eventual smoothing out of
the singularity. Said differently, at late times/long distance
scales the initial localized instability is eventually detected
in terms of a dissipating smooth field configuration which
can be consistently described in the gravitational effective
field theory. In the case of the type II GSO vortices there is
no such candidate “smoothed out configuration.”
We now discuss the stability of the GSO walls them-

selves. The same supergravity considerations used to
establish stability of the type II GSO vortices apply equally
well to the GSO walls: there is no smooth supergravity
configuration providing a domain wall between IIA and
IIB. By contrast, the Hetso GSO wall is unstable, as there is
a smooth configuration connecting the two nominal forms
of Spinð32Þ=Z2: a transition function for the anomalous
reflection symmetries in the disconnected component of (a
Pin lift of) O(32) [50,51]. The decay of the Hetso GSO wall
is an example of the instability of domain walls for
spontaneously broken Z2 gauge symmetries due to nucle-
ation of “cosmic strings” (see, e.g., [71–74]). In the type I
language, this instability is due to an open string tachyon in
the 8–9 sector of the D8-brane as discussed in Appendix F.

VII. CONCLUSIONS

The swampland cobordism conjecture predicts the exist-
ence of new objects in quantum gravity. In this paper we
have taken this conjecture at face value, and given
worldsheet and target space characterizations of the pre-
dicted codimension-one and codimension-two defects
associated with the GSO projection. In particular, we have
seen that the GSO interface in the long-string EFT captures
many properties of the GSO walls in type II and Hetso
string theory. Moreover, this same characterization can be
used to provide supporting evidence for the predicted

17On shell, the situation is considerably more delicate because
the wall and the vortex may suffer from instabilities. Indeed, in
Sec. VI we argue that the type II GSO defects are stable, whereas
the Hetso GSO defects are unstable.

18That the gauge fluxes of a continuous, connected gauge
group provide a complete spectrum of vortices was argued
in [64].

19One might try to relate the type II GSO vortex to a
generalized orbifold for the quantum ð−1ÞFL combined with a
spacetime group action. This is destined to fail, however, since
the GSO vortex is intrinsically strongly coupled [11,33,34].
See also [70] for a recent discussion on how introducing probe
D3-branes can potentially stabilize related nonsupersymmetric
orbifolds.
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codimension-two GSO vortices, including, in particular,
the R7-branes of type IIA and IIB. By tracking cylindrical
configurations of these same walls, and studying related
field configurations, we argued for the stability of the FL
R7-brane of type II theories, as well as confirmed the
instability of the Hetso S-dual of the type I D7-brane.
Having established strong evidence for the existence of

GSO walls, GSO vortices, and the relationship between the
two, it is natural to ask for further information on their
properties. For example, it would be very interesting to
extract the tension of these objects, as well as further
features of the corresponding worldvolume theories.20 A
first step in this direction would be constructing black brane
supergravity solutions corresponding to the R7-branes,
which should exist given our arguments for their stability.
With such a solution in hand, one could find a worldsheet
CFT describing strings moving in its near-horizon region,
as was done for non-BPS heterotic branes in [20,23]. One
might also attempt to construct a solution corresponding to
the GSO wall, though this appears very challenging as it
would likely require understanding the boundary condi-
tions of the chiral fields in type IIB.
A rather striking outcome of our analysis is the stability

of the R7-brane of type IIB string theory. Indeed, since we
have established the stability of one such brane, it is natural
to expect that all objects in the same IIB duality orbit, such
as the Ω R7-brane (the S-dual of the FL R7-brane [11]), are
also stable. Going the other direction, this motivates a
further natural question: is there an off-shell configuration
where the Ω R7-brane has puffed up to finite size as a
cylindrical configuration of some other domain wall?
Presumably, the long-string characterization will involve
placing an orientation-reversal defect on the worldsheet. It

would be very interesting to provide further evidence for
the existence of this and related codimension-one walls.
Supercritical string theories have been used to produce

an intricate web of transitions between different perturba-
tive string theories [76–79]. Given this, it is natural to ask
how the considerations of the present work fit with these
constructions. One possibility is that the vicinity of a GSO
defect may be describable in terms of a supercritical string
theory. We leave an exploration of this intriguing possibil-
ity to future work.
What is the microscopic physics characterizing the

IIA/IIB transition? As a speculative option, since we have
seen that RR potentials on one side of the wall leave behind
a Z2 remnant associated with fluxes on the other side of the
wall, it is tempting to imagine a BCS-type theory of
superconducitivity for RR potentials. This would suggest
a picture in which the IIA/IIB transition involves con-
densation of “Cooper pairs” of D-branes in order to break
the continuous RR gauge fields to Z2 subgroups. An issue
with this picture, related to the discussion of boundary
conditions in Sec. IV B, is that it would require simulta-
neous condensation of both electric and magnetic charges
under the RR gauge fields.
It is natural to also consider the statistical mechanics of

GSO vortices, where energy minimization considerations
need to be balanced against the tendency to increase
entropy. This could potentially lead to a phase transition
in which pockets of IIA and IIB simultaneously coexist,
analogous to the Abrikosov vortex lattice that features in
the transition out of the Meissner state in type II super-
conductors [80]. Or perhaps, even more speculatively, a
full-fledged transition between type IIA and IIB driven by
the proliferation of such GSO vortices. See Fig. 12 for a
depiction of this possibility.
More generally, one might hope to develop a unified

theory of the domain walls and transitions between string
vacua whose worldsheets are related by an orbifold. Such a
picture might shed light on the target-space meaning of the

FIG. 12. Depiction of type II backgrounds in which a large number of GSO vortices are present. Depending on the number density of
such vortices, this can lead to a bulk IIB theory with pockets of IIA (left), or conversely, a bulk IIA theory with pockets of IIB (right).
This also suggests the possibility of a novel coexistence phase (middle) which would be interesting to investigate further.

20One might also attempt to use holography to extract the
tension of these GSO defects. See, e.g., [75] for some compu-
tations along these lines.
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orbifold procedure, which is not entirely clear in general
(see [81–83] for more discussion).
In this direction, one further pair of string theories related

by a worldsheet orbifold are the two supersymmetric
heterotic string theories, with gauge algebras soð32Þ and
e8 × e8. Indeed, the Hete8×e8 string theory is obtained by
performing one additional GSO projection relative to the
Hetsoð32Þ string which acts separately on λA¼1;…;16 and
λA¼17;…;32. It would be very interesting if considerations
similar to those in this paper could be used to study a
potential domain wall between Hete8×e8 and Hetsoð32Þ.
We have presented further evidence that the R7-branes

support continuous higher-form potentials. In tandem with
the likely appearance of strong coupling dynamics on their
worldvolume, this provides some additional hints that the
R7-brane could potentially support a nonsupersymmetric
8D conformal field theory (first conjectured in [11]),
particularly due to their stability. It would clearly be
exciting to explore this possibility further.21

Lastly, it is important to stress once again that our
considerations in this paper point to the existence of a high-
dimension, nonsupersymmetric, and stable 7-brane. This is
likely to have many applications in the construction of
nonsupersymmetric string vacua, which paves the way for
the development of a new class of string-phenomenological
models.
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APPENDIX A: BACKFIRING BOSONIZATION
AND THE GSO PROJECTION

In this appendix we comment on a technical subtlety in
the GSO projection arising from a potential gravitational
anomaly in performing the sum over spin structures.22 As
explained in [42], for a general 2D fermionic CFT, there is a
subtle distinction between gauging the fermion parity
symmetry ð−1Þf and summing over spin structures. The
anomaly in summing over spin structures is captured by a
mod-16 anomaly, while the anomaly in gauging fermion
parity as a Z2 symmetry is merely defined mod-8.23 The
contribution to either anomaly of any fermionic degree of
freedom is given by 2c− ¼ 2ðcL − cRÞ, and the associated
anomaly for summing over left-moving spin structures/
gauging ð−1ÞfL is simply 2cL. When the total anomaly is 0
mod 16, there is no distinction between gauging fermion
parity and summing over spin structures, and the end result
is a bosonic CFT. However, when the anomaly is 8 mod 16,
one may only gauge fermion parity, resulting in a new
fermionic CFT. The key point is that when the anomaly is 8
mod 16, the Ramond sector states of the original theory
have half-integer worldsheet spin, so that the resulting
theory still requires a spin structure in order to be
unambiguously defined on a general Riemann surface.
One may say that, when the anomaly is 8 mod 16,
bosonization has “backfired.”
What role does this effect play on the string worldsheet,

say, for the type II string? Surprisingly, in the RNS
formalism, the answer would at first glance appear to
depend on the choice of gauge. In the covariant formalism,
one has 10 chiral fermions ψ I , each with cL ¼ 1=2, for a
total matter anomaly 2cL ¼ 10. However, one must also
include a contribution from the βγ ghost system, which
carry worldsheet fermion number. The ghost contribution
to the anomaly is 2cL ¼ 22, for a total anomaly of
2cL ¼ 32≡ 0 mod 16, and so bosonization does not
backfire in the covariant RNS formalism. This is compat-
ible with the requirement that vertex operators, arising from
operators of conformal weight (1,1), be worldsheet bosons.

21Another hint that the R7-brane carries nontrivial gapless
dynamics is that the merger of an Ω R7-brane and an FL
R7-brane results in a supersymmetric 7-brane with soð8Þ gauge
theory [11]. While this 8D gauge theory is of course IR free, the
fact that this merging can take place at all also supports the
possibility of nontrivial dynamics on the R7-brane worldvolume.

22We thank M. Montero and X. Yin for discussions on this
subtlety.

23These anomalies arise from the Anderson duals of bordism
groups. For summing over spin structures, the relevant bordism
calculation is the quotient group ΩSO

4 =ΩSpin
4 ¼ Z16, while the

relevant group for gauging fermion parity is ΩSpin
3 ðBZ2Þ ¼ Z8.
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The situation seems different in light-cone gauge, where
one simply has a matter theory consisting of eight trans-
verse chiral fermions ψ i and no ghost sector. Thus, in light-
cone gauge, the total anomaly is 2cL ¼ 8, and so bosoni-
zation does indeed backfire. In fact, as described in [42]
[Section II.2] (see also [84]), the result of gauging fermion
parity in light-cone gauge is again described by eight chiral
worldsheet fermions, now transforming in the spinor (or
conjugate-spinor) representation of the transverse Spin(8)
rotation group.24 This matter content precisely matches the
light-cone-gauge Green-Schwarz string, whose torus par-
tition function is indeed sensitive to the choice of spin
structure, with the relevant choice being given by choosing
periodic boundary conditions around both cycles of
the torus.
How can the answer to whether bosonization backfires

depend on the choice of worldsheet gauge? Moreover, there
seems to be an issue with the conclusion that bosonization
backfires in light-cone gauge: all local operators in the
Ramond sector have half-integer worldsheet spin, and so
one cannot construct vertex operators.
In fact, both issues are resolved by realizing that light-

cone gauge is, globally, a singular gauge choice. In radial
quantization, light-cone gauge may not be extended over
the origin, and so one should not seek to define vertex
operators in light-cone gauge. There is no issue with level
matching on the cylinder, as the Casmir energy ensures that
states still have integer eigenvalues under rotation of the
cylinder. There is no tension with the covariant formalism,
as the two gauges are not globally compatible.
A further subtlety is that, even in the covariant RNS

string, the GSO projection does not actually arise from
either gauging fermion parity or from summing over spin
structures. Instead, one must integrate over the moduli
spaces of super-Riemann surfaces (see, e.g., [43]), which
may not have a holomorphic projection onto the moduli
space of Riemann surfaces with a given genus and spin
structure [85]. As a result, one may not first perform the
GSO projection and only then integrate over moduli.
Instead, as explained in [43], the GSO projection arises
in the degeneration limit, where the sum over super-
conformal structures reduces to a sum over spin structures
on the degenerating cycle. Nevertheless, the worldsheet
supergravity theory still admits a global Z2 symmetry that
assigns charge to the Ramond sector, corresponding to the
quantum symmetry of the GSO projection. Moreover, each
connected component of the moduli space of super-
Riemann surfaces corresponds to either an even or odd
spin structure, as can be determined by setting the odd
moduli to zero (see for instance Sec. 2.1 of [86]), so one can
still unambiguously define the Arf invariant for each super-
Riemann surface.

APPENDIX B: EXTENSION OF THE TYPE I
GAUGE GROUP

In this appendix we describe in greater detail how the
type I gauge group is extended from SOð32Þ=Z2 to
Spinð32Þ=Z2. In Sec. II B 1 we described this extension
as the result of the Z2 remnant of the RR field C8, which
gauges a magnetic Z2 seven-form symmetry of the
SOð32Þ=Z2 gauge theory. From this description, it is not
immediately clear how to describe the extension in a duality
frame involving only the RR fields C0, C2, C4, or in a
democratic formalism where all RR fields are included with
an overall self-duality constraint. One puzzle is that the
electromagnetic dual of a Z2 eight-form gauge field in 10
dimensions is aZ2 one-form gauge field, which is precisely
the Z2 gauge field that extends SOð32Þ=Z2 to
Spinð32Þ=Z2. However, no such field seems to arise from
the RR fields C0 or C2, which transform as

C0 ↦ −C0; C2 ↦ C2; ðB1Þ

under Ω, leaving behind a Z2 valued parameter C0 ¼ 0; π,
and a full Uð1Þ two-form gauge field C2.
The resolution is that, as explained in [58], the orienti-

fold procedure involves taking equivariant cohomology, or
equivalently, homotopy fixed points of the Z2 action of Ω
on type IIB field configurations. Thus, it is not enough that
C2 happens to equal its image under Ω; we must instead
choose a gauge parameter Λ1 witnessing a gauge equiv-
alence

ΩðC2Þ ¼ C2 ∼ C2 þ dΛ1; ðB2Þ

which moreover satisfies 2Λ1 ¼ dλ0 for some λ0 valued in
R=2πZ (as we are looking for Z2 homotopy fixed points,
not Z homotopy fixed points). Thus, the Ω-equivariance
data for the RR field C2 includes the Z2 one-form gauge
field Λ1.
We claim that the gauge field Λ1 is the electromagnetic

dual of the Z2 eight-form gauge field arising from C8, and
is thus the one-form Z2 gauge field that extends
SOð32Þ=Z2 to Spinð32Þ=Z2. In order to see this, we use
a democratic formalism in which all RR fields are included
as a differentialK-theory gauge field for the shift Σ−1KU of
the complex K-theory spectrum. The homotopy groups
πoddðΣ−1KUÞ ¼ Z correspond to the RR field strengths
Fodd of type IIB, and the self-duality constraint is imposed
via the Anderson self-duality25

Σ10IZΣ−1KU ¼ Σ11IZKU ¼ Σ11KU ¼ Σ−1KU; ðB3Þ

using the Anderson self-duality of KU together with Bott
periodicity.

24The chirality of the spinor representation is exchanged upon
stacking with the 2D Arf TQFT.

25Here, IZX refers to the Anderson dual of a spectrum X
[87,88].
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Now, the orientifold projection involves taking homo-
topy fixed points for the Z2 action of Ω on Σ−1KU, which
acts via (the shift of) complex conjugation as in (B1). The
homotopy fixed point spectrum has been computed (see,
e.g., [89]), and is given by Σ−1KO, the K-theory spectrum
relevant for type I. Moreover, as shown in [89], the
Anderson self-duality IZKU ¼ Σ4KU holds Z2 equivar-
iantly (which implies IZKO ¼ Σ4KO), and so we have the
Anderson self-duality

Σ10IZΣ−1KO ¼ Σ11IZKO ¼ Σ15KO ¼ Σ−1KO; ðB4Þ

using IZKO ¼ Σ4KO and Bott periodicity. Equation (B4)
is the appropriate self-duality constraint for theΩ-projected
RR fields in type I.
To connect with our discussion of the gauge fields C8

and Λ1, we simply identify them as the gauge fields
corresponding to the homotopy groups

π1ðΣ−1KOÞ ¼ Z2; π8ðΣ−1KOÞ ¼ Z2: ðB5Þ

This follows from the homotopy fixed point spectral
sequence26

Hp
grpðZ2; πqðΣ−1KUÞÞ ⇒ πq−pðΣ−1KOÞ; ðB6Þ

as computed in [89]. Indeed, π8ðΣ−1KOÞ ¼ Z2 arises from
the cohomology group

H1
grpðZ2; π9ðΣ−1KUÞÞ ¼ Z2; ðB7Þ

corresponding to taking Z2 torsion C8, while
π1ðΣ−1KOÞ ¼ Z2 arises from

H2
grpðZ2; π3ðΣ−1KUÞÞ ¼ Z2; ðB8Þ

corresponding to the gauge parameter Λ1 witnessing the
equivalenceΩðC2Þ ∼ C2 as in (B2). This calculation should
be compared to the equivariant cohomology groups appear-
ing in the calculation of discrete torsion for orientifold
planes [31], except that the result is the discrete gauge field
Λ1 rather than a discrete parameter.

APPENDIX C: RELATION BETWEEN RR FIELDS
IN TYPE IIA AND IIB

In this appendix we establish that, under the orbifold by
ð−1ÞFL , the discrete remnants of the RR potentials from IIA
(respectively IIB) are captured by the mod-2 reduction of
the fluxes of IIB (respectively IIA), i.e., that we have

C2k−1 ¼
1

2
F2k−1 mod 2π ðIIBÞ and

C2k ¼
1

2
F2k mod 2π ðIIAÞ; ðC1Þ

as in line (4.1). In order to show this, we use that the RR
field configurations of IIB (respectively IIA) are given by
the Z2-equivariant RR field configurations of IIA (respec-
tively IIB) with respect to the action of ð−1ÞFL , as described
as differential cocycles for KU (respectively ΣKU). We
will focus on the first equation in (C1), relating the
remnants of RR potentials from IIA to the RR fluxes in
IIB; the other follows from entirely analogous arguments.
Thus, let us consider the action of ð−1ÞFL on KU

by negation, i.e., mapping a virtual vector bundle
ðV;WÞ ↦ −ðV;WÞ ¼ ðW;VÞ.27 Crucially, ð−1ÞFL acts
by a sign on all homotopy groups of KU, in accordance
with its action on the RR fields. This Z2 action was studied
in [91], who showed that the associated Z2-equivariant
theory KU� associated to the Z2 action of ð−1ÞFL on KU
reduces to the shift ΣKU when the action of ð−1ÞFL on
spacetime is trivial.28 To build intuition for this result, note
that a virtual vector bundle ðV;WÞ equipped with equiv-
ariance data λ∶ðV;WÞ → ðW;VÞ; λ2 ¼ 1 is the same data
as a module for the complex Clifford algebra Cl1, which
provides a model for the shift ΣKU (see [92]). In
worldsheet terms the appearance of this algebra is also
connected with the appearance of the Majorana mode
localized at the GSO interface between IIA and IIB
discussed in Sec. III.
In order to derive (C1) from the result of [91] that K�

reduces to ΣKU when the Z2 action on spacetime is trivial,
consider the homotopy fixed point spectral sequence

Ep;q
2 ¼ H−p

grpðZ2; πqðKUÞÞ ⇒ πpþqðKUZ2Þ; ðC2Þ

associated to theZ2 action of ð−1ÞFL .29 As ð−1ÞFL acts by a
sign on all homotopy groups (since it acts by a sign on all
RR fields), we have that the E2 page is given by

Hp
grpðZ2; πqðKUÞÞ ¼

�
Z2; p > 0 odd; q even;

0; otherwise
ðC3Þ

where we emphasize that the coefficients, πqðKUÞ, are
nontrivial Z2-modules. See Fig. 13 for a depiction of this
spectral sequence. On degree reasons, there can be no
differentials, and so the spectral sequence collapses at the
E2 page. We see that the (2-completions of the) homotopy

26See also [90] for a helpful account of the homotopy fixed
point spectral sequence.

27The K-theory class of the pair ðV;WÞ corresponds to the
formal difference ½V� − ½W�.

28We thank A. Debray and M. Hopkins for discussions on this
point.

29As in footnote 26, see [90] for a helpful account of the
homotopy fixed point spectral sequence.
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groups πoddðΣKUÞ ¼ Z arise from extensions in the towers
of Z2 classes on the E∞ page.
Physically, each class in H1

grpðZ2; π2kðKUÞÞ ¼ Z2 arises
from theZ2 remnant of the IIA potential C2k−1, as indicated
in Fig. 13. Moreover, the tower in q − p ¼ 2k − 1 corre-
sponding to π2k−1ðΣKUÞ ¼ Z corresponds to the IIB flux
F2k−1. As the class at the bottom of a tower of extensions
corresponds to the mod-2 parity in the group Z, we learn
that the Z2 remnants of the RR potentials C2k−1 can be
identified with the mod-2 parity of the integer-quantized
RR fluxes F2k−1, as desired.
The lift of the RR fluxes F2k−1 from Z2 to Z

arises as a consequence of the cohomology groups
H2lþ1

grp ðZ2; π2ðkþlÞðKUÞÞ, for l > 0. As in the case of the
field Λ1 discussed in Appendix B, these groups correspond
to equivariance data for the higher-form potentials
C2ðkþlÞ−1. Interestingly, in order to lift all the way to Z,
we would need to discuss equivariance data for RR
potentials Codd of form degrees greater than the dimension
of spacetime, which seem to lack any obvious physical
interpretation.

APPENDIX D: LAGRANGE MULTIPLIERS
AND FLUXES

In this appendix we review the formulation of type II
theories in terms of a path integral over fluxes and suitable
Lagrange multipliers. See, e.g., Refs. [93–95] for some
additional discussion of this formulation. In what follows
we suppress all contributions to the (pseudo-)Lagrangians
other than those directly necessary to discuss the RR sector
of the theory.
Recall that IIA contains the RR potentials C1 and C3,

with corresponding field strengths F2 and F4. We can also
include a zero-form flux F0 associated with the Romans
mass. We present this data by including Lagrange

multiplier fields A5 and A7 and a source Λ10 (for the
Romans mass) so that the Lagrangian density takes the
form (see, e.g., [93–95])

LIIA ¼ 1

2
F0 ∧ �F0 þ

1

2
F2 ∧ �F2 þ

1

2
F4 ∧ �F4 ðD1Þ

−F0 ∧ Λ10 − F2 ∧ dA7 − F4 ∧ dA5: ðD2Þ

In this formulation the path integral is over the Fk as well as
the Lagrange multipliers Am. Here, the “fluxes” are valued
in R and the Lagrange multipliers are valued in Uð1Þ. Flux
quantization is only recovered once we impose the equa-
tions of motion. Indeed, the local formulation in terms of
gauge potentials follows from the equations of motion: the
equations of motion for F2 and F4 tell us that we have local
presentations of the form �F2 ¼ dA7 and �F4 ¼ dA5,
while the equation of motion for A7 and A5 enforce dF2 ¼
0 and dF4 ¼ 0. Said differently, on-shell A7 and A5 are
simply the RR potentials for the eight-form and six-form
fluxes. The equation of motion for F0 simply fixes the value
of a spacetime filling flux, as specified by Λ10.
We can also reverse the roles, working in terms of the

Hodge dual fluxes:

L0
IIA ¼ 1

2
F10 ∧ �F10 þ

1

2
F8 ∧ �F8 þ

1

2
F6 ∧ �F6 ðD3Þ

−F10 ∧ Λ0 − F8 ∧ dA1 − F6 ∧ dA3; ðD4Þ

and the path integral is over the Fk as well as the Lagrange
multipliers Am. Observe that the equations of motion for F8

and F6 tell us that we have local presentations of the form
�F8 ¼ dA1 and �F6 ¼ dA3, while the equations of motion
for A1 and A3 enforce dF8 ¼ 0 and dF6 ¼ 0. Said differ-
ently, on-shell A1 and A3 are simply the RR potentials for
the two-form and four-form fluxes. The equation of motion
for F10 fixes the value of the cosmological constant.
Starting in IIB, we can likewise introduce the pseudo-

Lagrangian,30

LIIB ¼ 1

2
F1 ∧ �F1 þ

1

2
F3 ∧ �F3 þ

1

2
F5 ∧ �F5 ðD5Þ

−F1 ∧ dA8 − F3 ∧ dA6 − F5 ∧ dA4; ðD6Þ

from which we recover the analogous statements for
IIB fluxes and RR potentials, and where the condition
�F5 ¼ F5 is imposed after obtaining the equations of
motion. The Hodge dual formulation is given by

FIG. 13. The E2 (and E∞) page of the homotopy fixed point
spectral sequence for the Z2 action of ð−1ÞFL on KU. Each black
dot represents the group Z2. As indicated, the Z2 classes are
connected by extensions. The bottom node in each tower
corresponds to the Z2 remnant of the corresponding IIA potential
C2k−1. Each tower corresponds to a IIB flux F2k−1; for instance
the tower circled in red corresponds to the flux F1.

30It is a pseudo-Lagrangian in the sense that we impose the
self-duality condition for the five-form flux after obtaining the
equations of motion. For further discussion see in particular
section 9 of Ref. [96].
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L0
IIB ¼ 1

2
F9 ∧ �F9 þ

1

2
F7 ∧ �F7 þ

1

2
F5 ∧ �F5 ðD7Þ

−F9 ∧ dA0 − F7 ∧ dA2 − F5 ∧ dA4; ðD8Þ

in the obvious notation. Observe that in both the “electric”
and “magnetic” pseudo-Lagrangians, the Lagrange multi-
plier A4 appears because the five-form field strength is self-
dual on-shell. In this sense there is no canonical electric/
magnetic split, a point emphasized in [96].

APPENDIX E: FLUXBRANES AND NON-BPS
BRANES

In this appendix we discuss the relation between
non-BPS branes, brane/antibrane configurations, and flux-
branes [35,36].31

Recall that a fluxbrane is merely a higher-/lower-
dimensional generalization of a fluxtube, just as D-branes
are higher-/lower-dimensional generalizations of charged
particles [35–37]. In particular, an RR flux-p-brane (or
p-fluxbrane) configuration is characterized by

�Fpþ1 ¼ ηδΣpþ1
ðE1Þ

where Σpþ1 is the flux-p-brane worldvolume. As pure
gauge field configurations, the parameter η is well defined
as a real number. However, one can annihilate fluxbranes
configurations with η ¼ 2πn by having one end of the flux-
p-brane terminate on n Dðp − 1Þ-branes and the other end
terminate on n Dðp − 1Þ-branes. Thus, η only defines a
conserved p-brane charge modulo 2π,32 which can equiv-
alently be defined by

η ¼
Z
S8−p

C8−p; ðE2Þ

where S8−p is the sphere linking the brane worldvolume,
and where dC8−p ¼ �Fpþ1 is the electromagnetically dual
RR potential. Of course, one can also consider NSNS
fluxbranes, which terminate on F1-strings or NS5-branes
when η ¼ 2πn, as well as M-theory fluxbranes.
In general, in a Coulomb phase where the gauge fields

are massless, delta-function localized fluxbranes as in (E1)
are off-shell (and non-BPS) configurations which will
dynamically spread in the transverse directions. The result
of this spreading process is a dilute gauge field

configuration with total flux η, which we will refer to as
a dilute flux-p-brane. By contrast, in a confining phase (or,
dually, a Higgs phase for the dual field), fluxbranes are
genuine, localized branes with finite tensions. For example,
in a superconductor, magnetic fluxbranes are simply
magnetic flux tubes, with a finite string tension.
The main purpose of this appendix is to argue that the

non-BPS Dp-branes of type II string theory are precisely
the same objects as RR flux-p-branes. Additionally, their
fluxbrane charge η is determined by the value of the
worldvolume real tachyon field Tr, in such a way that η
goes from 0 to 2π as the tachyon Tr goes from −Tmin

r to
þTmin

r , where Tmin
r is the minimum of the tachyon potential

(see Fig. 15). Moreover, the top of the tachyon potential
Tr ¼ 0 corresponds to a fluxbrane charge η ¼ π. If one
starts with a non-BPS Dp-brane with some initial value
Tr ¼ T0, the end result of tachyon decay is a dilute
fluxbrane with fluxbrane charge η determined by T0.
Many of these statements are essentially contained
in [97]; however, the interpretation given there is different.
One simple way to reach these conclusions relies only on

symmetry. The non-BPS Dp-brane is even under ð−1ÞFL,
and so its RR fluxbrane charge must be either 0 or π mod
2π, since the RR fields are odd under ð−1ÞFL. Consider a
non-BPS Dp-brane extended along at least one spatial
direction, say X9, as depicted in Fig. 14. At first, we set the
tachyon to zero, Tr ¼ 0, along the entire Dp-brane. If we
then allow Tr to dynamically decay toward its positive
minimum Tmin

r > 0 along the positive X9 axis, and toward
its negative minimum −Tmin

r < 0 along the negative X9

axis, we obtain a tachyon kink configuration that has been
identified with a BPS Dðp − 1Þ-brane [32]. This Dðp − 1Þ-
brane must source one unit of flux of �Fpþ1, which implies
that the fluxbrane charges η� of the resulting gauge field

FIG. 14. By allowing the tachyon on a non-BPS Dp-brane to
decay, we can show that its fluxbrane charge must be given by
η ¼ π. On the left, a non-BPS Dp-brane is extended in the spatial
direction X9. On the right, the real tachyon field Tr is allowed to
decay toward its positive minimum along the positive X9 axis,
and toward its negative minimum along the negative X9 axis. The
end result is a tachyon kink configuration, which produces a BPS
Dðp − 1Þ-brane at X9 ¼ 0. The flux through a sphere linking the
Dðp − 1Þ-brane must be 2π, which implies that the flux upwards
through the northern and southern hemispheres must differ by 2π.

31Fluxbranes provide a way to engineer the topological
symmetry operators for continuous symmetries [37]. Brane/
antibrane configurations can serve a similar purpose, as noted
in Appendix A of Ref. [37], as can non-BPS branes [97,98]. As
we argue in this appendix, these different configurations are all
identical.

32One can view ηmod 2π as the gauge charge associated to the
gauging of the global p-form Z symmetry we would have had if
Cp were an R gauge field, rather than a U(1) gauge field.
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configurations along the positive and negative X9 axis must
differ by 2π, i.e., ηþ ¼ η− þ 2π. But, since the real tachyon
Tr is odd under ð−1ÞFL, we must further have η− ¼ −ηþ,
which implies that 2η� ¼ �2π, or in other words,
η� ¼ �π, as claimed.
It is important to stress the distinction between tuning

the asymptotic value of Tr as a parameter of the world-
volume theory of the non-BPS Dp-brane33 and allowing
the tachyon field Tr to dynamically decay. In the first case,
we have a one-parameter family of D-brane configura-
tions, with variable fluxbrane charge η. In the second,
however, the total fluxbrane charge η must be constant
(mod 2π) throughout the decay; indeed, it is a conserved
charge. While the value of the tachyon field Tr relaxes to
its minimum, closed-string fields are excited, in order to
maintain the total energy of the configuration [32]. These
closed-string fields must absorb the fluxbrane charge,
producing a smooth gauge field configuration with
increasing flux. Toward the end of the decay, the entire
fluxbrane charge η—determined by the initial value Tr ¼
T0 of the tachyon field—is carried by the smooth gauge
field configuration. The evolving value of the tachyon
field Tr corresponds to the (initially) delta-function
localized contribution to the fluxbrane charge, not
the asymptotic value measured in any particular field
configuration.
We provide two further arguments that the non-BPS

D-branes can be identified with fluxbranes, with η ¼ π
when the tachyon field Tr is set to zero. First, we note that a
BPS Dð7 − pÞ-brane, which is magnetically charged under
Cp, picks up a sign when carried around a non-BPS
Dp-brane. This can be seen by an argument analogous
to the one given in [ [58], Sec. 4.1], where it was shown that
the non-BPS D0-brane of type I picks up a sign when
carried around the type I D7-brane. The basic argument

given there is that the Ramond sector ground states in the
0–7 and 7–0 sectors form a two-state system, which
undergo level crossing precisely when the branes are
brought together, and which are subject to a Berry phase
of π upon carrying the branes around each other. In our
case, we do not have an anti-Dð7 − pÞ-brane, but we also
do not have the orientifold projection Ω. Thus, we have the
same Ramond sector ground states, and can derive the same
Berry phase. This sign implies that the presence of a non-
BPS Dp-brane induces a monodromy of π in C8−p around
its worldvolume, or in other words, that the fluxbrane
charge of the non-BPS Dp-brane is η ¼ π mod 2π.
As a second line of analysis we now discuss how the

same fluxbrane charge arises from the brane/antibrane
system, as well as from the non-BPS D-brane itself. To
set notation, we consider a brane anti/brane system on
(pþ 2)-dimensional subspace Σpþ2 and seek field con-
figurations which are quasilocalized on a subspace Σpþ1 ⊂
Σpþ2 which we take to be given by X⊥ ¼ 0 with X⊥ a local
coordinate. Since we are assuming the induced brane (be it
a fluxbrane or a non-BPS D-brane) is quasilocalized in this
direction, the behavior far away from the region X⊥ ¼ 0
remains outside our bailiwick.
The WZ terms of the brane/antibrane system can in

principle be captured by an appropriate superconnection,
see, e.g., Refs. [103–107] for definitions and calculations.
Our aim here will be a bit more modest, and so we will
attempt to constrain the structure of candidate topological
couplings using bottom up considerations. With that in
mind, we keep the minimal field content associated with a
Uð1Þþ ×Uð1Þ− gauge group and a complex tachyon Tc

with charge ðþ1;−1Þ. Consider then the WZ coupling of
the gauge fields on the brane/antibrane stack to the pullback
of the bulk RR potential Cp:

Sbrane=anti-braneWZ ¼
Z
Σpþ2

Cp ∧ ðfþ − f−Þ þ � � � ; ðE3Þ

where locally, fþ ¼ daþ and f− ¼ da− with a� the vector
potential for the gauge group Uð1Þ�.
How should we include the effects of the tachyon profile

in any candidate topological terms? To argue for this, we

FIG. 15. Depiction of the real tachyon profile Tr for a non-BPS D-brane. On the left we show the effective potential for the tachyon,
including its minima at �Tmin

r . On the right we show the kink profile of the tachyon as it interpolates from −Tmin
r to Tmin

r . The potential
for the complex tachyon of a brane/anti-brane configuration can be obtained in a similar fashion by a surface of revolution.

33This parameter corresponds to the continuous parameter
controlling the symmetry operators constructed by placing the
non-BPS D-branes at infinity, according to the picture developed
in [99–102]. One might worry that the tachyon field Tr has a
nontrivial potential; however, in moving the brane to infinity one
is taking a decoupling limit in which stringy dynamics have been
stripped away. A continuous parameter space then emerges.
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note that in general, the tachyon has a nontrivial back-
ground profile, and so the axial Uð1Þaxial with vector
potential given by the combination a ¼ aþ − a− will
end up getting broken. We can explicitly include the
Goldstone mode eaten during this breaking process by
taking into account the phase of the complex tachyon
Tc ¼ jTcj expðiθÞ. Observe that gauge transformations
act as

a ↦ aþ dλ and θ ↦ θ − λ: ðE4Þ

In particular, the combination aþ dθ is inert under such
gauge transformations.
Returning to Eq. (E3), observe that integration by parts

of the local presentation fþ − f− ¼ da would result in a
term of the form Fpþ1 ∧ a, with Fpþ1 ¼ dCp. Integrating
over a in the X⊥ direction would then produce a term
ηFpþ1 of precisely the sort expected for a fluxbrane (with
charge η). Observe, however, that while Fpþ1 ∧ a is indeed
invariant under small gauge transformations, under large
gauge transformations the putative value of η would appear
to shift, by an arbitrary amount which depends on λ.
Throughout this paper we have implicitly assumed that
fluxbrane charge is globally well defined, and have
presented a self-consistent picture compatible with this.
Said differently, we expect that fluxbrane charge can be
consistently measured far away from an object. Our
conclusion is that the term Fpþ1 ∧ a cannot by itself be
the full story.
The minimal resolution of these puzzles compatible with

these considerations is that there is in fact another coupling,
as required by gauge invariance:

Sbrane=anti-braneWZ ¼
Z
Σpþ2

Fpþ1 ∧ ðaþ dθÞ þ � � � ; ðE5Þ

namely we have the covariant derivative of the tachyon
phase. Integrating this over a direction transverse to the
fluxbrane then results in an unambiguous assignment for η.
Before proceeding further, it is worth commenting that

the presentation just given is singular near the core of a
candidate tachyon solution, since, for example, in a kink
profile for the tachyon jTcj → 0, the phase of the tachyon
discontinuously jumps. Additionally, it is worth emphasiz-
ing that in this regime an effective field theory analysis is
inappropriate anyway (one ought to instead analyze the
entire process in string field theory).
That being said, it is worth noting that we can

deform any candidate field configuration in the complex
Tc-plane away from the origin, and our expectation is that
topological couplings will be robust under such deforma-
tions. Additionally, observe that even in configurations
such as Tc ∼ tanh ðX⊥=lÞ where the phase θðX⊥Þ discon-
tinuously jumps, exp ðiπ RΣpþ1

Fpþ1Þ smoothly connects to

exp ð−iπ RΣpþ1
Fpþ1Þ.

In any case, we leave a full treatment of these effects for
future work. For now, we simply observe that the proposed
coupling of line (E5) allows us to capture the fluxbrane
charge of both a fluxbrane and a non-BPS Dp-brane.
Indeed, by inspection, the standard fluxbrane WZ term
(such as the ones considered in [37]) comes from integrat-
ing a across the X⊥ direction in a tachyon profile where θ
integrates to zero. Likewise, the standard non-BPS D-brane
kink solution is constructed purely from the real tachyon
profile Tc ∼ tanhðX⊥=lÞ in a profile where we switch off
a.34 Note also that the fluxbrane charge of the non-BPS D-
brane is π mod 2π, in accord with the analysis presented
earlier. One can also consider more general combinations
which one might interpret as combinations of non-BPS D-
branes dressed by fluxbranes which carry more general
asymptotic values for η.
Consider now the case of a non-BPS Dp-brane. This

brane also has a “WZ-like term” in which one’s ignorance
of instabilities is packaged in terms of a real open-string
tachyon Tr (see [108]):

SNon−BPSWZ ¼
Z
Σpþ1

WðTrÞC ∧ exp f; ðE6Þ

in the obvious notation. Here, the precise function WðTrÞ is
(as of the time of this writing) unknown, but it is a positive
even function with asymptotics fixed to be expð−jTrj=

ffiffiffi
2

p Þ
as Tr → ∞. Moreover, we have that

Rþ∞
−∞ dTWðTÞ ¼

ðBPSDðp − 1Þ-brane tensionÞ. As noted in [97], integrating
WðTrÞ from T0 to þ∞ yields the fluxbrane charge η, which
depends on the initial value T0 of the tachyon field. As we
have already remarked, there is an important difference
between holding fixed one particular background value of Tr
(in which case we can produce a parameteric family of
fluxbrane charges such as those used to engineer topological
operators for continuous global symmetries) and the dynami-
cal evolution of Tr in a full string solution.

APPENDIX F: TRANSITION BETWEEN TYPE I
D8- AND D7-BRANES

In this appendix we discuss in greater detail some
properties of the type I D7-brane. As argued in the main
body of this paper, this can be viewed as the S-dual of the
Hetso GSO vortex. As mentioned in the main text, the type I
D0-brane experiences a nontrivial Aharonov-Bohm phase
around the non-BPS D7-brane [58]. Since the D0-brane is in
the S spinor representation of Spinð32Þ=Zc

2, this means that
there is monodromy of the center Z2 ∈Spinð32Þ=Zc

2 along
the asymptotic S1 surrounding the D7. In the transverse R2⊥
directions, this appears as a Spinð32Þ=Zc

2 flux background
along R2⊥, which is dynamically favored to spread out. This

34Observe that this choice is rather singular, but there is still a
jump in the phase θ of precisely π.
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can be confirmed by a scaling of the low-energy action [38],
and agrees with the intuition that a ’t Hooft defect does not
obey an “area law” (more precisely an 8-volume law in this
context) unless one is in a Higgs phase. Additional evidence
for this instability comes from the fact that there is a
localized tachyon on the D7 worldvolume coming from
7–9 strings.35 Indeed the NS sector of the p − 9 sector for a
type I Dp-brane has a ground state energy

M2 ¼ 5 − p
8

: ðF1Þ

In analogy with the R7-brane and its relation to a
collapsed IIA/IIB wall wrapped on a contractible circle,
our main task in this appendix will be to study a similar
relation for the S-dual of the GSO defects of Hetso, namely
the D8- and D7-branes of type I string theory. More
precisely, we will show that the type I D7-brane is related
to a circular configuration of a D8-brane with a monodromy
cut for ð−1Þs, the center of the global form Spinð32Þ=Zc

2, as
in Fig. 11.
To show this, we first recall the original argument of Sen

in [30] of how the non-BPS D0-brane can be built from a
D1 − D1 pair with a tachyon kink. Recall that the pair has a
gauge group Oð1Þ ×Oð1Þ and there is a 1 − 1̄ sector
tachyon in the representation ðdet;detÞ where det is
the nontrivial 1D representation of Oð1Þ ≃ Z2. We collect
the type I Dp gauge groups in Table I. Let us take the
spatial worldvolume for the D1 − D1 pair to be S1 and let
us turn on a Z2 Wilson line for one of the Oð1Þ factors.
Because the tachyon potential VðTÞ is symmetric under
T → −T, there are two vacuum values �T0 for which

VðT0Þ ¼ −2gsTD1 ðF2Þ

where TD1 is the D1 tension and gs is the string coupling
constant. This means that while the Wilson line precludes
the constant solutions TðθÞ ¼ �T0 on S1, the minimum-
energy configuration will be a tachyon kink due to the
boundary condition Tð0Þ ¼ −Tð2πRÞ. The minimal energy
kink solution is topologically protected since π0 of the
vacuum manifold f�T0g is topologically equivalent to Z2

and is identified with the non-BPS D0-brane.

In a similar vein, we can see how the non-BPS D7-brane
can be obtained from two36 D8’s with a Wilson line. The
reason we need two D8’s follows from the fact that the
gauge group of the D7 is Uð1Þ while that of a single D8 is
Oð1Þ, so we cannot Higgs it to the former. Further, two
D8’s have a gauge group of Oð2Þ and an 8 − 8 tachyon in
the det representation which we denote Tdet. In terms of
2 × 2 matrices, this tachyon field can be written as

�
0 Tdet

−Tdet 0:

�
ðF3Þ

A vev for Tdet will Higgs the Oð2Þ gauge group
to the commutator subgroup Uð1Þ. Without any background
Wilson line on this D8-stack, the entire system would just
annihilate, but the presence of an Oð2Þ Wilson line with
monodromy

�−1 0

0 1

�
ðF4Þ

around an S1 will produce a topologically stable kink con-
figuration for Tdet similar to what we saw in the previous
paragraph. This produces a 7-brane in type I with a localized
Uð1Þ gauge field forwhichF1 strings can endbecause they can
end on theD8 constituents. The only known candidate for such
abranewouldbe the type ID7-brane.Toconfirm this explicitly,
one can startwith twonon-BPSD8branes in IIB, considering a
tachyon kink configuration which creates a D7-D7 pair and
seeing if thismatches theTdet upon projecting to type I.

37 Such
a tachyon kink in the IIB D8 brane system is valued in the
adjoint of Uð2Þ, which is the gauge group of the D8 brane
system, and a kink

T ¼
�
T0 tanh ðx⊥=BÞ 0

0 −T0 tanh ðx⊥=BÞ

�
ðF5Þ

for some width B produces a D7-D7 pair by a simple
consideration of the diagonal subgroup Uð1Þ ×Uð1Þ ⊂
Uð2Þ which lives on separated non-BPS D8-branes. By a

TABLE I. Gauge groups of type I D-branes (up to possible Pin-lifts for the O groups and Z2 quotients for the Sp groups). Note that
Dp-branes for p ¼ 6, 4, 3, 2 are not associated with any K-theory charge.

D9 D8 D7 D6 D5 D4 D3 D2 D1 D0 Dð−1Þ
OðNÞ OðNÞ UðNÞ SpðNÞ SpðNÞ SpðNÞ UðNÞ OðNÞ OðNÞ OðNÞ UðNÞ

35Recall that the type I D7-brane can be built by taking a
D7 −D7 pair in type IIB string theory whereby the 7 − 7̄ tachyon
is projected out by Ω.

36We will connect with the configuration of Fig. 11 involving
a single D8 at the end of the section.

37This matching would show the claim because it is known that
a single D8-brane in type IIB becomes a single D8-brane after the
Ω projection, while a D7-D7 pair becomes a single D7-brane after
the projection.
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Uð2Þ gauge transformation, we can rotate the tachyon
profile to

T ¼ T0

�
0 −iT0 tanh ðx⊥=BÞ

iT0 tanh ðx⊥=BÞ 0

�
: ðF6Þ

Upon projecting to type I, the D8 gauge group is projected as
Uð2Þ → Oð2Þ and the adjoint ofUð2Þ becomes the adjoint of
Oð2Þ which happens to be the det representation. We indeed
see that (F6) matches (F3) up to an overall factor of i, showing
that the claim that we have produced is the type I D7-brane.38

This in particular implies that the Oð2Þ Wilson line of the D8
system can be an endpoint for a bulkmonodromycut for ð−1Þs
as it sources the D7-charge.
One can then obtain a configuration similar to

right side of Fig. 11 but with two D8-branes in the circular
configuration instead of one. The fact that the above
monodromy can be presented as an Oð1Þ monodromy
means that we can simply annihilate one of the D8’s
in the interior of the circle, yielding the configuration
of Fig. 11.
Finally, we close this appendix with mentioning how a

single D8-brane is expected to decay. While there is no

tachyon in the 8 − 8 sector for a single such brane, there is a
tachyon in the 8 − 9 sector which is in the representation
ðdet; 32Þ of Oð1Þ ×Oð32Þ [38]. Here Oð1Þ is the gauge
group localized on the D8, while Oð32Þ is the flavor
symmetry of the D8 which is an imprint of the bulk soð32Þ
gauge theory. Let us denote this tachyon39 Ti, i ¼ 1;…; 32.
Then its potential WðTiÞ will be invariant under the gauge
and flavor symmetry transformations:

Ti → −Ti or Ti → RSOð32Þ
ij Tj ⇒ W → þW: ðF7Þ

This means that inside the scalar field space R32=Z2, there
is a vacuum submanifold RP31 where W is at its minimum
value, −gsTD8. The initial state of a D8 is characterized by
the local maximumWðT ¼ 0Þ ¼ 0 and dynamically differ-
ent regions, labeled by R, of the D8 will roll down to
various vacuum values pR ∈RP31 and the entire D8 will
dilute away.
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