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Discrete moduli for type I compactifications
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We study type I compactification on a 4-torus, with a nontrivial discrete background RR 4-form field. By
using string dualities and recent insights for gauge theories on tori, we find that a nontrivial background for the
RR 4-form is correlated withSpin(32)/Z2 bundles that are described by a ‘‘nontrivial quadruple’’ of holono-
mies. We also briefly discuss other discrete moduli for the type I string, and variants of orientifold planes.
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I. INTRODUCTION

The type I string can be regarded as an orientifold of
type IIB string. In this construction one introduces anO92

orientifold plane in the theory. This however causes a t
pole, and consistency requires that this is canceled by ad
32 D9 branes. The resulting theory has unoriented clo
strings, while the D9-branes introduce an open string sec
leading to a theory with a gauge group that has as its m
fest gauge groupO(32). Also a number of solitons surviv
the orientifold projection, leading to a spectrum with D1, D
and D9 branes.

Interestingly, some unstable D-brane–antibrane confi
rations of type IIB theory become stable under the orientif
projection: The tachyon arising from the string states c
necting branes and antibranes is projected out@1#. Therefore,
new non-Bogomol’nyi-Prasad-Sommerfield~BPS! branes
enter the theory. These nonperturbative objects introd
states in the theory that transform in different representat
of the gauge group than the states arising from the ordin
open string sector. It is argued that these fix the topology
the gauge group toSpin(32)/Z2, the gauge group of one o
the heterotic theories@2#. Indeed, the existence of these no
perturbative states is crucial evidence for the conjecture
the type I and theSpin(32)/Z2 heterotic string areS dual,
and therefore in reality describe two limits of the sam
theory @3#.

In type IIB supergravity, the low energy theory to the ty
IIB superstring, one encounters a variety of tensorfie
which couple to the extended objects in the theory@4#. Intro-
ducing the orientifold plane, many of these fields can
longer fluctuate because that would be incompatible with
orientifold projection. The fluctuating fields that survive th
orientifold projection are in one-to-one correspondence w
the BPS D-branes that appear in type I theory. The fie
whose fluctuations are projected out are constrained to
constant values over all of space-time. That constant va
does however not necessarily have to be equal to zero.
argued that, before the orientifold projection, these fields
U(1) valued; the orientifold projection acts as inversion
the circle which is the group manifold, and therefore has t
fixed points. One can therefore argue thatU(1) is broken to
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Z2. The fact thatZ2 is a discrete group demonstrates th
continuous fluctuations are no longer possible, but it leave
possibility for non-trivial values for these background field

The relevant tensorfields are gauge fields, and the fi
strengths corresponding to them must vanish because o
constancy of the potentials. It is nevertheless possible to c
struct gauge invariant operators, that can have nontrivial
ues if space-time has compact submanifolds. Indeed, the
sor fields aren-forms, and integrating these over compa
n-cycles gives us gauge invariant operators. For a 1-fo
such an operator would correspond to the standard defin
of holonomy. For an n-form one has (n21) gerbe-
holonomy.

A case which has by now been well studied is the pos
bility for the Neveu-Schwarz–Neveu-Schwarz~NS-NS!
2-form field B2 to have a nontrivial value over compa
2-cycles@5#. This gives a nontrivial phase to closed strin
world sheets that wrap around the relevant 2-cycle. Alter
tively, this closed string world sheet can be interpreted a
collection of open string world sheets~disks!, with the
boundaries glued together. Reproducing the phase factor
places restrictions on the Chan-Paton bundle, and in fact
can show that theSpin(32)/Z2 bundle should be topologi
cally nontrivial @6# ~even when the 2-cycle is a 2-torus, an
the bundle is flat@7#!. Such bundles have ‘‘absence of vect
structure’’ because states transforming in the vector repre
tation ofSpin(32) cannot be consistently introduced in su
a background. Of course, such states are argued to be a
in type I string theory, and the resulting compactification
consistent.

In the case that the 2-cycle is~topologically! a 2-torus it is
possible to study the bundle@8#, and consequently the type
string theory with such a bundle@7# in great detail~see also
@9#!. In contrast, there is little known about string compac
fications with nontrivial backgrounds from the other discre
moduli.

In the present paper we will consider the possibility o
nontrivial background from the Ramond-Ramond~RR!
4-form. UnlikeB2, this does not appear in perturbative strin
theory, but it should generate nonperturbative effects
would be very interesting to describe compactification
general 4-cycles allowing one to turn on this background,
we do not know how to do this at present. For the spec
case of 4-tori, there are however some recent developme
that make a study accessible. New insights in construc
©2001 The American Physical Society07-1
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ARJAN KEURENTJES PHYSICAL REVIEW D 65 026007
flat bundles on a 3-torus have revealed that the moduli sp
of flat connections is much richer than previously thoug
@10–12#. Although this research has not~yet! been extended
to cover 4- and higher dimensional tori, there are some
tial results@11,13,14# that throw sufficient light on the theor
we are interested in, theSpin(32)/Z2 gauge theory appear
ing in the type I string. Armed with these, and string dualit
we will describe type I compactifications on a 4-torus, w
nontrivial background from the RR 4-form. On the 4-tor
one can of course also turn on a nontrivial NS-NS 2-for
and we will describe also these compactifications.

II. D-BRANES IN BACKGROUND NS-NS AND RR FIELDS

We will briefly review some aspects of toroidal compa
tification with nontrivial holonomy for the NS-NS 2-form
and point out some parallels and differences with the case
are interested in, holonomy for the RR 4-form.

For the NS 2-form, it is convenient to first study its effe
in generality, and only afterwards introduce orientifo
planes. A very simple way to study what happens when
turns on a nonzeroB2-field over some 2-cycles of ann-torus
is by usingT duality. UnderT duality the metric andB2-field
moduli mix ~see@15# for a review!, and the dual torus ha
angles different from the original one. Consider a squ
2-torus, with an appropriately normalizedB2-field. Let there
also be a D-brane wrapping the 2-torus~possibly multiple
times! and suppose there is a field strengthF2 present on the
brane. Set

E
T2

B25b; E
T2

F25 f .

Let there be a single D-brane wrapping the 2-torus~possibly
multiple times!. Applying a singleT duality, the dual torus
becomes a skew one. The anglef between two basis vector
for the lattice for this torus is given by tanf5b. The single
D-brane is dualized to a brane wrapping one cycle of
torus. This brane makes an anglec, given by tanc52 f
with the other cycle. Closure of the D-brane now transla
into the condition

n~b1 f !PZ for nPZ. ~1!

The numbern is appropriately interpreted as ‘‘wrappin
number’’ of the D-brane. This obviously implies thatb1 f is
a rational number. Solutions withf 50 exist if and only ifb
is a rational number. Assume this to be the case and letm be
the smallest integer such thatmbPZ. Then a D-brane wrap
ping the dual torusm-times, with c50 describes the dua
theory to a D-brane wrapping the original torus multip
times, which has on its world volume a gauge theory wh
is described by anU(m) bundle with twisted boundary con
ditions. These boundary conditions break theU(m) to U(1),
justifying in hindsight our ignoring of the non-Abelian inte
actions. As a side remark, we note that in the general c
where we wrap the brane multiple times and introduce
nonzero field strength, one can proceed by decompo
U(m) as @U(1)3SU(m)#/Zm . One then uses twiste
boundary conditions inSU(m), and puts the field strength i
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theU(1) factor. Again, this breaks the effective gauge gro
to U(1), and ourignoring of the non-Abelian interactions i
justified.

By T duality the conclusions from the previous paragra
can be translated back to the original theory. When o
wraps a brane over a 2-torus with nontrivialB2-holonomy
one should compensate for the effects by turning on a fi
strength on the brane, and/or wrapping the brane mult
times. The same conclusion can be reached from a m
advanced argument. Consider a string world sheet endin
the D-brane, wrapped around a 2-cycle. In the path inte
there appears a phase factor@17#

expS i E
S
B1 i R

]S
AD . ~2!

In @17# an additional factor was considered, coming from t
Pfaffian of the Dirac operator on the world sheet, but this
not relevant to our present considerations. For reasons
plained below, the total factor should be equal to unity.
courser]SA can simply be converted into*SF2. Then, trivi-
alizing the phase factor requires turning on an appropr
field strength, and/or wrapping the brane multiple times o
the cycle. This extends the previous result to gene
2-cycles.

In a somewhat more specific context, a similar argum
was already used in@6#. Here type I theory on a K3 was
considered, where the 2-cycles have the topology of sphe
Type I theory only allowsB2 fields that are multiples of12 .
Turning on a non-integerB2-field is correlated with a choice
of Chan-Paton bundle over the 2-cycle. To be precise,
bundle should be one without vector structure. The interp
tation of the authors of@6# is that the correlation betwee
B2-field and Chan-Paton bundle is required by consist
coupling of closed strings to open strings. The anomaly
@17# can be interpreted in a similar way: trivializing th
phase factor is necessary to couple the open strings en
on the D-brane to closed strings living in the bulk. If th
factor cannot be trivialized, then the only option left is
remove the particular open string sector; in other words
discard the possibility to wrap the brane around the 2-cy
This truncation of the spectrum however may lead to ot
inconsistencies. For example, in the presence of orienti
planes D-branes are needed to ensure tadpole cancellat

In this fashion the rank reduction in the case of toroid
compactification without vector structure can be understo
as follows. In type I theory on a torus a half-integerB2-field
gives a phase factor that can be canceled in two ways:
can turn on a nonzero gauge field strength, or wrap the
branes twice around the corresponding cycle. It is clear
wrapping twice gives a solution that is lower in energy th
the turning on of a field strength. However, locally a twi
wrapped D-brane is indistinguishable from two on
wrapped D-branes. In particular, we need only 16 D9-bra
to cancel theO9 tadpole, instead of the usual 32.

Absence of vector structure for aSpin(32)/Z2 bundle is
measured by a characteristic class, aZ2-valued generalized
Stieffel-Whitney classw̃2. As the choice of bundle is corre
lated with the choice ofB2-field, it follows that one may
7-2
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DISCRETE MODULI FOR TYPE I COMPACTIFICATIONS PHYSICAL REVIEW D65 026007
identify theB2-field with w̃2. It is an interesting observatio
that discrete moduli for string theory are correlated with
pological invariants of particular gauge bundles. There a
appear to be suggestive links between the 3-form in
theory, and the Chern-Simons 3-form associated to partic
bundles@18,14#.

In this paper we wish to describe type I on a 4-torus w
a RR 4-form field turned on. As we will see, a nontrivial R
4-form field indeed results in reduction of the rank of t
gauge group. This is however not due to multiply windi
branes. Why one nevertheless gets reduction of the rank
be explained in the next section.

Another interesting question is whether the discr
4-form of type I theory can be identified with some topolog
cal invariant of theSpin(32)/Z2 bundle. A piece of evidence
is the existence of flat nontrivial bundles that are intrinsica
4-dimensional@11#. In Appendix D of this paper ‘‘nontrivial
quadruples’’ were constructed, 4-tuples of group eleme
such that every subset of these 4 elements can be chose
a maximal torus of the group, but not all four simultaneous
Such a 4-tuple can be used for a compactification on
4-torus, by choosing the elements of the 4-tuple as holo
mies.

Bundles over the 4-torus parametrized by such a 4-tu
are intrinsically 4-dimensional~as the bundle over every su
3-torus is a standard compactification!. One may speculate
on the existence of a 4-dimensional topological invaria
distinguishing the compactification with a nontrivial qu
druple form a trivial one. Unfortunately, such an invaria
has not~yet! been constructed. This is to be contrasted w
compactifications of gauge theories on lower dimensio
tori, where the invariants classifying the bundles are und
stood, and do allow generalization to nontoroidal compa
fications. We will argue that type I string theory has a ca
didate for such an invariant, provided by the RR 4-form. W
will show that turning on this form reproduces the nontriv
quadruple of@11#. It is also possible to combine nonze
expectation values for both theB2-field and the RR 4-form,
leading to a ‘‘nontrivial quadruple without vector structure
as first encountered in@14#.

We note that the fact that we are not going to find mu
ply wrapped branes can also be heuristically underst
from the link to bundles in gauge theories. Nontrivial qu
druples in the sense of@11# only exist in ~large enough! or-
thogonal groups. When extending to ‘‘c-quadruples’’~which
we define extrapolating on the definitions of@12#, as 4-tuples
of elements which commute up to elements of the cente
the simply connected cover of the group!, it is possible to
show that these may also appear in theories with symple
groups. Important however is, that it is simple to show t
they do not occur for the unitary groups. Translated to str
theory this suggests that the orientifold projection is essen
to the effects of the RR 4-form, at least in the context that
wish to study. Of course this makes the effect of the R
4-form in absence of an orientifold projection even less
derstood.

III. IDENTIFICATION VIA T DUALITY

Consider type I on a 4-torus, with possibly som
B2-fields, and possibly the RR 4-form turned on. There a
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up toSL(4,Z) transformations, three possibilities forB2-flux
over the 4-torus, that can be distinguished as follows. Vie
ing B2 as a 2-form with integer periods, one has the pos
bilities

B250; B2Þ0, B2
250; B2Þ0, B2

2Þ0. ~3!

These are of course in precise correspondence with the t
logical choices for theSpin(32)/Z2 bundle over the 4-torus
@7#.

On the 4-torus, a 4-form is invariant underSL(4,Z) trans-
formations~because it has to be proportional to the volum
form!. Calling the 4-formC4, there are 2 possibilities:

C450; C4Þ0. ~4!

Hencea priori there are 6 possibilities to consider.
Applying 4 T dualities to the type I theory on the 4-toru

gives us a IIB orientifold onT4/Z2 with 16 O5 planes at the
fixed points of theZ2 action. The identities of theO5 planes
depend on the fluxes in the parent type I model. The 4T
dualities result in aB2-field background that is identical to
that of the parent model onT4.

There are 2 possible discrete charges forO5 planes: its
transverse space isRP3, which has the following interesting
cohomologies. There is a possibility for a discrete charge
the NS-NS 2-form, as its class

@dB2#5@H3#PH̃3~RP3!5Z2 . ~5!

Another possibility is a discrete charge for the RR scalar

@dC0#5@G1#PH̃1~RP3!5Z2 . ~6!

By these twoZ2 charges, it is possible to distinguish 4 typ
of O5-planes which we will denote asO52, O51, O52̃ and
O51̃. Here we follow the notation of@19#, using the super-
script1 for planes with nontrivial NS-charge, and a tilde fo
planes with nontrivial RR charge. The D5 brane charges
these orientifold planes are22 for the O52, 21 for the
O52̃, and12 for theO51, O51̃. The difference in charge
betweenO52 andO52̃ gives rise to the interpretation of th
second as a bound state of anO52 with a single D5-brane.
The D5-brane charge ofO51 andO51̃ is the same, and the
two can presumably only be distinguished by no
perturbative effects. Nevertheless, we will find that bo
make a natural appearance.

The distribution of the NS-charges over theO5 planes in
the IIB orientifold follows from theB2-fluxes in the original
type I model@7#. The 3 cases give

B2-flux in type I onT4 B250 B2Þ0, B2
2Þ0 B2Þ0, B2

2Þ0

planes with nontrivialB-charge 0 4 6

In the case of 4 planes with nontrivial NS-charge, t
intersection points of these 4O5-planes are aligned within a
2-plane. In the case of 6 planes with nontrivial charges, th
planes are aligned in two 2-planes intersecting in a po
with a plane with trivial NS-charge at the intersection poi
7-3
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The RR 4-form of the type I theory on the 4-torus resu
after 4T dualities in a constant RR scalar background for
IIB orientifold on T4/Z2. This inevitably implies that all ori-
entifold planes have the same RR-scalar charge, as it ca
measured at any point near theO5-plane.

In a recent paper@20# also the possibility of gradients fo
the RR-scalar betweenO5-planes was considered. Such
gradient gives a nonzero field strength, and via coupling
gravity should modify the curvature of space-time. Solutio
to the combined problem~solving the Einstein equations, fo
a space with some compact directions, and with appropr
symmetries such that the orientifold planes can be inser!
would be very interesting, but probably break some sup
symmetry, and it seems unlikely that they are related to
type I string in a simple way. We will therefore discard th
possibility.

The 6 possibilities for the duals to the type I string co
pactification on a 4-torus have the following configuratio
of O5-planes:

All 16 planes areO52 planes. This is the trivial compac
tification, and there are 32 D5-branes, arranged in 16 pa
giving a rank 16 gauge group.

4 O51 planes and 12O52 planes. This is dual to the
compactification without vector structure discussed in@7#.
There are 8 pairs of D5-branes.

6 O51 planes and 10O52 planes. This is another com
pactification that was briefly described in@7#. There are 4
pairs of D5-branes.

All 16 planes areO52̃ planes. This compactification i
dual to a type I compactification with a nontrivial quadrup
It is trivial to reconstruct the holonomies for this case, a
compare them with@11#. Note that there are 32 D5-branes,
which 16 form bound states with theO5 planes, while 16
others are arranged in pairs. Therefore the rank of the ga
group is 8, and, remarkably, it can actually be demonstra
that this orientifold is in the same moduli space as the
with 4 O51 planes and 12O52 planes@14#.

4 O51̃ planes and 12O52̃ planes. This model only ap
peared previously briefly in@14#. It has 16 D-branes like the
standard compactification without vector structure, of wh
12 are bound toO5 planes, and 4 are arranged in pai
Therefore the rank of the gauge group is only 2. In@14# it
was conjectured to be dual to the type I compactificat
with a quadruple without vector structure. In the next sect
we will give compelling evidence for this duality by recon
structing the Wilson lines from this orientifold.

The last model would have 6O51̃ planes and 10O52̃

planes. Now the tadpole can only be canceled by adding
D5-branes in pairs, which should then annihilate with t
single D-branes stuck to theO5 plane, resulting in a mode
where some of theO5 planes form bound states with an an
D5-brane. Actually, if this is a valid possibility, then it i
impossible to tell whichO5 planes have the anti D5-brane
because all possibilities can be realized. In fact, they sho
be realized, because by D5 brane-antibrane pair creatio
the bulk, and letting these annihilate with branes and a
branes bound toO5-planes, the anti-D5-brane can ‘‘jump’’ t
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otherO5-planes. The true ground state of the theory wo
then be a superposition of all possible configurations.

Note that we ‘‘derived’’ this non-supersymmetric mod
from a type I compactification with certain backgroun
fields. It may come as a surprise that apparently one
break supersymmetry by turning on backgroundB2 and C4
fields, that carry no field strength. This is an important le
son.

Incidentally, we note that a model with 6O51̃ planes and
10 O52̃ planes describes a perfectly sensible gauge bun
for Spin(N>40) gauge theory~compare with@16#!. It is just
the fact that the~perturbative! gauge group of type I is ‘‘not
big enough’’ that leads to the subtleties mentioned.

For completeness we mention that there exist two m
type IIB orientifolds onT4/Z2 ~with 16 supersymmetries!,
both with 8O51 planes and 8O52 planes. It was noted in
@14,21# that there already exist two geometrically inequiv
lent configurations for type IIA onT3/Z2 with 4 O61 and 4
O62 planes. Compactifying these on a circle andT dualizing
leads to two inequivalent configurations onT4/Z2. It is clear
however that for these cases we cannot add an RR-sc
background, as this would lead to tadpoles or supersymm
breaking.

The existence of inequivalent theories with an equal nu
ber of Op1 andOp2 planes allows an elegant explanatio
In @7# it is argued that these theories have their origin in
special orientifold of type IIB theory on a circle. Instead
orientifolding this theory straight away, the orientifold actio
V is combined with half a translationd over the circle. An-
other, equivalent way of stating this is that it is type IIB on
circle with a special holonomy around the circle@16#. Just
like in the case compactifications of the ‘‘ordinary’’ orient
fold, which leads to type I theory, compactifications of th
‘‘special’’ orientifold of type IIB theory allow a nontrivial
backgroundB2 field, but it can only take two discrete value
Compactifying type IIB on a circle, modded bydV on a
further 2-torus, one has the choice of turning on a discreteB2
field. Therefore in 7D, there are 2 inequivalent theori
which after dualizing result in the 2 inequivalent type II
orientifolds with 4 O61 planes and 4O62 planes. In the
same fashion, one immediately sees that the type IIA ori
tifold on T5/Z2 with 16 O41 and 16O42 allows 3 inequiva-
lent geometries@from the 3 inequivalent choices ofB2-field,
as in Eq.~3!#, the type IIA orientifold onT7/Z2 with 64 O21

and 64O22 comes with 4 inequivalent geometries, and ty
IIA on T9/Z2 with 256 O01 and 256O02 exists in 5 in-
equivalent geometries~more about this in@22#!. We also note
that these considerations make a nonperturbative equival
of the different configurations with equalnumbers ofOp1

and Op2, mentioned in@14# but conjectured to be false
indeed highly unlikely.

In total, we have identified 7 orientifolds onT4/Z2 pre-
serving 16 supersymmetries~it can actually be shown tha
these are all maximally supersymmetric orientifolds with
O5-planes only@22#!.

IV. THE MODEL WITH O5¿̃ PLANES

In this section we will take a closer look at the model
T4/Z2 with 4 O51̃ planes and 12O52̃ planes. This appear
7-4
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DISCRETE MODULI FOR TYPE I COMPACTIFICATIONS PHYSICAL REVIEW D65 026007
to be the only supersymmetric model in whichO51̃ planes

quite naturally appear.Op1̃ planes withp,5 have been
studied before@19,23,24#.

Our explanation for the appearance of theO51̃ originates
in the B2 andC4 holonomies appearing in the type I mode
The NS-charge of theO51̃ can also be confirmed by study
ing the low energy gauge theory, as it is supposed to lea
Sp(n) gauge symmetry. The RR-charge cannot be confirm
this way, as bothO51̃ andO51 lead to the same low energ
gauge group,Sp(n). But there is another piece of evidenc
that ~we think! supports our assignment of charges.

In @14# the 2 models with 4O51 planes and 12O52

planes, and 16O52̃ planes, where shown to be in the sam
moduli space. The most unambiguous way to show this i
translate both models to heterotic string theories, wh
equivalence can be demonstrated exactly@14#. Another, less
precise way to exhibit the close relationship between the
models is to compactify both on an additional 2-torus, anT
dualize along the 2 directions of this torus. This leads to ty
IIB orientifolds onT6/Z2 with 16 O31 planes and 48O52

planes, and another with 16O32̃ planes and 48O32 planes.
These are dual to each other by S-duality of 4DN54 super-
symmetric gauge theories, which is realized as aZ2 involu-
tion on the component of the string moduli space that c
tains the CHL-string, as well as the above two mod
@25,26,14#.

It is interesting to apply the same procedure to the mo
with 4 O51̃ planes and 12O52̃ planes. Compactification on
a 2-torus, and applyingT dualities twice results in a mode
on T6/Z2 with 4 O51̃ planes, 12O52̃ planes, 12O51

planes and 36O52 planes. This model is self-dual underS
duality of 4D N54 supersymmetric gauge theories. Inde
in @14# this model was conjectured to be dual to theZ4 triple
construction in theE83E8 heterotic string. The componen
of the string moduli space that contains these theorie
mapped to itself under theZ2 involution implied bySduality
of 4D N54 theories. The self-duality under 4DS duality of
the compactification to 4D of the orientifold with 4O51̃

planes and 12O52̃ planes is clearly consistent with the oth
proposed dualities.

Although in principle the RR-charges of theOp1 planes
could also be determined by studying the monopole sp
trum in d53 @19#, this is very subtle. The reason for this
that there are only 2 D-brane pairs present in the theory,
hence the only gauge groups one can get atOp1 planes are
Sp(1) and Sp(2). Therefore the groups of the monopo
theory can only be SO(5)5Sp(2)/Z2 and SO(3)
5Sp(1)/Z2. Hence, a determination of the gauge groups
pearing in theSdual theories is not enough, one really nee
to study the topology of the gauge groups in detail. Toget
with the fact that in type I theory and its duals the topolo
of the gauge group is different from the one that is manif
in perturbation theory@2# ~note also the issues raised on t
topology of the gauge group in@14#!, the analysis appears t
be very difficult, and not necessarily decisive. We will n
attempt such an analysis here.

We will now reconstruct the same model in another w
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which clarifies the duality to theZ4 triple in E83E8 heterotic
string theory.

We start again with type I string theory on a 4-torus. St
by turning on a Wilson line on the first circle which brea
the gauge group to a group that can be shown to
@Spin(16)3Spin(16)#/Z2 ~see@14# for a discussion on the
topology of subgroups in string theory!. This group is the
one that is often denoted as ‘‘SO(16)3SO(16),’’ for ex-
ample in discussions onT duality of heterotic theories.T
dualizing along this direction now leads to a model whe
one half of the D-branes is localized atx150 and the other
half is atx15p ~in an obvious choice of coordinates!.

The point is thatSpin(16)/Z2 allows various triples with-
out vector structure@12#. There are 4 distinct possibilities
An example of the first kind combines 2 holonomies para
etrizing absence of vector structure, while taking for the th
holonomy the identity. By continuous deformations one c
reach other models on the same component of the mo
space. The Chern-Simons invariant for these triples is inte
@12#. This is the only triple without vector structure that
allowed in string theory@14#. The other ones are neverthele
useful as building blocks, as we will demonstrate.

A second example combines 2 holonomies parametriz
absence of vector structure, with a third holonomy cor
sponding to the nontrivial element of the center
Spin(16)/Z2. Again the rest of this component in the modu
space can be covered by continuous deformations. This c
ponent has Chern-Simons invariant equal to1

2 plus some
integer, and we will not discuss it further.

The third and fourth example are more interesting.
choosing an appropriate Wilson line, it is possible to bre
Spin(16)/Z2 to @SU(4)3Spin(10)#/Z4 ~with the Z4 acting
diagonally on both factors!. Choosing this element as ou
third holonomy, and two other holonomies that commute
to an element of order 4 in theZ4 that was divided out of
SU(4)3Spin(10), one finds 3 holonomies that commute
Spin(16)/Z2. They do not commute when lifted toSpin(16)
and therefore define a triple without vector structure. Th
are basically two options~because there are 2 elements
order 4 inZ4) leading to Chern-Simons invariants of1

4 and 3
4

up to integers. These models do allow an orientifold desc
tion, which was constructed in@16# ~section 4.3.2!.

Compactifications with noninteger Chern-Simons inva
ants are not allowed in consistent string theories@14#. Here
however, we have the group@Spin(16)3Spin(16)#/Z2,
which allows us to embed a triple without vector structure
each Spin(16) factor. Choosing the triple with Chern
Simons invariant14 in one factor, and the triple with Chern
Simons3

4 in the other, all possible Chern-Simons invarian
that can be defined over the 4-torus are integer, and th
holonomies define a consistent string background. This a
illustrates the equivalence of the present construction to
formulation of theE83E8 Z4-triple theory, that appears in
@14#. Finally, using the~inconsistent! orientifolds parametriz-
ing the triple theories that were constructed in@16#, one can
trivially construct the~consistent! orientifold representation
of the present quadruple without vector structure: We h
half of our D-branes living atx150 and one-half atx15p,
7-5
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and copying the orientifold description for the triple theori
leads immediately to an orientifold onT4/Z2 with 12 O52̃

planes. Furthermore there are 4 planes that are eitherO51̃ or
O51 planes. This cannot be decided from an analysis of
gauge group, but we have given other evidence that th
actually should beO51̃ for a consistent string theory.

To complete this section, we will deduce the holonom
parametrized by the type IIB orientifold onT4/Z2 with 4
O51̃ and 12O52̃ planes. One can use the techniques
scribed in @16#. We start by first defining some buildin
blocks

A5S 1 0

0 21D , B5S 0 21

1 0D , C5S 0 1

1 0D ~7!

D~f!5S cosf 2sinf

sinf cosf D . ~8!

The holonomies can then be expressed in a relatively c
pact way as

V15~A% B% C!4
% „D~f1! ^ A…% „D~c1! ^ A… ~9!

V25~B% A% A!4
% „D~f2! ^ C…% „D~c2! ^ C…

~10!

V35diag„112,~21!12
…% „D~f3!2

…% „D~c3!2
…

~11!

V45diag„16,~21!6,16,~21!6
…% „D~f4!2

…

% „D~c4!2
…. ~12!

The notation with superscripts indicates that the correspo
ing arguments have to be repeated. The argumentsf i andc i
are the coordinates of the 2 pairs of D-branes on the or
tifold, suitably normalized. The reader may verify thatV1
andV2 anticommute, that all other combinations of holon
mies commute, and that the eigenvalues of the holonom
coincide with the ones given for the heteroticSpin(32)/Z2
with a quadruple without vector structure as given in@14#,
translated to the vector representation ofSpin(32).

V. OTHER MODULI ?

At least naively, the reasoning that leads to consider
the possibility for non-trivial discrete NS 2-form and R
4-form backgrounds in the type I string seems to suggest
more possibilities for discrete moduli. One may also stu
type I theory on a sufficiently large torus, with nontrivi
backgrounds for the RR 8-form and the NS 6-form. Aft
applyingT dualities, this presumably leads to the addition
variants for orientifold lines and points considered in@19#
~compactifications with nontrivial NS 6-form background a
currently under study@27#!.

In view of the above it is natural to ask whether one c
turn on a background for the RR-scalar. AfterT dualities this
would lead to RRp-form charges forO(92p) planes. These
charges do not appear in@19#. This is because such fluxe
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would fill the whole transverse space to the orientifold pla
and in particular can not be studied with the cohomologies
the RP82p that surrounds theOp-plane. This is not neces
sarily an obstruction to their existence, as the same prob
exists forO81 andO71 planes, and can be overcome~see
e.g.@7,14#!. We note that this may imply thatOp planes with
B6 fluxes may exist in dimensions higher than 1.

At least in some cases it seems to be possible to m
sense out of orientifoldOp planes withC92p-flux ~where
C92p denotes a transverse RR 92p-form flux!. The first
example that comes to mind is by using type IIBSduality on
a O71 plane. In this case one can easily determine
charges, the tension and the gauge group associated t
resulting plane.

As a second example we considerC1-flux for O8-planes.
There exist variants ofO4 planes andO0-points that carry a
similar flux. When lifting these planes to M theory,C1 be-
comes a component of the metric. In particular, it can
demonstrated that theO4 and O0 lift to M theory on
@23,24,19#

R4,13~R53S1!/Z2 and R0,13~R93S1!/Z2 .

Here theZ2 acts as a shift onS1 and as a reflection onRn. In
full analogy, anO8 with nontrivial C1 charge should lift to
M theory on

R8,13~R13S1!/Z2 .

But in that case, this object is already known, as this desc
tion applies~locally! to M theory on a Klein bottle@28#, and
on a Möbius strip. Such anO8-plane would carry D8 brane
charge 0.

A third ~more speculative! example is provided by
C3-flux for O6 planes. In@14#, M theory on a K3 with back-
ground 3-form fluxes was considered. For a backgroundZ2
valued 3-form flux, one needs an even number of frozenD4
singularities. If one could split of a circular fiber, in such
way that pairs ofD4 singularities are located in the sam
fiber, then presumably the theory can be reduced to a t
IIA theory, with a 3-form flux background. Comparing var
ous charges, the fiber with twoD4 singularities reduces to a
object with D6 brane charge 12, and a nontrivial 3-for
charge. Lifting a single object in type IIA theory to tw
singularities may seem unusual, but the reader may wis
compare with the case of theO62 with 4 D6-branes on top,
that lifts to twoA1 singularities.

There seems to be a pattern consisting ofOp-planes, with
Dp brane charge 1622p24, and RR (92p)-form charge. Is
it possible to have anO9 plane with these charges? F
several reasons, this is problematic. First of all, such
O9-plane could be used to construct a new 10 dimensio
open string theory with a rank 8 gauge group, but this the
is not known. Second, this theory would appear~via M
theory on the Mo¨bius strip! to be a 10 dimensional limit of
the CHL-string, but various arguments~see e.g.@26#! indi-
cate that such a limit does not exist. This suggests that
7-6
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discreteC0 flux can only be defined on a manifold wit
compact directions. It would be interesting to investigate t
possibility further.

A serious drawback of the previous considerations is t
we more or less ‘‘define’’ variants of orientifold planes b
projections from nonperturbative descriptions@type IIB
SL(2,Z) duality, M theory#. This is opposite to common
practice, where the perturbative objects are well defined,
one tries to deduce the description in the strong-coup
regime. To some extent, the question is whether these v
ants of orientifold planes~and the ones introduced in@19#!
are really sensible as string theory objects, or whether t
only start to make sense in a more complete, nonperturba
description of string theory.

VI. DISCUSSION AND CONCLUSIONS

We have demonstrated that type I compactifications o
4-torus with a nontrivial RR 4-form background field lead
theories with gauge groups of reduced rank. The RR 4-fo
was shown to be correlated with compactifications w
‘‘nontrivial quadruples’’ of holonomies. It is not known a
present whether there exists a characterization of th
bundles that extends to other 4 manifolds. For example
would be very interesting to compactify type I theories
K3, or a Calabi-Yau manifold with 4-cycles, and turn on t
discrete 4-form background, but at present we have no
how to describe such compactifications.

In one of theT-dual models, theO51̃ makes a natura
appearance. The existence of this plane was deduced be
from an analysis of possible discrete charges, but it has
appeared thus far in an explicit model. This particular mo
on T4/Z2, with 4 O51̃ and 12 O52̃ planes is related by
dualities to aZ4 asymmetric orbifold of the heterotic strin
@14#. There is much known about compactifications of t
heterotic string with maximal supersymmetry but gau
groups with reduced rank gauge@29,25,30#. It is even pos-
sible to reduce the rank to zero, eliminating even the Kalu
Klein bosons, such that the resulting low-energyN54
theory contains no vector multiplets at all@29#. Heterotic
theories with reduced rank can be constructed by fixed p
free asymmetric orbifolds of the heterotic string, and ma
group actions are possible@30#. In contrast, only those con
structions that result from group actions that are product
Z2 factors had been explored for the dual type I string@7#. In
this paper, and in@14# it was demonstrated that also theZ4
asymmetric orbifold of@30# has a dual description as type
on a 4-torus with a special bundle. The reader may won
whether also asymmetric orbifolds of the heterotic str
with other groups can be realized as type I compactificatio
This question is not easy to answer, as we will explain n

The duality between the type I string and the hetero
string is a complicated one. The low energy effective th
ries match of course, but a number of features, such as
topology of the gauge group, are manifest in the perturba
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heterotic description, while the type I description relies
nonperturbative input in the form of certain solitons and
stantons@1,2#. In some sense, the situation gets worse if o
compactifies. The heterotic description, due to Narain@31#,
treats Kaluza-Klein bosons and ‘‘10-dimensional’’ gau
bosons democratically. In fact, what one considers to be ‘‘
dimensional’’ fields depends on ones point of view, comp
tification of the either the heteroticE83E8 or the
Spin(32)/Z2 string can lead to the same theory@32#. The
same is true for some asymmetric orbifolds of the hetero
string, which can be interpreted as either heterotic the
with a specific bundle@33,7,14#. On the contrary, the pertur
bative type I description~and dual type II orientifolds! keeps
a set of 10-dimensional gauge fields manifest, part of
gauge symmetry is encoded in nonperturbative objects,
Kaluza-Klein gauge symmetries are not manifest at all. Y
translating to the heterotic side, a generic asymmetric o
fold would mix all of these gauge bosons. It is clear that
the type I side this would lead to a very messy descripti
unless one can find a part of the moduli space where pe
bative gauge fields, non-perturbative solitons and Kalu
Klein bosons do not mix. The analysis of symmetries th
can be realized onSpin(32) bundles@10–12# ~see also@14#
for an overview! suggest that only asymmetric orbifolds th
use Z2 and Z4 symmetries can be candidates for su
‘‘simple’’ descriptions. In such cases it should also be po
sible to extend the symmetries to the nonperturbative exc
tions of the theories, as sketched in the appendix of@34#.
Note that we are not claiming that other asymmetric or
folds cannot be realised as type I compactifications; suc
claim would contradict heterotic-type I duality. Neverthele
the tension between the manifest symmetries in the typ
description, and the symmetry one needs for the orbif
severely complicates the construction.

In another type I model we found that supersymmetry w
broken, even though we compactified on a torus with ba
ground fields without field strength. This is related to t
subtle correlations between background fluxes and D-br
charges, and deserves further analysis. A K-theory anal
might shed some light here.

We briefly discussed some aspects of variants of orie
fold planes, in particularOp-planes withC92p charge. The
fact that it appears to be much easier to define these ob
from M theory or usingS dualities in type IIB theory, war-
rants the question whether they are really well defined
perturbative string theory. Instead it does not seem unlik
that only a nonperturbative description reveals all the pr
erties of these planes.
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