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Horava-Witten theory on S! v S! as type 0 orientifold
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We investigate dualities between Z, quotients of recently proposed compactifications of M-theory on
‘quantum geometries’ of the form S' v S! and 10D orientifolds of type OA and OB string theories. In
particular, we relate the Hofava-Witten theory on S' v S! to a OB orientifold with gauge group SO(16)*.
The resulting dictionary provides a geometric explanation for characteristic features of the OB orientifold,
such as the doubling of the gauge group, while the perturbative spectrum of the OB orientifold indicates the
emergence of novel M-theoretic degrees of freedom associated with the junction point. The OB orientifold

further reveals the existence of two variants of the theory on S' v S!, corresponding to equal vs opposite
(i.e., standard vs Fabinger-Hotava) orientations of the Eg walls. We also analyze additional OA and OB
orientifolds whose open string sectors do not arise from higher-dimensional gauge fields in M-theory and
whose microscopic interpretation remains an open problem.
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I. INTRODUCTION

The oft-repeated statement that there exist only five
consistent 10D string theories (plus 11D M-theory)
has long been known to be an oversimplification.
Nonsupersymmetric strings in ten dimensions, such as
the nonsupersymmetric heterotic theories [1,2], type 0A
and OB [3], their orientifolds [4,5] and the nonsupersym-
metric USp(32) theory [6], have long lingered at the
margins, largely set aside due to tachyons, dilaton tadpoles,
and other familiar complications, [7] and routinely dis-
missed as pathological and excluded from the canonical
landscape. Yet these features point more to a breakdown of
our tools and conceptual frameworks than to a breakdown
of the theories themselves.

Ten-dimensional supersymmetric string theories and
11D M-theory are well-known to be connected by an
intricate and highly constraining web of dualities, which
has played a central role in shaping our modern under-
standing of the subject. By contrast, nonsupersymmetric
theories are often regarded as largely isolated, lacking
comparable structures. However, this disparity should be
viewed, to a significant extent, as a manifestation of a
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lamppost effect due to the illuminating power of super-
symmetry. It is therefore natural to suspect that non-
supersymmetric strings also belong to a broader web,
even if much of it remains in the shadows (see e.g.,
[14-20] for attempts to brighten it up). Hence, new tools
are needed to tame this unruly flock of nonsupersymmetric
string theories and turn them into a coherent theoretical
framework alongside their supersymmetric counterparts.

A concrete step in this direction has recently been
proposed in [21], which advances a bold and conceptually
economical picture of the nonperturbative origin for 10D
type OA and OB theories as 11D M-theory (and F-theory) on
a ‘quantum compactification’ on S' v S!, the wedge sum of
two circles joining at a point. This compactification is
defined in terms of a combination of different boundary
conditions [dubbed disconnected resolution property (DRP)
and strong smoothness property (SSP)] for fields on the
individual circles, or on their connected sum, producing field
contents matching those of type 0 theories in 10D. This has
several virtues; it provides a nonperturbative origin for these
theories, and a geometric (or more precisely, quantum-
geometric) interpretation for diverse features of their spectra,
such as the doubling of Ramond-Ramond (RR) fields and
the appearance of closed string tachyons. Finally, it offers a
concrete foothold for extending the duality web beyond the
supersymmetric lamppost. In this sense, the proposal does
not merely add new examples, but points toward a reor-
ganization of the landscape in which nonsupersymmetric
strings are no longer outliers, but natural inhabitants of a
broader and more equitable framework.

In this work, we continue the exploration of this
emerging framework. We study Z, orbifold quotients of
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M-theory compactified on S' v S! which correspond via
new dualities to orientifolds of type OA and OB string
theories, providing a (quantum) geometric picture of the
latter. Conversely, the perturbative construction of the type
0 orientifolds provides precise and valuable information
about M-theory on a range of new quantum compactifica-
tions, for which we provide explicit construction rules. We
explore several such dual pairs corresponding to the Q
orientifold of 10D type OA theory, as well as three 10D type
0B orientifolds (by the world sheet parity operation €, or
two variants dressed with extra operators), including the
nontachyonic 0’B theory. We furthermore argue that the
open string sectors of the type 0 orientifolds reproduced by
the M-theory construction are precisely those which (in
addition to canceling the RR tadpoles for consistency)
cancel the tachyon tadpole; we interpret this as the fact that
M-theory favors a symmetric configuration among the two
circles, in order to guarantee that it sits at a stationary point
rather than triggering a violent tachyon condensation.

Our duality is particularly fruitful for the type OB
orientifold by Q alone with gauge group SO(16)*, which
turns out to be dual to the Horava-Witten (HW) theory on
S' v S!, namely 11D M-theory on (S' v S!) x S!/Z,. This
configuration involves an attractive mix between the geo-
metric compactification of M-theory on the HW interval,
and the quantum-geometric reduction of its fields, in
particular those localized at the HW walls. It also provides
an intermediate OA orientifold picture, given by a non-
supersymmetric analog of the type I’ theory.

Indeed, a notable outcome of this construction is that the
Eg gauge degrees of freedom localized at the HW boun-
daries, when equipped with suitable transformation rules
under compactification on S' v S!, should reproduce the
open string sectors of type 0 orientifolds. This allows us to
use the properties of the type O orientifold as a powerful
guide determining the behavior of the HW Eg vector
multiplets in the quantum geometry, enabling us to uncover
several novel features. We establish that the Eg symmetry is
broken down to SO(16) by implicit Wilson lines in the
compactification and that the SO(16) is doubled by the
presence of the two circles in §' v 8!, in close analogy with
the doubling of RR fields in type O theories. We also find
that there are new degrees of freedom associated with the
joining point of the two circles in §! v S!, transforming in a
bifundamental representation of the doubled SO(16)?; this
is a new sector not present in the pure OA and OB context in
[21], which arises in our setup because of the presence of
DRP gauge fields on S' v S'.

We also argue that there are two inequivalent compacti-
fications of the Eg vector multiplets at the HW walls on
S'vS! related to the standard HW theory or to its
supersymmetry-breaking Fabinger-Hotava (FH) variant,
which is a realization of the ‘M-theory breaking’ mecha-
nism of [22]. The two possibilities differ in a discrete
choice of field content (tachyon or massless fermions) in

the bifundamental associated to the junction point between
the two circles. Finally, by studying the D-brane spectrum
in the type O orientifold, we establish that these two
possible compactifications also differ in the boundary
conditions on S' v S! obeyed by the E; gauge bosons in
the 128 of the SO(16)’s.

Conversely, our dictionary provides a higher-dimen-
sional origin for both the closed and the open string sector
of these 0 orientifolds, and offers further evidence that
nonsupersymmetric strings, far from being peripheral, are
integral members of an extended and still-unfolding dual-
ity web.

The paper is organized as follows. In Sec. II, we review
some background material. In Sec. II A, we review the
description of [21] of M-theory on 8' v S', and its dualities
with type OA and OB theories. In Sec. II B, we discuss the
world sheet description of 10D type OA and OB orientifolds
and their key features. In Sec. III, we explain the geometric
realization of the Q orientifold of type OA as a quotient of
M-theory on S' v S' (Sec. Il A) and discuss the M-theory
quantum geometric counterparts of several world sheet Z,
actions (Sec. III B). In Sec. IV, we use the duality between
M-theory on (S! v S') x S' and 10D type OB string theory
to describe the M-theory geometric realization of three key
7, actions necessary for the construction of OB orientifolds
in the next sections; in particular, 0B world sheet parity
Qp (Sec. IVA), (—1);2, with F} being the left-moving
world sheet fermion number (Sec. IV B), and (—1)?, with
Fj being the left-moving spacetime fermion number
(Sec. IV C).

In Sec. V, we show that the OB orientifold by Qp is dual
to the Hotava-Witten theory on S! v S!. We describe this
duality in Sec. VA, finding a doubling of SO(16) gauge
groups. In Sec. V B, we discuss the different behavior of the
system under compactification on the S! v S! depending on
the choice of standard HW vs FH configurations (produc-
ing different degrees of freedom associated with the joining
point of the circles). In Sec. V C, we exploit the structure of
D-branes in the 0B orientifolds to describe the DRP/SSP
boundary conditions for the massive Eg gauge bosons
transforming as spinors of the SO(16)’s, and show that they
differ in the HW and FH configurations. In Sec. VI, we
explain the M-theory geometric dual of the two remaining
OB orientifolds, namely Q(—1)%% (the nontachyonic 0’B
theory) in Sec. VIA and Q(—1)1 in Sec. VIB. We
conclude with some final remarks and open questions in
Sec. VIL

II. OVERVIEW OF THE INGREDIENTS

In this section, we give an overview of the proposal of
[21] for M-theory on S'VS!, and provide some back-
ground on the various orientifolds of ten-dimensional type
OA and OB string theories.
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A. M-theory on S' v S! in a nutshell

We first review the construction and the rules of the
quantum compactification of M-theory on S' v S! and its
relation to the 10D type OA and OB theories, following [21].

1. From M-theory to 10D type 0A

The proposal is that M-theory admits a compactification
to 10D on a quantum version of S' v S!, the wedge sum of
two circles touching at a point as in figure ‘8’. The point
where circles join is a frozen singularity, and the geometry
is quantum in the sense that it is a superposition, summing
over all possible points at which the circles join, so that the
result is invariant under translations in the two individ-
ual S'’s.

The proposal of [21] is that the resulting 10D theory is
the weakly coupled 10D type OA string theory. In fact, the
light field content of the latter can be recovered by
considering a quantum version of a Kaluza—Klein (KK)
reduction of the 11D M-theory fields, supplemented with
an ad hoc set of boundary conditions determining how
fields behave at the joining point, see Fig. 1. There are two
classes of boundary conditions. The first is denoted by SSP
(for strong smoothness property); fields obeying the SSP
boundary condition propagate over a single S' arising from
the connected resolution of the two S'’s (in either of the
two possible combinations of orientations [23]), while
remaining periodic with respect to the individual S'’s;
on the other hand, fields obeying the DRP (disconnected
resolution property) boundary condition live on either of
the two disconnected S!’s upon resolving the joining point.

In order to discuss the reduction of the massless
spectrum of 11D M-theory to 10D, we use the following
notation (which is slightly different from [21]). We denote
the 11th coordinate—namely the one that ‘parametrizes’
the S' v S'—by x, which we use as a subindex for fields
with one polarization along that direction. We use capital
latin indices M,N,... for 11D coordinates and greek
indices u,v, ... for 10D ones. Also, for DRP fields we
use a =+ superscript to denote on which S' ¢ S' v S! the
fields are propagating on. The SSP or DRP character of the
different 11D fields is shown in the first two columns of
Table L.

The 11D metric G,y decomposes into a single G, SSP
field (corresponding to the 10D metric g, of the type OA
theory), two DRP components Gi; (corresponding to the
two RR I-forms AT of OA theory), and two DRP
components G, corresponding to 10D scalars R* (whose

TABLE I. Boundary conditions for the different 11D fields on
S'vS!, and the resulting 10D OA fields. The indices p, v, ... are
10D, and x denotes the 11th dimension. The+ superscript
indicates the S' ¢ S! v S! on which the DRP is imposed.

11D SSP/DRP 10D 0A
G, SSP G
GE DRP AF
GL DRP R,
Cru SSP B,,
Cup DRP Cip
¥ira ‘odd’ SSP _

symmetric linear combination corresponds to the OA
dilaton and whose antisymmetric combination to the 0A
tachyon). The 11D 3-form Cyp decomposes into a single
SSP component C,,,, (corresponding to the Neveu-Schwarz-
Neveu-Schwarz (NSNS) 2-form B, of the OA theory), and
two DRP components Cﬁp (corresponding to the two RR 3-
forms C5 of the OA theory). Finally, the decomposition of
the 11D gravitino leads to fields with ‘odd” SSP structure
(dubbed SSP*) on S' v S! (namely, the values of the fields at
two would-be joining points in the recombined connected S'
are identified, but with an opposite sign), so they have no
zero modes and lead to no massless 10D fields, as befits the
purely bosonic nature of the perturbative type OA spectrum.
Hence, we recover the light content of the 10D type 0OA
theory; the graviton, NSNS 2-form, dilaton and tachyon, and
two copies of RR 1- and 3-forms. The discussion of other
states, including KK replicas of these fields in terms of DO-
branes of type OA theory, was carried out in [21], to which
we refer for further details.

The two RR 1-forms are associated with the translational
invariance along each of the two S'’s in S' v S'. This
motivated the statement that the point at which the two S!’s
join should be regarded as a quantum superposition of all
possible pairs of points in the two S'’s. This is conceivable
only in a quantum geometry, so this description is expected
to hold for a Planck-sized compactification, which corre-
sponds to the weakly coupled 10D OA theory.

An important discrete symmetry of the configuration
corresponds to the exchange of the two S!’s in S' v S!,
namely the exchange of the + signs in the fields after
compactification to 10D. This and other symmetries will be
further spelled out and exploited in the different string
models in later sections.

The identification of the tachyon with an antisymmetric
combination of the individual radii of the S'’s in S! v S!

OO<=00=CO

FIG. 1.

CRP’

Resolutions of S! v 8! and the corresponding DRP and SSP, the latter being a combination of two CRPs.
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motivated the proposal in [21] that tachyon condensation
corresponds to shrinking one of these S!’s, and that the
endpoint of tachyon condensation is M-theory on a single
geometric ', namely 10D type ITA theory (see [24-28] for
other arguments for this and [29-31] for different propos-
als). In our discussion, we will not consider this processes,
and consider the theories at zero tachyon vev, unless
otherwise stated.

2. From M-theory to 10D type OB

The above compactification allows us to relate M-theory
on S' vS! to 10D type OB. The strategy is similar to the
familiar relation of M-theory on a T? with complex
structure 7, in the limit of vanishing T? area, with 10D
type IIB with complex coupling z. Morally, for purely
imaginary 7, one can start with the 10D type IIA theory
(described as M-theory on a (very small) circle S} para-
metrized by x), compactify to 9D on a further S; para-
metrized by a coordinate y (i.e., M-theory on a T? with
T — i0), and T-dualize along the latter. In the limit of
vanishing S; size, one recovers the full 10D type IIB in the
T-dual picture in the perturbative limit.

The strategy of [21] is to replicate this for M-theory on
S' v S'. By compactification on a further S}, the configu-
ration of M-theory on (S!VS') x S! corresponds to (a
quantum version of) a wedge sum of two T? touching over
a (geometrical) S'. We denote by 7., the complex structures
of these two T?’s. The claim is then that in the limit of
vanishing area for these T?’s, we recover the 10D type OB
theory. In this map, the overall complex structure parameter
T~ 1, + 7_ corresponds to a combination of the dilaton
and a RR 0-form axion (namely, the 10D type OB complex
coupling), while the antisymmetric combination of 7.
corresponds to the type OB tachyon and the second RR
0-form axion. The derivation of the map for these and other
fields will be discussed in Sec. IV as a useful tool in the
construction of dual pairs of OB orientifolds and quotients
of M-theory on (S'vS!) x S!.

B. Type 0 orientifolds

In this section, we review the structure of the different
10D orientifolds of the type OA and OB theories, con-
structed using standard world sheet techniques [4,5]. For
further details, we refer the reader to the comprehensive
review [32]; see also [33—38] for details on the orientifold
procedure.

Let us begin by recalling the world sheet structure of 10D
type OA and OB theories. In the light-cone gauge the
theories are described by a 2D (1,1) theory of eight bosons
and eight Majorana fermions, with a diagonal modular
invariant partition function; hence, they contain only the
NSNS and RR sectors. The light states in the NSNS sector
are a tachyon, obtained from the tensor product of the

left- and right-moving NS groundstates, and massless states
in the 8, ® 8, for the Lorentz SO(8) symmetry, namely a
graviton, a 2-form, and a dilaton. In the RR sector, both
theories differ in the GSO projection in, e.g., right-movers;
hence, the type OB theory has massless RR states in the
(8, ®8.) @ (8, ® 8,), leading to two copies of RR forms
of even degree (two O-forms, two 2-forms, and one
unconstrained 4-form), and the type OA theory has massless
RR states in the (8, ® 8;) @ (8, ® 8.), leading to two
copies of RR forms of odd degree (two 1-forms and two
3-forms).

1. Orientifolds of type 0A

Type O string theories have four consistent 10D Poincaré
invariant orientifold actions, one starting from type OA and
three starting from OB. Let us start with the orientifold
of OA.

In contrast to the 10D type IIA theory, the 10D type OA
theory is invariant under the operation of world sheet parity
Q. This can be used to define an unoriented theory, which
we refer to as the OA orientifold. The closed string sector is
obtained by keeping only Q-invariant states. In the NSNS
sector, the 2-form is odd under €, so we are left with the
tachyon, the graviton, and the dilaton. In the RR sector,
the states in the 8, ® 8, are exchanged with those in the
8, ® 8., so one linear combination of them survives and we
obtain one 1-form and one 3-form. The orientifold does not
introduce any RR tadpoles (this is clear since the under-
lying OA theory has no even-degree RR fields; hence, no
RR 10-form under which the orientifold could be charged).
Therefore, there is no need to introduce an open string
sector for consistency. In the literature, it is sometimes
customary to introduce a sector of uncharged D9-branes,
resulting in an SO(n) x SO(m) gauge group, with unre-
stricted n, m (the case SO(n) x SO(32 — n) has the special
feature of canceling the NSNS half-loop dilaton tadpole.
Interestingly, the choice n = 0 with gauge group SO(32)
cancels also the half-loop tachyon tadpole).

Let us also recall that, starting from any unoriented
theory, it is possible to generate a new one by modifying the
genus expansion by weighting each crosscap with an extra
factor —1. This corresponds to flipping all NSNS and RR
crosscap tadpoles, so in models with charged orientifold
planes it corresponds to changing the tension and the
charge (namely a sign flip Op™ <> Op™), which also
implies a flip in the SO/USp projection on open string
sectors. In the present context of the type OA orientifold, the
O planes are uncharged under RR fields, and this operation
leads to a new unoriented theory in which the orientifolds
have opposite couplings to the tachyon and dilaton. If
uncharged D9-branes are added, we obtain a 10D gauge
group USp(2p) x USp(2q), with p, ¢ being unrestricted
integers (in this case it is not possible to cancel the dilaton
tadpole).

066008-4
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2. Orientifolds of type 0B

The three orientifold actions for type OB are Q, Q(—1)%1,
and Q(—1)fz, where F3 is the left-moving spacetime
fermion number (acting as a minus sign in the RR sector)
and F7 the left-moving world sheet fermion number. Let us
consider them in turns.

a. The Q orientifold: Consider first the orientifold of type
0B by world sheet parity €. The Q-invariant surviving
NSNS light fields are the tachyon, the graviton, and the
dilaton. On the other hand, each set of RR fields is mapped
to itself, so the Q projection removes the two 0O- and
4-forms, while leaving the two RR 2-forms in the spectrum.
Despite the superficial analogy with the more familiar type
I closed string sector as an orientifold of type IIB, in the
present Q orientifold of type OB there is no RR tadpole,
hence the open string sector is not necessary for consis-
tency. If we insist on canceling the NSNS half-loop dilaton
tadpole, it is possible to add D9 brane-antibrane pairs of the
two possible kinds, i.e., charged under the two RR 10-
forms, in multiplicities n and (32 —n), respectively,
and the resulting gauge group is SO(n)? x SO(32 — n)>.
Interestingly, the symmetric choice SO(16)* cancels both
the dilaton and tachyon half-loop tadpoles.

As we have discussed in the case of the type OA
orientifold, it is possible to consider the flipped version
of this orientifold action (i.e., including a —1 factor for
each cross cap), which leads to a different orientifold
with opposite dilaton coupling and with gauge fac-
tors USp(2p)* x USp(2q)>.

b. The Q(=1)fL orientifold: Let us now consider the
orientifold of type OB by Q(—1)%%, where Q is world sheet
parity and Fj is the left-moving spacetime fermion number.
The invariant surviving NSNS light fields are the tachyon,
the graviton, and the dilaton. On the other hand, each set of
RR fields is mapped to itself, but with an extra sign flip due
to (—=1)Fi. This implies that the two RR 2-forms are
projected out, and the surviving fields are two RR 0-forms
and one unconstrained 4-form. This also implies that the
RR 10-forms are projected out, so that the orientifold plane
cannot carry any charge, and there are no RR tadpoles.
Hence, the open string sector is not needed for consistency.
If one wishes, it is possible to add uncharged D9-branes of
the two possible kinds, leading to a U(n) x U(m) gauge
symmetry, but nonzero values of n and m necessarily
generate a half-loop dilaton tadpole. There is a crosscap-
flipped version of this model, but since the orientifolds are
uncharged and tensionless, the only coupling that changes
sign is that to the tachyon. This alternative case leads to the
same unitary groups (interestingly, the half-loop tachyon
tadpole can be canceled in the model in which orientifolds
have negative tachyon coupling if n — m = 32, with U(32)
being the simplest possibility).

c. The Q(—1)FL orientifold: Consider now the orientifold
of type OB by Q(—1)%%, where Q is world sheet parity and

FY is the left-moving world sheet fermion number. In this
case, the tachyon in the NSNS sector is projected out, and
the invariant surviving NSNS fields are the graviton and the
dilaton. In the RR sector, the orientifold swaps the two
kinds of RR fields, so the surviving ones are a RR 0-form, a
2-form, and a self-dual 4-form. The orientifold produces a
RR tadpole such that, from the parent theory viewpoint, the
orientifold planes carry charges —32 with respect to each of
the RR 10-forms. It is therefore necessary to introduce two
sets of 32 D9-branes of each kind, which are swapped by
the orientifold and lead to a U(32) gauge symmetry. The
open string sector is also nontachyonic and contains
massless fermions in the 2-index antisymmmetric repre-
sentation of U(32) and its conjugate. The anomaly is
canceled by a Green-Schwarz mechanism mediated by the
0-, 2-, and 4-forms [39]. This celebrated model built in
[4,5], also known as the 0’B theory, is the only non-
tachyonic orientifold of type O theories.

III. THE ORIENTIFOLD OF TYPE 0A FROM
M-THEORY ON S'v §!

We now start exploring the description of the orientifolds
of type O theories described in Sec. II B in terms of the
M-theory compactification on S'VS!, reviewed in
Sec. I A. The key point is the description of how the
various symmetries, Q, (—1)z, and (—1)f%, act geomet-
rically on S' v S!.

In this section, we consider the type OA orientifold. As in
[21], we denote by 6, and 6_ the coordinates of the two S!
circles (and denote them collectively as x, in particular in
subindices of fields with some polarization index in the
compact dimension). We will consider different Z, actions
in perturbative OA theory and compare them with sym-
metries of the (quantum) S' v S'.

A. Type 0OA orientifold by © and its M-theory
description

Let us consider the Z, parity operation _ — —6_ and
check that, as already proposed in [21], it corresponds to
the world sheet parity Q of the perturbative OA theory. The
11D metric is intrinsically even under the geometric parity
action _ — —60_. Hence, the 10D metric, which is an SSP
field, is invariant. On the other hand, the DRP modes Gi
have eigenvalue 4-1 with respect to this action according to
which S! (%) they propagate on. This implies that the same
holds for the RR 1-forms Cf of the OA theory. Finally, the
DRP fields G, have either both indices on 6. or both on
6_, so they are both invariant. Hence, both the 10D type 0A
dilaton and tachyon are invariant.

Regarding the 11D 3-form, the DRP fields C,, have
eigenvalue £ under this Z,. These correspond to the 10D
type OA 3-forms, which inherit this behavior. Finally, the
SSP field C,,, is a combination of the fields in the two
possible ways to resolve S' v S! to a connected S! [namely,
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TABLEII. Different Z, actions for type OA string theories. The
first two columns give the interpretation of the fields in M-theory
on S'vS! and their SSP/DRP boundary conditions. This dic-
tionary allows us to identify Q with the flip of one of the S'’s,
namely 0_ — —6_; (—1)7% with the exchange of the two circles,
ie, 0, < 0_;and (=1)7 with 0, — —0,.

11D SSP/DRP  10D0A Q  (=D)f  (=1)F
G SSP G + - +
G, DRP Ax £ to- -
G5 DRP R. T B
Caw SSP B, - + +
ct, DRP ct, £ 4o- -

the connected resolution property (CRP) and CRP' in
Ref. [23]], which we consider to be the antisymmetric
linear combination. Since the two resolutions are related by
an orientation flip in 6_, we have that C,,,, is odd under this
action, and hence, so is the OA NSNS 2-form.

The end result is precisely that of the € action in type
0A, as summarized in Table II. The NSNS tachyon, dilaton,
and graviton, as well as one RR 1-form and one RR 3-form,
are even, while the NSNS 2-form, one RR 1-form, and one
RR 3-form are odd.

This already provides the M-theory picture of the
orientifold of type OA in Sec. IIB. We simply consider
M-theory on S'vV (S!/Z,), with the Z, acting as 6_ —
—6_ in the above sense. The resulting spectrum, i.e., the
above listed Q-even fields, correspond to the closed sector
of the OA theory orientifolded by Q.

As we explained, from the OA perspective it is not
necessary to introduce an open string sector for consis-
tency, but one can still add uncharged D9-branes of two
types to get the gauge groups SO(n) x SO(m). Two special
choices of m and n are physically meaningful: n + m = 32
cancels the half-loop dilaton tadpole and n —m = 32
cancels the half-loop tachyon tadpole. Typically, one
chooses the former because the closed string tachyon is
already present in the spectrum and demanding the can-
cellation of its half-loop tadpole brings no advantage.
However, for our configuration, the latter choice has
physical meaning; a closed-tachyon tadpole would imply
that one is not sitting at a stationary point (in fact, a
maximum) of the effective potential. Since the tachyon is
related to the relative size of the two quantum circles, a
tachyon tadpole would kill the quantum geometry, or at
least would bring it away from the S' v S! configuration
immediately. In fact, in this type OA orientifold, one can
cancel both the dilaton and tachyon half-loop tadpoles with
the choice n = 32 and m = 0, so that the gauge group is
SO(32). One is then introducing 32 uncharged D9-branes.

We would like to contrast this with the M-theory
construction. One may be tempted to interpret the S'/Z,
as an HW interval [40,41], but one should recall that the

parent theory is to be regarded as quantum. Hence, it is not
obvious that there is a well-defined notion of fixed points,
and even in that case, it is not clear that the usual geometric
arguments about anomaly inflow in the HW wall apply.
Hence, there is no compelling reason to claim the existence
of an Eg x Eg symmetry. On the other hand, it is tantalizing
to expect that the presence of an S! /Z, geometry, even if a
quantum one, could lead to gauge sectors. In fact, we
propose that the quantum S'v (S!/Z,) geometry has a
single ‘quantum’ fixed point from the quantum identifica-
tion of the joining points on the two S'’s. This quantum
fixed point should then provide the degrees of freedom of
the SO(32) gauge symmetry of the configuration that
cancels both dilaton and tachyon tadpoles. Even without
knowing the physics of the quantum fixed point, it is
reasonable to assume that a single point will generate a
simple gauge group, and SO(32) is compatible with this
intuition. The resulting theory would then have an
‘untwisted” sector corresponding to the closed sector of
the OA orientifold, and a ‘twisted’ sector which corresponds
to the open string sector of the OA orientifold with the
tadpole-canceling choice of D9-branes with gauge sym-
metry SO(32).

Building on the picture of tachyon condensation of type
OA as the shrinking of one S' in S' v S!, we can derive a
tantalizing implication for the present setup. The picture
implies that condensation of the closed string tachyon in the
OA orientifold could correspond to shrinking the un-
orbifolded S! in S8' v (S!/Z,), reaching a final configura-
tion given by M-theory on S!/Z,, namely the Hofava-
Witten theory, or equivalently the 10D Eg x Eg heterotic
theory. The tachyon condensation, turning the quantum
compact geometry into a geometric S'/Z,, should then
lead to the breaking of SO(32) into SO(16) x SO(16) and
to an enhancement SO(16) — Eg for each gauge factor.

B. Other Z, symmetries

For later purposes, it is useful to consider the M-theory
viewpoint on other Z, symmetries of the type OA theory, in
particular (—1)f% and (—1)%z.

1. The action (-1)FL as exchange of M-theory
circles in S' v S!

Let us consider (—1)%%, with F} being the left-moving
world sheet fermion number, whose realization in M-theory
on S' v S! was proposed in [21] to be the action swapping
both S'’s, namely 6, <> 6_. This is motivated by the fact
that the quotient by this symmetry corresponds to identify-
ing both S!’s and results in M-theory on a single ', namely
type HA (although admittedly there is no microscopic
M-theory description of the appearance of the IIA fermions
from the twisted sector of this quotient). In the following,
we verify that the exchange of the two circles in S' v S!
acts on the 10D fields as (—1)%%.
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The 10D metric, which is an SSP field, is invariant under
the exchange of the circles. On the other hand, the DRP
modes Gij” according to whether they propagate on the 6+
circles, are swapped upon exchange of the circles, inducing
the same behavior for the RR 1-forms C; of the OA theory.
Finally, the DRP fields G, are similarly swapped upon
exchange of the circles. This implies that the 0A dilaton
(which is a symmetric combination) is even, while the
tachyon (which is an antisymmetric combination) is odd.
Regarding the 11D 3-form, the DRP 10D components Ci;,,
are swapped by the exchange of the two circles, hence the
same behavior follows for the 10D type OA RR 3-forms. On
the other hand, the 10D component C,,, is SSP; it is
invariant under the exchange of the two circles, and so the
same follows for the 10D type OA NSNS 2-form.

Overall, in the NSNS sector, the metric, the 2-form, and
the dilaton are even, while the tachyon is odd; in the RR
sector, the two + copies of the 1- and 3-forms are
exchanged. This agrees with the action of (—1)fi as
anticipated above. The resulting eigenvalues are shown
in Table II.

2. The action (-1)F. as overall parity in S' v S!

Let us now consider (—1)7%, where F} is the left-moving
spacetime fermion number. This acts in the 10D OA theory
by introducing a sign on RR fields, while NSNS fields are
invariant. This naturally suggests that it corresponds to a
flip of the coordinates in both S!’s in the quantum S! v S!
(which we may regard as the flip of the overall coordinate x
we are using for subindices), with the proviso that the 11D
3-form is intrinsically odd under this action (as befits the
interpretation of this action as an overall parity in the
internal space, as in the more familiar statement for M-
theory on S!).

The 10D metric arises from the SSP field Gﬂb, with no
leg along the compact space, so it is even. The DRP fields
Gf# have one leg in the direction x, so they are odd,
implying that the two RR 1-forms of the 10D OA theory are
odd under this action. Finally, the DRP fields G, have two
legs in the direction x, so they are even, hence the same
follows for the dilaton and tachyon of the OA theory. As for
the 3-form, the SSP component C,,, is even because the
intrinsic oddness of the 3-form cancels the sign flip due to
the leg along x and hence the NSNS 2-form of the 10D 0A
theory is even. Finally, the DRP components Cjﬁ,,p are both
odd, implying that the two RR 3-forms of the 10D 0A
theory are odd.

The resulting action agrees with that of (—1)fz (NSNS
fields are invariant, while RR fields are odd), as shown in
the last column in Table II

Note that Q(—1)% and Q(—1)f2 do not give new
orientifold models in type OA; the former is not an
involution since (Q(—1)f7)? = (=1)Fi*Fk, thus acting
with a minus sign in the closed RR sector, and the latter

gives the same orientifold as Q (while exchanging sym-
metric and antisymmetric combinations of the RR fields in
the closed sector).

IV. THE 0B Z, SYMMETRIES FROM M-THEORY
ON (S!vS!) xS! VIA T-DUALITY

In this section, we turn to the description of the Z,
symmetries in the type 0B string theory and their realiza-
tion in terms of M-theory on (S'VvS') x S'. As in the
previous section, we denote by 6, and 6_ the coordinates
of the two S! circles (and denote them collectively as x).
We will consider different Z, actions in the perturbative OB
theory and compare them with symmetries of the (quan-
tum) (S'VvS') x S!. We will subsequently use them in
Secs. V and VI to construct the different type OB orienti-
folds to extract information about the properties of quo-
tients of M-theory on (S' v S!) x S!.

We now move on to the Z, actions Qp, (—1)214, and
(—1)21 separately, where we add a subindex B to distin-
guish them from their OA counterparts.

As reviewed in Sec. I A 2, M-theory compactified on
(S'vS') x S! with complex structure parameters 7, for
the two T?’s is claimed to be equivalent, in the limit of
vanishing areas, to 10D type OB with complex coupling
(dilaton plus one RR O-form axion) given by the overall
complex structure 7z, while the tachyon and the second RR
O-form axion are given by the remaining antisymmetric
combination. This can be easily derived by using T-duality
between the OA and OB theories.

This suggests a simple strategy to identify the actions on
M-theory on (S! v S!) x S! that correspond to the different
symmetries in 10D type OB, which profits from the
corresponding exercise for 10D type OA in Sec. III. We
will simply use the above mentioned T-duality to trace back
the symmetries of OB (compactified on an S! to 9D) to
symmetries of OA and then to symmetries of M-theory on
(S'vS') x S!. Since there are several circles in the argu-
ment, we use x for the directions in S' v 8! and introduce y
to indicate the coordinate of the (geometric) S! compacti-
fication to 9D (for both the OA and OB theories, hoping the
context will suffice to avoid possible ambiguities). We also
use lowercase Latin indices m, n, ... for 9D coordinates.

The 9D fields arising from the compactification of the
10D OA fields on S)l, [equivalently, M-theory on
(S'vS'), xS!] and their T-dual interpretation in terms
of 10D OB fields are shown in Table III.

A. The action Qp as a Horava-Witten Z,

Let us start by considering the action of Qg on the 10D
OB theory, and use the dictionary in Table III to translate it
to a geometric action on (S'vS'), xS!. In the NSNS
sector of 10D type OB theory, the metric, tachyon, and
dilaton are invariant under Qp, while the NSNS 2-form is
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TABLE III.  The different 9D fields from the perspective of M-
theory on (S' v S') x S!, type 0A on S! and type OB on the T-
dual S', with the different Z, symmetries.

11D 9DO0A 9DOB 10D OB Qp (—1)ht (=1)k
Gmn gmn gmn g[ll/ + + +
Gym .gym Bym B;w - + +
Gyy Yyy Yyy v + + +
men B mn B mn B uv - + +
nyn B yn g yn g s + + +
G, R* R* R* + - +
G, ¢ c o o+ o -
GE cE c* c* - < -
Cr%n P Cﬁn P Cﬁnn P C/i:upo‘ ~ -
Cimn Cimn Cct, Ca + <~ -

odd; in the RR sector, the two RR 0- and 4-forms are odd,
while the two 2-forms are even. The action is similar to that
in type IIB, taking into account the doubled RR potentials,
because type IIB theory can be obtained from OB by
orbifolding by (—1)%.

The action of Qp on the 10D OB fields is shown in
Table III, which then allows us to translate it into 10D 0A
on S and then to M-theory on (S' v S'), x S}. In the 0A
language, the action flips the components gy, B, C5,
and C;,,,. This is easily recognized as the action of Q, in
0A times the flip y — —y of the coordinate of S;. This is in
fact the familiar statement that T-duality changes an
orientifold action QR by removing (or adding) the flip
of the corresponding coordinate, if the geometric action R
includes this flip (or does not include it, respectively). In
the language of M-theory on (S'vS'), x S}, the action
flips the components G,,,, G5;> Cyp» and Ct, - Clearly,
the action corresponds to a flip of y > —y in S}l, with the
proviso that the 11D 3-form Cj is intrinsically odd under
this operation.

This implies that Qp translates, in M-theory on
(S'vS'), xS}, into a Z, spacetime parity action on the
geometric circle S)l,, with the 11D 3-form being intrinsically
odd under it. In Sec. V, we will quotient by this symmetry
and relate a type OB orientifold to a Horava-Witten theory
on S' v S!. We will exploit the spectrum and properties of
the OB orientifold to learn about the exotic properties of this
quantum compactification of the HW wall on S' v S!, in
particular the modifications of the gauge sector.

B. The action ( - l)fgwZ as Z, exchange of M-theory T?’s

Let us now consider the action (—1)?, where F} is the
left-moving world sheet fermion number. In the NSNS
sector of the 10D type OB theory, the metric, the 2-form,
and the dilaton are even, while the tachyon is odd; in the
RR sector, the two 4= copies of the 0-, 2-, and 4-forms are

exchanged. The action is shown in Table III, which then
allows us to translate it to 10D 0A on S} and to M-theory on
(S'vS!"), xSl In the OA language it is easily seen to

correspond to (—l)iz, cf. Table II, and in the M-theory
picture it simply corresponds to the exchange 6, <> 6_ of
the two S'’s in the quantum factor of (S'vS'), xS!;
namely, the exchange of the two T?’s in this geometry. In
Sec. VI A, we will study the combination of this action
with Q to relate the nontachyonic type OB orientifold
(known as 0’B theory) to a specific quotient of the
quantum (S!'v S') x S!.

C. The action (- 1)?‘ as overall parity in (S'v S') x S!

Let us now consider the action (_1)?’ where F is the
left-moving spacetime fermion number. In the 10D type OB
theory, this simply flips the fields in the RR sector, leaving
the NSNS fields invariant. The action is shown in Table III,
which then allows us to translate it to 10D OA on S ; and to
M-theory on (S' v S'), x S). In the OA language it is easily

seen to correspond to (—1)?, cf. Table II, and in the M-
theory picture it simply corresponds to the overall parity
flip in the quantum factor of (S' v S') x S', namely the flip
0, — —60,, with the proviso that the 11D 3-form is
intrinsically odd under it. In Sec. VIB, we will study
the combination of this action with € to relate the resulting
OB orientifold to a specific quotient of the quantum
(S'vS') xS

V. THE TYPE 0B ORIENTIFOLD BY Q AS
HORAVA-WITTEN THEORY ON S! v S!

We now turn to the construction of the type OB
orientifolds and their realization in terms of quotients of
M-theory on (S'VvS') x 8'. As reviewed in Sec. 11 B2,
there are three possible 10D Poincaré invariant orientifolds
of the type OB theory. In this section, we consider the
orientifold by Q and its interplay with the corresponding
quotient of M-theory on (S' v S!) x S!, which corresponds
to Hofava-Witten theory on 8! v S!. This duality then turns
the type OB orientifold into a powerful handle to study the
behavior of the Eg vector multiplet in the HW wall under its
quantum compactification and the modifications arising
when considering its ‘M-theory breaking’ version [22],
known as the FH compactification [42].

A. The M-theory dual as Horava-Witten theory
on S'v§S!

We have seen in Sec. IV A that the action of €2 in the 10D
type OB theory corresponds to the flip y — —y of the
geometric S! in (S' v S!) x S!, with the proviso that the
11D 3-form is intrinsically odd under it. The quotient by
this action corresponds to turning the compactification on
the geometric S! into a Hofava-Witten compactification on

066008-8



HORAVA-WITTEN THEORY ON S'vS' ...

PHYS. REV. D 114, 066008 (2026)

the interval S'/Z, [40,41]. The perturbative OB orientifold
corresponds to the regime in which the size of the interval is
large compared to the quantum size of S' v S, so that one
can apply the usual geometric notions about orbifold fixed
points and anomaly inflow, and reach the familiar con-
clusion that the HW walls support 10D Eg vector multip-
lets, albeit compactified on S' v S!. Hence, the spectrum
and properties of the OB orientifold provide us with
important information about the microscopic behavior of
the HW theory, in particular the HW walls, compactified on
a quantum S' v S!.

The bulk sector of the HW theory corresponds to 11D
supergravity compactified on the interval, so that only Z,
invariant states survive. In the familiar HW case, this
corresponds to the 10D graviton, 2-form, dilaton, and
one linear combination of the gravitinos. In the present
case, the additional compactification on S' v S! effectively
leads to the doubling of the 2-forms and the appearance of
the tachyon as the partner of the dilaton, at the same time
removing the gravitino. By construction, from our T-duality
arguments in Sec. IVA, this sector agrees with the
corresponding closed string sector of the OB orientifold
by Q.

Let us now focus on the sector of the HW theory
localized on the orbifold fixed points. In the usual HW
theory, each such fixed point leads to a 10D vector
multiplet with gauge group Ejg. In the present context, this
10D theory is compactified on S' v S! and we may expect
modifications of the picture. These modifications should
arise from the behavior of M-theory boundaries in the
presence of this quantum geometry, for which we do not
have a direct microscopic description. On the other hand, in
the spirit of [21], we can use a combination of intuition
from the properties of the quantum geometry and the open
string sector in the dual type OB orientifold to gain insight
into this system. Specifically, we will propose the set of
SSP/DRP boundary conditions that the Eg vector multiplets
must satisfy to recover the spectrum of the type OB
orientifold.

Let us consider the Eg gauge bosons in a single HW
boundary. The structure of the generic gauge group (with
four gauge factors) in the type OB orientifold suggests that
the 10D gauge bosons experience a doubling in the
geometry S!' Vv S!. On the other hand, the fact that the
gauge factors in the type OB orientifold are orthogonal
suggests that there are Wilson lines on the circles of
S' v S!, leading to a breaking of the gauge symmetry to
SO(16) [43] (in clear analogy with the type I” interpretation
of HW theory on S' in the supersymmetric context). We
propose that the SO(16) gauge bosons in the 10D Eg vector
multiplet are DRP fields and lead to an SO(16)? symmetry
upon compactification on S' v S!, with the two HW walls
thereby reproducing an SO(16)* symmetry corresponding
to the open string sector of the OB orientifold.

This picture is morally a doubled version of the familiar
statement that the type IIA interpretation of the HW walls is
the system of an O8~ with 16 D8-branes, leading to a gauge
symmetry SO(16). In the same way as the full HW
compactification leads to a type I’ configuration [44] with
S0(16)? symmetry, in the present context it is natural that
the full HW theory on S' v S! leads to a gauge symmetry
SO(16)*. This is one of the possible solutions of the
cancellation of the half-loop dilaton tadpole in the type OB
orientifold. In fact, this is the only configuration that
cancels both dilaton and tachyon half-loop tadpoles, thus
matching our argument in Sec. III A. The fact that M-
theory on S' v S! leads to a configuration with no dilaton
and tachyon tadpole, although not required for consis-
tency, can be regarded as analogous to the familiar fact
that M-theory on S! leads to a configuration with local
cancellation of RR charge, even though this is again not
required by consistency. Still, the condition of no tachyon
tadpole seems consistent with the quantum geometry
sitting at an extremum (in fact, a maximum) of the
effective potential.

While the tadpole cancellation argument makes the
appearance of SO(16)* less accidental, in general, we
expect this possibility to be connected with other solutions,
possibly populating the SO(n)?> x SO(32 —n)?> cases
found in the type OB orientifold (this would be analogous
to the variants of type I’ with other distributions of D8-
branes, with groups SO(n) x SO(32 —n)). Hence, the
most robust version of the lesson from this compactifica-
tion is that the HW boundary compactified on S' v S' leads
to a doubling of the rank, as compared with the corre-
sponding type I’ theory, hence completing rank 32 for the
full HW theory compactified on §! v S'. This picture offers
then a suggestive explanation for the high rank of the gauge
algebra in this OB orientifold. That said, we will continue
the discussion in terms of the most symmetric SO(16)*
gauge symmetry.

B. The Horava-Witten and Fabinger-Horava
configurations

In the above discussion, we have glossed over an
important point. The 10D type OB orientifold contains
four types of D9-branes, which are denoted by o, v, ¢, s in
[32] (following the partition function characters), and by
1,2,3,4 (respectively) in [45]. The gauge symmetry is in
general ®; SO(n;). The o and v are antiobjects of each
other, and so are the ¢ and s, so there are tachyons in the
bifundamental representation of the corresponding gauge
factors. There are also bifundamental chiral fermions of
both chiralities, in diverse combinations. The structure of
the 10D spectrum of fields is shown in Fig. 2.

As we have explained, we focus on the configuration
with SO(16)* gauge symmetry. Upon compactification to
9D on S!, it is possible to turn on Wilson lines on these
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FIG. 2. Structure of the spectrum of the 10D OB orientifold for
the set of four kinds of D9-branes (labeled o, v, ¢, s, as in [32], or
1,2,3,4, as in [45]. The dashed lines correspond to bifundamental
tachyons, and the solid lines are bifundamental fermions (with
chirality indicated by signs).

DO-branes, which correspond to choosing different loca-
tions for the D8-branes in the T-dual OA orientifold. We are
interested in Wilson lines which are zero or half-periods,
such that the resulting D8-branes are on top of one of the
two OS8-planes in the T-dual OA orientifold, i.e., the
boundaries of the interval, and reproduce the SO(16)>
symmetry at each of them. The resulting 9D spectrum is
obtained by restricting Fig. 2 to the branes that are actually
present at the corresponding boundary, see below.

An interesting feature is that there are two inequivalent
ways of obtaining such configuration, depending on which
pairs of branes are taken to sit at the same interval boundary
[see Fig. 3(a)]:

(i) We can take the branes o and v (namely 1,2) at one

boundary, and the branes ¢ and s (namely 3.4) at the
other. This is the HW distribution indicated with a
light red line in Fig. 3(a). The surviving spectrum at

(a)
o)

®_

FIG. 3.

each boundary is an SO(16)? gauge symmetry with
tachyons in the bifundamental;

(i) We can take the branes o and s (namely 1,4) at one

boundary, and the branes v and ¢ (namely 2,3) at the
other. This is the FH distribution indicated with a
light blue line in Fig. 3(a). The surviving spectrum at
each boundary is an SO(16)? gauge symmetry with
fermions in the bifundamental. Clearly, there is
another distribution by taking branes o, ¢ at one
boundary and v, s at the other, which is equivalent to
the previous one and will not be considered inde-
pendently.

The different massless spectra, as well as the differences
in the DO-brane spectra (discussed later) in these two
distributions suggest that they correspond to the S'v S!
compactification of two different versions of M-theory on
S'/Z,. We now motivate that they specifically correspond
to the standard 10D supersymmetric Horava-Witten theory
or the nonsupersymmetric Fabinger-Horava theory [42]
(for the HW or FH distributions, hence the names) with
M-theory breaking [22].

The two 10D M-theory compactifications on the interval
correspond to choosing the Eg walls to have the same or
different orientation, which in terms of the 10D string
theory should correspond to taking branes at both bounda-
ries vs taking branes at one boundary and antibranes at the
other. It is easy to see that in our OA orientifold context, in
the FH distribution, the branes at one boundary are the anti-
objects of the branes at the other. This strongly suggests
that this indeed corresponds to a 10D compactification of
M-theory on S'/Z, with Fabinger-Hofava boundaries,
times S' v S'. This is also supported by the fact that the
tachyons in the bifundamental, which stretch from one
boundary to the other, are generically massive for large
interval size, but become tachyonic when the interval
size becomes very small, signaling the instability against

(b)

4
N4

UV 2 3 C
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(a) Two possible inequivalent ways to distribute the gauge branes among the two boundaries of the interval in the 0A

orientifold with SO(16)? symmetry at each boundary. The HW distribution (separating as indicated by the light red line) corresponds to
taking the branes o, v (namely 1,2) at one boundary and ¢, s (namely 3.4) at the other. The only surviving fields in each boundary are
tachyons in the bifundamental of the SO(16)? at the corresponding boundary. On the other hand, the FH distribution (separating as
indicated by the light blue line) corresponds to taking the branes o, s (namely 1,4) at one boundary and v, ¢ (namely 2,3) at the other. The
only surviving fields in each boundary are fermions in the bifundamental of the SO (16)? at the corresponding boundary. (b) Inclusion of
the two kinds of DO-branes (in violet and green) in the type OA orientifold, with lines indicating their fermion zero modes.
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brane-antibrane annihilation; this dovetails the discussion
of the instability of the compactification of M-theory on the
interval with oppositely oriented boundaries [22,42].
Correspondingly, the HW distribution should correspond
to the standard 10D compactification of M-theory on
S!'/Z, with equally-oriented boundaries, times S' v S!.
In this case, the presence of the tachyon in the bifunda-
mental should be regarded as arising from the S!'vS!
compactification (just like the bulk tachyon of the OA
theory).

We note that the difference between the 10D standard
Horava-Witten and Fabinger-Hofava compactifications is
the relative orientation between the two Eg walls, and
cannot be detected in a single isolated Eg boundary. On
the other hand, in the OA orientifold picture, the difference
between the two setups is manifest in the light spectrum
since the former produces tachyons in the bifundamental
and the latter produces bifundamental fermions. This
can be interpreted as follows. There are two consistent
compactifications of the single Eg boundary on S' v S!,
both leading to SO(16)? gauge symmetry, but producing
either tachyons or fermions in the bifundamental repre-
sentation. Their bifundamental character suggests that
they presumably arise from the interplay of the DRP
gauge degrees of freedom on the two circles at the joining
point, where some additional microscopic ingredient
determines whether the tachyon or the fermion is pro-
duced. We do not have an actual microscopic explanation
of the difference between these two possibilities, but a
good analogy is the presence of a Z,-valued charge.
Hence, upon compactification on a full interval with two
boundaries, global cancellation of this Z, charge allows
two consistent possibilities, corresponding to the HW or
FH distributions described above (i.e., correlated with the
presence of tachyons or fermions in both OA orientifold
boundaries). It would be interesting to interpret this in
terms of some kind of cancellation of K-theory RR
tadpoles [46].

Let us emphasize the important novelty that in our setup
there must be new microscopic M-theoretical physics
associated with the joining point and resulting in the
appearance of new degrees of freedom (either tachyons
or massless fermions) in the bifundamental. This phenome-
non goes beyond those discussed in [21], where the main
effect of S' v S! is the doubling of fields, with no new
degrees of freedom associated with the joining point. The
reason for this new property in our setup is the presence of
higher-dimensional DRP gauge fields propagating on the
circles, an ingredient absent in the pure OA and OB setups.

We now turn to a more detailed study of the SSP/DRP
conditions satisfied by the different fields in the compacti-
fication of the 10D Eg vector multiplets on S v S! by using
the DO-brane spectrum in the OA orientifold picture
(namely, the spectrum of wrapped D1-branes in the original
OB orientifold).

C. The T-dual 0A orientifold D0-brane spectrum
and SSP/DRP fields

As we mentioned before, it is possible to gain insight
into the SSP/DRP nature of the different fields in the
compactification of the 10D Eg vector multiplets on
S'vS! by studying the spectrum of DO-brane states in
the OA orientifold description. We use the equivalent
approach of considering the D1-branes wrapped on the
S' in the T-dual OB orientifold.

The spectrum of D-branes in the various type O orienti-
folds has been considered in [14,45], from which we can
borrow the key results. The OB orientifold by Q contains
two kinds of DI-branes, shown in violet and green in
Fig. 3(b). Each such D1-brane is mapped to itself under the
orientifold action, so that their worldvolume gauge group is
orthogonal; hence, it is possible to consider both even and
odd numbers of D1-branes.

The open string sector between the D1-brane and the
background D9-branes leads to a set of Majorana-Weyl
fermion zero modes transforming in the vector representa-
tion of the D1-brane orthogonal group and in the vector
representation of some of the D9-brane SO(16) gauge
factors, as indicated in Fig. 3(b). One of the D1-branes has
fermion zero modes that are charged under the gauge
factors of the D9-branes o and » (namely 1,2), while the
other has fermion zero modes that are charged under those
of the D9-branes ¢ and s (namely 3,4).

Upon compactification on S! down to 9D, it is possible
to turn on Wilson lines on the D1-branes, and then D1-
D9 fermion zero modes arise only from D9-branes with the
same Wilson line as the D1-brane. Let us start by consid-
ering stacks of an even number of D1-branes, split as D1-
branes and their orientifold images, with opposite Wilson
lines. One may hence keep only one of them and impose no
orientifold projection, so they behave as D1-branes of the
underlying OB theory. Their Wilson lines generically differ
from those of the D9-branes (whose values we chose to be
zero or half-period), so there are no zero modes in the D1-
D9 open sectors. These D1-branes T-dualize to DO-branes
in the bulk of the interval of the T-dual OA orientifold, away
from the O8-planes (so they experience no projection) and
from the D8-branes on top of them (so there are no charged
zero modes). These DO-branes are like those of the parent
type OA theory and, as discussed in [21], they reproduce the
(lowest) KK replicas of the compactification of the graviton
multiplet in the M-theory bulk on S' v S!.

More interesting for us are the stacks of an odd number
of D1-branes, for which the Wilson lines are forced to be
zero or half-period, so that they are mapped to themselves
by the orientifold action. They have fermion zero modes
charged under the D9-branes with the same Wilson lines
(whose structure can be read from Fig. 3(b) by keeping only
the D9-branes with the correct Wilson line). These D1-
branes T-dualize to stacks of DO-branes stuck at one or the
other O8-plane at the boundary of the interval of the T-dual
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0A orientifold, and have fermion zero modes with the
D8-branes located there. These are expected to describe the
KK replicas of the gauge bosons of the compactification of
the 10D Eg multiplet on S' v S! (this is analogous to the
discussion in [47], in the supersymmetric context, of stuck
DO-branes on the O8-plane of type I’ theory, reproducing
the KK modes of the 10D Ey vector multiplet compactified
on an SY). In the following, we describe the fermion zero
modes of a single stuck DO-brane of each of the two
possible kinds, and show that they encode the behavior of
the Eg gauge bosons transforming in the 128 of the SO(16)
surviving in 9D. An important point is that the discussion
of the DO-brane spectrum and quantum numbers depends
on the specific distribution of D-branes between the
two boundaries, namely the HW or FH distribution,
cf. Sec. V B. Let us consider the two cases in turns:

(i) Consider the FH brane distribution first, namely the
branes o and s (namely 1,4) at one boundary, and the
branes v and ¢ (namely 2,3) at the other; see the light
blue line in Fig. 3(b). Let us focus on the boundary
with the o, s branes (a similar analysis applies to the
other boundary, with gauge branes » and c). In this
case, the violet DO-brane has fermion zero modes
only in the representation 16 of the SO(16) carried
by the branes o. Quantization of the fermion zero
modes [and a world volume gauge projection onto
O(1) = Z, invariant states, i.e., a GSO projection]
implies that this DO-brane transforms in the 128 of
SO(16),. Similarly, the green DO-brane on the same
boundary has fermion zero modes charged under
SO(16),, thus producing a 128 of SO(16),. The
stuck DO-brane states thus produce the first KK
replica of the 10D Eg vector multiplet in the spinor
of each SO(16). The doubled structure of the KK
replicas [one 128 for each of the two SO(16)’s]
implies that the spinor states obey the same DRP
nature as the corresponding SO(16)’s in the S! v S!
compactification [with the only modification that the
spinors are made massive by the SO(16)-preserving
Wilson lines in S' v S'];

(i1) Consider now the HW brane distribution, namely the
branes o and v (namely, 1,2) at one boundary, and
the branes ¢ and s (namely 3,4) at the other; see the
light red line in Fig. 3(b). Let us focus on the
boundary of the branes o and v (a similar analysis
applies to the other boundary, with gauge branes ¢
and s). In this case, the green DO-brane has no
fermion zero modes with these gauge D-branes, so it
does not lead to states charged under their gauge
group. On the other hand, the violet DO-brane has
fermion zero modes in the (16,1)+ (1,16) of
SO(16), x SO(16),,, so their quantization leads to
a state in a bispinor representation of this gauge
group. This implies that in the compactification of
the 10D Eg gauge boson on S' v S!, the SO(16)

subgroup has DRP nature and is doubled in the 10D
theory, whereas the spinor 128 is not doubled, but
rather ends up transforming under both copies of
SO(16). This suggests that these gauge bosons are
SSP fields (with an additional Wilson line making
them massive), such that they can couple to both
DRP SO(16) fields. It would be interesting to
understand the microscopic rationale explaining
the different behavior of the 128 in the HW and
FH cases.

To complete the discussion of the reduction of the 10D
E; vector multiplet on S' v S', we should also discuss the
behavior of the 10D gauginos. In analogy with the gravitino
in the 11D bulk M-theory, it is natural to expect that the Ey
gauginos have ‘odd’ structures, so they have no zero modes
and lead to no massless fermions in 9D. This is in
agreement with the fact that the type OB orientifold does
not have fermions in e.g., the adjoint or the 128 of
the SO(16)’s.

This concludes our discussion of the OB orientifold by €2,
which, as we have shown, provides highly nontrivial
information about the Hotrava-Witten theory (both in the
standard and in its Fabinger-Horava versions) compactified
on a quantum S' v S!.

VI. THE OTHER TWO 0B ORIENTIFOLDS

In this section, we consider the remaining two orienti-
folds of OB. We will show that they have an even more
intricate structure, with orbifold fixed points in the quantum
geometry, and the models go beyond a (quantum) com-
pactification of the HW theory. The OB orientifolds provide
interesting information about the spectrum of these theories
and how this could arise from the underlying M-theory, but
the picture is not as complete as in the previous section.

A. Type OB orientifold by Q(-1)f. and its M-theory
description

Let us consider the orientifold of type OB by Q(—1)%,
namely the type 0’B theory, reviewed in Sec. II B 2. Upon
further compactification to 9D, this can be translated into a
quotient of M-theory on (S'vS!)xS!. Using the
M-theory interpretations of Qp in Sec. IVA and of
(=1)f% in Sec. IV B, the combined action is the exchange
of the two S!’s in S! v S times the flip y — —y in the S!
factor, with the proviso that the 11D 3-form is intrinsically
odd under this action.

By construction, the closed string sector of the 0’B
theory agrees with that of the Z, invariant fields of M-
theory on (S'VvS') xS!. We thus focus on the more
interesting open string sector, whose appearance we expect
to stem from the orbifold fixed points in the M-theory
compactification space. As we mentioned before, this
quotient is not related to a compactification of the HW
theory, as it has fixed points involving the quantum
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geometry. Indeed, under the exchange of the two S!’s in
S' v S!, the joining point is invariant (to the extent that it
can be considered as a single point). Therefore, there are
two fixed points in the full configuration, corresponding to
the joining point in §' v S! times the two antipodal points
in the geometric S' factor. Although the nature of the
former is not necessarily geometric, the action on the latter
does allow for a geometric picture. We will combine this
with the spectrum of the dual OB orientifold to gain insight
into the resulting picture.

Given the symmetry between the two fixed points, it is
natural to relate this model to the OB orientifold compacti-
fied to 9D with Wilson lines breaking the gauge group
U(32) - U(16) x U(16). This matches the intuition that
each singular point in M-theory leads to a rank 16 gauge
symmetry—in the absence of doubling, which is certainly
not present in our case since the gauge symmetry arises just
from the joining point and does not propagate on the
quantum circles in (S'VvS!) x S'. Correspondingly, the
D1-branes in this OB orientifold have unitary gauge groups
[45,48] (the two types of D1-branes are exchanged by the
orientifold action, just like the two RR 2-forms under
which they are charged), so that the DO-branes in the T-dual
type OA orientifold have unitary groups and they cannot get
stuck on the orientifold planes to provide KK replicas of the
gauge bosons. This is a further confirmation that the gauge
bosons in this model do not have a higher-dimensional
origin.

The open string sector of the type 0’B theory with U(32)
groups contains (same-chirality) 10D fermions in the two-
index antisymmetric representation and its conjugate.
Upon reduction to 9D with Wilson line breaking to
U(16)?, we obtain 9D fermions in the two-index antisym-
metric representation (and its conjugate) of each of the
U(16)’s. We expect that the microscopic physics of
M-theory at the (quantum) singular points should account
for these degrees of freedom, although the lack of chirality
in 9D and the absence of supersymmetry in principle could
allow this sector to become gapped. We leave the interest-
ing question of the possible M-theoretical emergence of
this sector for future work.

B. Type 0B orientifold by Q(—-1)f. and its M-theory
description

Let us consider the final model, the orientifold of type 0B
by Q(—1)"1, reviewed in Sec. II B 2. Upon further com-
pactification to 9D, this can be translated into a quotient of
M-theory on (S' v S') x S!. Using the M-theory interpre-
tations of Qg in Sec. IVA and of (—1)¥% in Sec. IV C, the
combined action is the overall parity operation 6, — —0,
times the flip y — —y in the S! factor, with the 11D 3-form
being intrinsically odd under the action.

By construction, the closed string sector of this 0B
orientifold agrees with that of the Z, invariant fields of

M-theory on (S! v S') x S!. In this case, the OB orientifold
does not introduce RR or dilaton tadpoles (only tachyon
tadpoles), and therefore it is possible to consider the model
without the inclusion of open string sectors. Therefore, it is
in principle possible for the resulting M-theory configura-
tion to not generate any additional states from the singular
point. On the other hand, one can insist on canceling the
tachyon tadpole if the quantum geometry has to be a
stationary point of the effective potential. This can be done
by introducing D-branes, [49] in which case a disk dilaton
tadpole is generated and the gauge group is, in general,
U(n) x U(n + 32). We do not have enough information on
the M-theory configuration to assess which of these
possibilities is realized, but it is reasonable to assume that
M-theory will isolate the simplest possibility with U(32).
In the following, we simply spell out the structure of the
fixed points in the M-theory configuration and leave the
appearance or not of additional M-theory states as an open
question.

As in the previous example, the quotient is not related to
a compactification of the HW theory, as it has fixed points
involving the quantum geometry. Naively, the parity
operation leaves two fixed points on each circle in
S' v S!. However, the parent configuration includes the
identification of two points, one per circle, into a single
one; actually, to maintain translational invariance, one is
forced to consider a superposition of identifications of all
possible pairs. Therefore, the most natural proposal is that
the different fixed points under the overall parity operation
correspond to a single (quantum) point in the quantum
geometry. Hence, the overall configuration contains two
fixed points, corresponding to the ‘quantum’ point in
S'vS! times the two antipodal points in the geometric
S! factor. Although the nature of the former is necessarily
nongeometric, the action on the latter does allow for a
geometric picture, which should correspond to a breaking
U(32) - U(16) x U(16) (by splitting the positions in the
OA orientifold, or introduction of different Wilson lines in
the OB picture). The appearance of the gauge symmetry
from the M-theory perspective is not clear in this setup, but
we hope that this could help understanding the microscopic
physics of M-theory at this singularity in future work.

Note that there are no charged Dl-branes in this
orientifold, and therefore no DO-branes in the T-dual type
OA picture. Hence, there is no way to generate KK replicas
of the gauge bosons, which again confirms our intuition
that they do not have a higher-dimensional origin.

VII. FINAL REMARKS AND OPEN QUESTIONS

The quantum compactification of M-theory on S' v S! in
[21] as a geometrization of the 10D nonsupersymmetric
type OA and OB theories is a remarkable proposal that can
potentially launch a new phase of exploration into the
dynamics and duality structures of nonsupersymmetric
string theories. In this paper, we have taken this
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TABLE IV. Orientifold actions in type O theories from the
perspective of M theory on the quantum geometry. For the type
0B orientifolds, the 3-form is intrinsically odd under the parity
operations y — —y and 6% — —6F.

Orientifold Action on quantum geometry
0A/Q 0 - -0~

0B/Q . y— =y
0B/Q(-1)% y— —y,0" < 0
0B/Q(—1)%1 y = —y,0% - -0

construction one step further and considered quotients of
the quantum geometry, which provide a quantum geo-
metrization of the different 10D OA and OB orientifolds.
Our key tool has been the application of dualities to identify
the M-theory Z, actions on S'VvS! (or a further S'
compactification thereof) matching the orientifold actions
in the OA or OB closed string sectors. The corresponding
dictionary is shown in Table IV.

Remarkably, upon application of this procedure, we have
found that the M-theory picture supports ingredients
capable of reproducing the open string sectors of said
orientifolds. Moreover, we have learned that the precise
open string sectors reproduced by the M-theory configu-
ration are those combinations of branes which (on top of
satisfying the RR tadpole conditions, as required by
consistency) additionally cancel the tadpole for the closed
tachyon (and subsequently, if possible, the dilaton tadpole
as well). This seems to admit a natural interpretation as the
requirement to ensure that the M-theory quantum geometry
sits at a stationary point of its potential, instead of being
forced to trigger a (presumably rather dramatic) closed
tachyon condensation process.

Our strategy of relating type O orientifolds to quotients of
the quantum compactification of M-theory has been par-
ticularly fruitful in the case of the OB orientifold by
whose M-theory dual is the compactification of the Horava-
Witten theory on S' v S!. We have argued that this new
duality turns the OB orientifold into a powerful handle on
the behavior of the HW theory under this quantum
compactification, most notably in the properties of the
10D Eg walls. Our results explain that there is a doubling of
the gauge bosons in the SO(16) subgroup, matching the
doubled gauge group structure of the OB orientifold. The
resulting light spectra in the OB orientifold suggest that
there are new degrees of freedom associated with the
joining point of the two circles in S! v S', a novel feature
due to the presence of DRP gauge fields propagating on the
two circles, which was not present in the pure OA and 0B
context of [21]. Moreover, there is a discrete choice of the
precise spectrum arising from this new sector, determining
the nature of the fields in the bifundamental (tachyons vs
massless fermions), which we have related to the HW vs
FH configurations of the FEg walls. Finally, we have
exploited the analysis of the OB orientifold D1-brane sector

(equivalently, the OA orientifold DO-branes) to determine
the boundary conditions obeyed by the Eg gauge bosons in
the spinor representation of the SO(16)’s, finding again
different patterns for the two (HW vs FH) variants.

The M-theory duals of the remaining orientifolds contain
fixed points in the quantum geometry, and therefore do not
admit a direct link with the HW construction. Their
microscopic understanding will therefore require further
insight into the properties of M-theory on ‘singular’
quantum geometries. Flipping the perspective, we expect
that the type O orientifolds, either in 10D or in compactified
theories, can provide a powerful probe of the behavior of
M-theory on these exotic compactification setups. In this
respect, we emphasize that our findings can be regarded as
the first glimpse of the dynamics of M-theory on singular
spaces beyond supersymmetry.

We expect these new techniques to provide new lines of
attack on nonsupersymmetric string theories and their
dualities (with the supersymmetric ones and among them-
selves). Our findings open several possible directions that
we hope to explore in the future:

(i) The HW theory on S' v S! that we have discussed
provides a good starting point to consider the
corresponding compactification of the Eg X Eg
and Spin(32)/Z, heterotic and type I theories and
their possible duality webs. This looks a promising
avenue to find other nonsupersymmetric strings
joining the duality web that the supersymmetric
ones have enjoyed for the last three decades;

(i) The new (quantum) geometrization of diverse string
theories may allow for the dynamical realization of
novel cobordism configurations among them, such
as the junctions and bouquets of 10D string theories
in [50], possibly along the lines of (a suitable
generalization of) the constructions in [51];

(iii) We have encountered models related to the Horava-
Witten theory, including the ‘M-theory breaking’
version of [22] with Fabinger-Horava boundary
conditions. It would be interesting to explore the
possible orientifold models whose duals realize the
hypothetical compactification of M-theory on an
interval with walls supporting G, gauge symmetries,
as proposed in [52];

(iv) There is a classification [53] of 9D supersymmetric
theories with 32 supercharges, with a rich set of
moduli spaces with diverse connected components,
arising from compactifications of M-theory on TZ,
the Mobius strip and the Klein bottle, type IIA
and IIB orientifolds and asymmetric orbifolds, and
heterotic compactifications with Chaudhuri-Hock-
ney-Lykken (CHL) rank reduction, often related
by dualities (see [38,54-60] for some relevant
references). It would be interesting to have a
similar classification of 9D nonsupersymmetric
theories arising from nonsupersymmetric (including
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quantum) compactifications of supersymmetric the-
ories, as well as standard (or even quantum)
compactifications of 10D  nonsupersymmetric
strings. Our work can be regarded as a step in
this direction by considering new quantum com-
pactifications of M-theory and their dualities with
type O orientifolds.

From an even more fundamental perspective, an inter-
esting question that [21] and this work raise is: which types
of spaces are we allowed to consider in M-theory? The
wedge sum S! v S! is not geometrical, and in fact, the idea
is that the two circles are sub-Planckian. Note how it is
possible to implement the quantum identification of the
joining point(s) thanks to the highly symmetric spaces that
are involved; the wedge sum is an operation on pointed
spaces, but if the spaces are homogeneous, it does not
depend on the choice of basepoints. The S! factors are
homogeneous, and therefore it makes sense to consider the
junction to be delocalized. It would be interesting to
explore similar constructions with nonhomogeneous
spaces, while still gluing manifolds along homogeneous
subspaces (the simplest example of this is what happens for
type OB string theory with the wedge sum of two T?’s).

More broadly, one could think of generalizing the
quantum internal space by adding S!’s, or even by con-
sidering a CW complex. In the former case, it certainly

cannot be a perturbative string theory, at least naively,
because too many tachyons and copies of gauge fields
would appear. Investigating which topological spaces are
admissible in this context is an exciting question, to which
we hope to return in the near future.
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