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We study type | 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 witls pin(32)/Z, bundles that are described by a “nontrivial quadruple” of holono-
mies. We also briefly discuss other discrete moduli for the type | string, and variants of orientifold planes.
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. INTRODUCTION 7,. The fact thatZ, is a discrete group demonstrates that
continuous fluctuations are no longer possible, but it leaves a
The type | string can be regarded as an orientifold of thepossibility for non-trivial values for these background fields.
type 1IB string. In this construction one introduces @8~ The relevant tensorfields are gauge fields, and the field
orientifold plane in the theory. This however causes a tadstrengths corresponding to them must vanish because of the
pole, and consistency requires that this is canceled by addingonstancy of the potentials. It is nevertheless possible to con-
32 D9 branes. The resulting theory has unoriented closestruct gauge invariant operators, that can have nontrivial val-
strings, while the D9-branes introduce an open string sectoyes if space-time has compact submanifolds. Indeed, the ten-
leading to a theory with a gauge group that has as its mansor fields aren-forms, and integrating these over compact
fest gauge grou®(32). Also a number of solitons survive n-cycles gives us gauge invariant operators. For a 1-form
the orientifold projection, leading to a spectrum with D1, D5 such an operator would correspond to the standard definition
and D9 branes. of holonomy. For ann-form one has f—1) gerbe-
Interestingly, some unstable D-brane—antibrane configuholonomy.
rations of type 1IB theory become stable under the orientifold A case which has by now been well studied is the possi-
projection: The tachyon arising from the string states conbility for the Neveu-Schwarz—Neveu-SchwaiNS-NS
necting branes and antibranes is projected dbutTherefore,  2-form field B, to have a nontrivial value over compact
new non-Bogomol'nyi-Prasad-SommerfielBPS branes 2-cycles[5]. This gives a nontrivial phase to closed string
enter the theory. These nonperturbative objects introduceorld sheets that wrap around the relevant 2-cycle. Alterna-
states in the theory that transform in different representationtively, this closed string world sheet can be interpreted as a
of the gauge group than the states arising from the ordinargollection of open string world sheetgliskg, with the
open string sector. It is argued that these fix the topology oboundaries glued together. Reproducing the phase factor then
the gauge group t&pin(32)/Z,, the gauge group of one of places restrictions on the Chan-Paton bundle, and in fact one
the heterotic theorigf2]. Indeed, the existence of these non-can show that th&pin(32)/Z, bundle should be topologi-
perturbative states is crucial evidence for the conjecture thasally nontrivial [6] (even when the 2-cycle is a 2-torus, and
the type | and thespin(32)/Z, heterotic string areéS dual,  the bundle is flaf7]). Such bundles have “absence of vector
and therefore in reality describe two limits of the samestructure” because states transforming in the vector represen-
theory[3]. tation of Spin(32) cannot be consistently introduced in such
In type 1IB supergravity, the low energy theory to the type a background. Of course, such states are argued to be absent
[IB superstring, one encounters a variety of tensorfieldsin type | string theory, and the resulting compactification is
which couple to the extended objects in the thddry Intro-  consistent.
ducing the orientifold plane, many of these fields can no In the case that the 2-cycle ®pologically a 2-torus it is
longer fluctuate because that would be incompatible with thgpossible to study the bund|&], and consequently the type |
orientifold projection. The fluctuating fields that survive the string theory with such a bund|€] in great detail(see also
orientifold projection are in one-to-one correspondence wit9]). In contrast, there is little known about string compacti-
the BPS D-branes that appear in type | theory. The fieldsications with nontrivial backgrounds from the other discrete
whose fluctuations are projected out are constrained to tak@oduli.
constant values over all of space-time. That constant value In the present paper we will consider the possibility of a
does however not necessarily have to be equal to zero. It isontrivial background from the Ramond-Ramor&R)
argued that, before the orientifold projection, these fields ar@-form. Unlike B,, this does not appear in perturbative string
U(1) valued; the orientifold projection acts as inversion ontheory, but it should generate nonperturbative effects. It
the circle which is the group manifold, and therefore has twovould be very interesting to describe compactification on
fixed points. One can therefore argue thigtl) is broken to  general 4-cycles allowing one to turn on this background, but
we do not know how to do this at present. For the special
case of 4-tori, there are however some recent developments,
*Email address: arjan@Ipthe.jussieu.fr that make a study accessible. New insights in constructing
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flat bundles on a 3-torus have revealed that the moduli spadbe U (1) factor. Again, this breaks the effective gauge group

of flat connections is much richer than previously thoughtto U(1), and ourignoring of the non-Abelian interactions is

[10—13. Although this research has ngtet) been extended justified.

to cover 4- and higher dimensional tori, there are some par- By T duality the conclusions from the previous paragraph

tial results[11,13,14 that throw sufficient light on the theory can be translated back to the original theory. When one

we are interested in, th®pin(32)/Z, gauge theory appear- wraps a brane over a 2-torus with nontrivlj-holonomy

ing in the type | string. Armed with these, and string dualitiesone should compensate for the effects by turning on a field

we will describe type | compactifications on a 4-torus, with strength on the brane, and/or wrapping the brane multiple

nontrivial background from the RR 4-form. On the 4-torustimes. The same conclusion can be reached from a more

one can of course also turn on a nontrivial NS-NS 2-form,advanced argument. Consider a string world sheet ending on

and we will describe also these compactifications. the D-brane, wrapped around a 2-cycle. In the path integral
there appears a phase facftr]

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

We will briefly review some aspects of toroidal compac- exr( i JzB+i iEA)- 2
tification with nontrivial holonomy for the NS-NS 2-form,

and point out some parallels and differences with the case Wg [17] an additional factor was considered, coming from the
are interested in, holonomy for the RR 4-form. Pfaffian of the Dirac operator on the world sheet, but this is
_ For the NS 2-form, it is convenient to first study its effect not relevant to our present considerations. For reasons ex-
ingenerality, and only afterwards introduce orientifold pjained below, the total factor should be equal to unity. Of
planes. A very simple way to study what happens when ON@oursef s A can simply be converted intps F,. Then, trivi-
turns on a nonzerBy-field over some 2-cycles of artorus  ajizing the phase factor requires turning on an appropriate
is by usingT duality. UnderT duality the metric and,-field  field strength, and/or wrapping the brane multiple times over
moduli mix (see[15] for a review, and the dual torus has the cycle. This extends the previous result to generic
angles different from the original one. Consider a squarg._cycles.
2-torus, with an appropriately normaliz&g-field. Let there In a somewhat more specific context, a similar argument
also be a D-brane wrapping the 2-tor(mossibly multiple  \as already used if6]. Here type | theory on a K3 was
times and suppose there is a field strenfthpresent on the  considered, where the 2-cycles have the topology of spheres.
brane. Set Type | theory only allowsB, fields that are multiples of.
Turning on a non-integdB,-field is correlated with a choice
f B,=b; f F,=f. of Chan-Paton bundle over the 2-cycle. To be precise, the
T T bundle should be one without vector structure. The interpre-
tation of the authors of6] is that the correlation between
B,-field and Chan-Paton bundle is required by consistent
coupling of closed strings to open strings. The anomaly of
[17] can be interpreted in a similar way: trivializing the
é)hase factor is necessary to couple the open strings ending
on the D-brane to closed strings living in the bulk. If the
factor cannot be trivialized, then the only option left is to
Yemove the particular open string sector; in other words, to
discard the possibility to wrap the brane around the 2-cycle.
n(b+f)eZ for neZ. (1) This tryncatipn of the spectrum however may lead to o.ther
inconsistencies. For example, in the presence of orientifold
The numbern is appropriately interpreted as “wrapping planes D-branes are needed to ensure tadpole cancellation.
number” of the D-brane. This obviously implies tHat- f is In this fashion the rank reduction in the case of toroidal
a rational number. Solutions with=0 exist if and only ifb ~ compactification without vector structure can be understood
is a rational number. Assume this to be the case anahlee  as follows. In type | theory on a torus a half-integs-field
the smallest integer such thatbe 7. Then a D-brane wrap- 9gives a phase factor that can be canceled in two ways: One
ping the dual torusntimes, with #=0 describes the dual can turn on a nonzero gauge field strength, or wrap the D9
theory to a D-brane wrapping the original torus multiple branes twice around the corresponding cycle. It is clear that
times, which has on its world volume a gauge theory whichwrapping twice gives a solution that is lower in energy than
is described by at/(m) bundle with twisted boundary con- the turning on of a field strength. However, locally a twice
ditions. These boundary conditions break thgm) to U(1), ~ Wrapped D-brane is indistinguishable from two once
justifying in hindsight our ignoring of the non-Abelian inter- Wrapped D-branes. In particular, we need only 16 D9-branes
actions. As a side remark, we note that in the general casé0 cancel theD9 tadpole, instead of the usual 32.
where we wrap the brane multiple times and introduce a Absence of vector structure for&pin(32)/Z, bundle is
nonzero field strength, one can proceed by decomposingi€asured by a characteristic class/,avalued generalized
U(m) as [U(1)xSU(m)]/Z,. One then uses twisted Stieffel-Whitney classv,. As the choice of bundle is corre-
boundary conditions i$U(m), and puts the field strength in lated with the choice oB,-field, it follows that one may

Let there be a single D-brane wrapping the 2-tdpsssibly
multiple times. Applying a singleT duality, the dual torus
becomes a skew one. The angldetween two basis vectors
for the lattice for this torus is given by tat=b. The single
D-brane is dualized to a brane wrapping one cycle of th
torus. This brane makes an angle given by tany=—f
with the other cycle. Closure of the D-brane now translate
into the condition
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identify the B,-field with w.. It is an interesting observation up toSL(4,7) transformations, three possibilities Bp-flux
that discrete moduli for string theory are correlated with to-over the 4-torus, that can be distinguished as follows. View-
pological invariants of particular gauge bundles. There alsing B, as a 2-form with integer periods, one has the possi-
appear to be suggestive links between the 3-form in Milities
theory, and the Chern-Simons 3-form associated to particular
bundles[18,14. B,=0; B,#0, B3=0; B,#0, B5#0. (3
In this paper we wish to describe type | on a 4-torus with
a RR 4-form field turned on. As we will see, a nontrivial RR These are of course in precise correspondence with the topo-
4-form field indeed results in reduction of the rank of thelogical choices for thespin(32)/Z, bundle over the 4-torus
gauge group. This is however not due to multiply winding[7].
branes. Why one nevertheless gets reduction of the rank will On the 4-torus, a 4-form is invariant undet(4,7) trans-
be explained in the next section. formations(because it has to be proportional to the volume
Another interesting question is whether the discreteform). Calling the 4-formC,, there are 2 possibilities:
4-form of type | theory can be identified with some topologi-
cal invariant of theSpin(32)/Z, bundle. A piece of evidence C,=0; C4#0. 4
is the existence of flat nontrivial bundles that are intrinsically o . ]
4-dimensiona[11]. In Appendix D of this paper “nontrivial ~Hencea priori there are 6 possibilities to consider.
quadruples” were constructed, 4-tuples of group elements Applying 4 T dualities to the type | theory on the 4-torus
such that every subset of these 4 elements can be chosen @ives us a |IB orientifold orT#/Z, with 16 O5 planes at the
a maximal torus of the group, but not all four simultaneously.fixed points of theZ, action. The identities of th®5 planes
Such a 4-tuple can be used for a compactification on thelepend on the fluxes in the parent type | model. Thé 4
4-torus, by choosing the elements of the 4-tuple as holonodualities result in &3,-field background that is identical to
mies. . that of the parent model ofi*.
Bundles over the 4-torus parametrized by such a 4-tuple There are 2 possible discrete charges @& planes: its
are intrinsically 4-dimensiondhs the bundle over every sub transverse space 8P, which has the following interesting

3-torus is a standard compactificatio®ne may speculate conomologies. There is a possibility for a discrete charge for
on the existence of a 4-dimensional topological invariantihe NS-NS 2-form. as its class

distinguishing the compactification with a nontrivial qua-

druple form a trivial one. Unfortunately, such an invariant _ 13/ pP3Y) — 7

haspnot(yet) been constructed. This is t){) be contrasted with [dBo]=[Hs] e HY (R =7, ©
compactifications of gauge theories on lower dimensionahnother possibility is a discrete charge for the RR scalar, as
tori, where the invariants classifying the bundles are under-

stood, and do allow generalization to nontoroidal compacti- [dCo]=[G;]e HYRP?)=7,. (6)
fications. We will argue that type | string theory has a can-

didate for such an invariant, provided by the RR 4-form. WeBYy these twoZ, charges, it is possible to distinguish 4 types
will show that turning on this form reproduces the nontrivial of O5-planes which we will denote &5, O5™, 05~ and

quadrupl_e of[(11]. It is also poss_ible to combine nonzero O57. Here we follow the notation ofL9], using the super-
expectation values for both tfig,-field and the RR 4-form, et 1 for planes with nontrivial NS-charge, and a tilde for
leading to a “nontrivial quadruple without vector structure planes with nontrivial RR charge. The D5 brane charges of

as\erstn%?gcmgﬁﬁedfg?]t.hat we are not going to find multi these orientifold planes are 2 for the 05, —1 for the
Rl + . .

ply wrapped branes can also be heuristically understoog‘)5 » and +72 forlh\eiOS_ ' 0_5 - The d!fference |r_1 charge

from the link to bundles in gauge theories. Nontrivial qua-Petweeno5™ andO5™ gives rise to the interpretation of the

druples in the sense §11] only exist in(large enoughor- second as a bound state of @5~ with a single D5-brane.
thogonal groups. When extending to “c-quadrupléshich ~ The D5-brane charge @5* andO5" is the same, and the
we define extrapolating on the definitions[@P], as 4-tuples two can presumably only be distinguished by non-
of elements which commute up to elements of the center operturbative effects. Nevertheless, we will find that both
the simply connected cover of the groujtt is possible to make a natural appearance.

show that these may also appear in theories with symplectic The distribution of the NS-charges over @& planes in
groups. Important however is, that it is simple to show thathe 1B orientifold follows from theB,-fluxes in the original
they do not occur for the unitary groups. Translated to stringype | model[7]. The 3 cases give

theory this suggests that the orientifold projection is essential

to the effects of the RR 4-form, at least in the context that weB,-flux in type | onT* B,=0 B,#0,B3#0 B,#0,B3#0
wish to study. Of course this makes the effect of the RRplanes with nontriviaB-charge 0 4 6

4-form in absence of an orientifold projection even less un-

derstood.

In the case of 4 planes with nontrivial NS-charge, the
intersection points of these@5-planes are aligned within a
2-plane. In the case of 6 planes with nontrivial charges, the 6

Consider type | on a 4-torus, with possibly someplanes are aligned in two 2-planes intersecting in a point,
B,-fields, and possibly the RR 4-form turned on. There arewith a plane with trivial NS-charge at the intersection point.

Ill. IDENTIFICATION VIA T DUALITY
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The RR 4-form of the type | theory on the 4-torus resultsother O5-planes. The true ground state of the theory would
after 4T dualities in a constant RR scalar background for thethen be a superposition of all possible configurations.
IIB orientifold on T#/7Z,. This inevitably implies that all ori- Note that we “derived” this non-supersymmetric model
entifold planes have the same RR-scalar charge, as it can @M a type | compactification with certain background
measured at any point near tB6-plane. fields. It may come as a surprise that apparently one can

In a recent papg20] also the possibility of gradients for break supersymmetry by turning on backgrouidand C,

the RR-scalar betwee®5-planes was considered. Such agglrcljs, that carry no field strength. This is an important les-

gradient gives a nonzero field strength, and via coupling to
gravity should modify the curvature of space-time. Solutions, . —— . :
10 O5™ planes describes a perfectly sensible gauge bundle

to the combined problersolving the Einstein equations, for for Spin(N=40) gauge theorycompare witt{16]). It is just

a space with some compact directions, and with approprial e fact that théperturbative gauge group of type | is “not
symmetries such that the orientifold planes can be inserte ig enough” that leads to the subtleties mentioned.

would be very interesting, but probably break some super- “For completeness we mention that there exist two more
symmetry, and it seems unlikely that they are related to theype 1IB orientifolds onT*/Z, (with 16 supersymmetrigs
type | string in a simple way. We will therefore discard this both with 805" planes and 85~ planes. It was noted in
possibility. [14,21] that there already exist two geometrically inequiva-
The 6 possibilities for the duals to the type | string com-lent configurations for type 1IA of3/Z, with 4 O6™ and 4
pactification on a 4-torus have the following configurationsO6~ planes. Compactifying these on a circle andualizing
of O5-planes: leads to two inequivalent configurations @ Z,. It is clear
All 16 planes areD5~ planes. This is the trivial compac- however that for these cases we cannot add an RR-scalar
ackground, as this would lead to tadpoles or supersymmetry
reaking.
The existence of inequivalent theories with an equal num-
ber of Op* andOp~ planes allows an elegant explanation.
. In [7] it is argued that these theories have their origin in a
There are 8 pairs of D5-branes. o special orientifold of type 1IB theory on a circle. Instead of
6 O5" planes and 1®@5 "~ planes. This is another com- engifolding this theory straight away, the orientifold action
pactification that was briefly described [if]. There are 4 () js combined with half a translatiod over the circle. An-
pairs of D5-branes. other, equivalent way of stating this is that it is type 11B on a
All 16 planes areO5~ planes. This compactification is circle with a special holonomy around the cirgl&6]. Just
dual to a type | compactification with a nontrivial quadruple. like in the case compactifications of the “ordinary” orienti-
It is trivial to reconstruct the holonomies for this case, andfold, which leads to type | theory, compactifications of this
compare them witfil1]. Note that there are 32 D5-branes, of “special” orientifold of type IIB theory allow a nontrivial
which 16 form bound states with th@5 planes, while 16 backgroundB, field, but it can only take two discrete values.
others are arranged in pairs. Therefore the rank of the gaugeompactifying type 1IB on a circle, modded bj€} on a
group is 8, and, remarkably, it can actually be demonstratefrther 2-torus, one has the choice of turning on a disdsgte

that this orientifold is in the same moduli space as the ondi€ld. Therefore in 7D, there are 2 inequivalent theories,
with 4 O5" planes and 105" planes[14]. which after dualizing result in the 2 inequivalent type IIA

— — ; _orientifolds with 406" planes and 406~ planes. In the
4 05" planes and 125 * planes. This model only ap same fashion, one immediately sees that the type IIA orien-

peared previously briefly ifil4]. It has 16 D-branes like the Y I _ . e
standard compactification without vector structure, of whicht'fOIOI onT M? with 16 04 .and 1.604 aIIov_vs 3 inequiva
lent geometriegfrom the 3 inequivalent choices &,-field,

12 are bound tcO5 planes, and 4 are aranged in Palrs- asin Eq.(3)], the type IIA orientifold onT’/7, with 64 02*

Therefore the rank of the gauge group is only 2[14] it Z . . . X
was conjectured to be dual to the type | compactificatio;\a}'r;\d 64_O|_92/Z corl:ﬁszvg/ghodbTequjlvggeGn(t)gt_aom(_at;les, a5nc_i type
with a quadruple without vector structure. In the next sectio on | t/ 2 Wi i zgn tthi '@22]6)3\7 S Iln mt-
we will give compelling evidence for this duality by recon- équivaient geome ne(;snore aboutthis | )- € also note
that these considerations make a nonperturbative equivalence

structing the Wilson lines from this orientifold. : : . : 1
The last model would have 857 planes and 105~ of the different .conf|ggrat|0ns with equalnumbers op
P nd Op~, mentioned in[14] but conjectured to be false,

planes. Now the tadpole can only be canceled by adding an highl likel
D5-branes in pairs, which should then annihilate with the dlie?otallg V\)//eur?alvz >i/aentified 7 orientifolds oFf'/Z, pre-

single D-branes stuck to th@5 plane, resulting in a model serving 16 supersymmetridé can actually be shown that

‘ggek:e somz ?{f tm@ 5_fptl<;1\_ne_s form kIJ_(()jund st%t_?ts WtiLh an_ta_nti these are all maximally supersymmetric orientifolds with 16
-brane. Actually, if this is a valid possibility, then it is O5-planes only22)).

impossible to tell whichO5 planes have the anti D5-branes,
because all possibilities can be realized. In fact, they should IV. THE MODEL WITH OB¥ PLANES

be realized, because by D5 brane-antibrane pair creation in

the bulk, and letting these annihilate with branes and anti- In this section we will take a closer look at the model on
branes bound t®5-planes, the anti-D5-brane can “jump”to T#/7Z, with 4 o5° planes and 1D5- planes. This appears

Incidentally, we note that a model With®5* planes and

tification, and there are 32 D5-branes, arranged in 16 pair%
giving a rank 16 gauge group.

4 O5"% planes and 125 planes. This is dual to the
compactification without vector structure discussed 7
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to be the only supersymmetric model in whiers ™ planes  which clarifies the duality to thg, triple in EgX Eg heterotic

quite naturally appeaiOp” planes withp<5 have been string theory.

studied beford19,23,24. We start again with type | string theory on a 4-torus. Start
by turning on a Wilson line on the first circle which breaks

L the gauge group to a group that can be shown to be

in the B, andC, holonomies appearing in the type | mode _ _ b . >
The NS-charge of th®5* can also be confirmed by study- [Spin(16)X Spin(16)]/7, (see[14] for a discussion on the
Bopology of subgroups in string thegryThis group is the

ing the low energy gauge theory, as it is supposed to lead t ) )
Sp(n) gauge symmetry. The RR-charge cannot be confirmed"® Ith"’,‘t '3, often_ denot;ddas??(lffs)ﬁ ?0(1,6) :[h for_e>El-_
this way, as botfD5* andO5™ lead to the same low energy ampe In discussions o duality oF nEterotic theories

gauge groupSp(n). But there is another piece of evidence dualizing along this dlrec_tlon now leads to a model where
that (we think) supports our assignment of charges. one half of the D-branes is localized »at=0 and the other

In [14] the 2 models with 405 planes and 1205~ half is atx_lz_q-r (in an_obvious choice of <_:oordir_1abes _
The point is thaSpin(16)/Z, allows various triples with-

ut vector structur¢12]. There are 4 distinct possibilities.

Our explanation for the appearance of oE" originates

planes, and 105 planes, where shown to be in the same
moduli space. The most unambiguous way to show this is t - . . :
translate both models to heterotic string theories, whos n Qxample of the first kind combines 2 holopomles param-
equivalence can be demonstrated exaith]. Another, less etrizing absenge of vector structure, while takmg for the third
precise way to exhibit the close relationship between the tw§©lonomy the identity. By continuous deformations one can
models is to compactify both on an additional 2-torus, and "€ach other models on the same component of the moduli
dualize along the 2 directions of this torus. This leads to typéPace. The Chern-Simons invariant for these triples is integer
IB orientifolds onT®/Z, with 16 03" planes and 4®5~  [12]. This is the only triple without vector structure that is
planes, and another with B3 planes and 4®3~ planes. allowed in st_rin_g theory14]. The oth_er ones are nevertheless
These are dual to each other by S-duality of MB 4 super-  USeful as building blocks, as we will demonstrate. o
symmetric gauge theories, which is realized d, anvolu- A second example combmeslz holonomles parametrizing
tion on the component of the string moduli space that con@Psence of vector structure, with a third holonomy corre-
tains the CHL-string, as well as the above two modelsSPOnding to the nontrivial element of the center of
[25,26,14. Spin(16)/7Z,. Again the rest of .thIS component in the mpdull

It is interesting to apply the same procedure to the modefPace can be covereq by coptmupus deformlauons. This com-
with 4 057 planes and 105 planes. Compactification on ponent has Cherr_l-S|m0r_13 Invariant equaltgplus some
a 2-torus, and applyind@ dualities twice results in a model integer, and we will not discuss it further.

6 i = — A The third and fourth example are more interesting. By
on T°/Z, with 4 O5" planes, 1205 planes, 1205 choosing an appropriate Wilson line, it is possible to break
plangs and 3®5 planes. This model is seIf—du_aI undsr Spin(16)/Z, to [SU(4)X Spin(10)]/Z, (with the Z, acting
duality of 4ADN=4 supersymmetric gauge theories. Indeed giagonaily on both factojs Choosing this element as our

in [14] this model was conjectured to be dual to thetriple  hjrg holonomy, and two other holonomies that commute up
constructhn in theEg_X Eg heterotic strm_g. The compon_ent to an element of order 4 in thg, that was divided out of
of the strm.g moduli space that 'con'tams_ these theques 1§ U(4)x Spin(10), one finds 3 holonomies that commute in
mapped to itself qnder the, mvolutl(_)n implied bySdl_Jahty Spin(16)/Z,. They do not commute when lifted ®pin(16)
of 4D N=4 theories. The self-duality under 4Bduality of 414 therefore define a triple without vector structure. There
the compactification to 4D of the orientifold with @57 are basically two optiongbecause there are 2 elements of
planes and 15 planes is clearly consistent with the other order 4 inZ,) leading to Chern-Simons invariants pfand 2
proposed dualities. up to integers. These models do allow an orientifold descrip-
Although in principle the RR-charges of ti@p™* planes tion, which was constructed ifi6] (section 4.3.2
could also be determined by studying the monopole spec- Compactifications with noninteger Chern-Simons invari-
trum ind=3 [19], this is very subtle. The reason for this is ants are not allowed in consistent string theofib4|. Here
that there are only 2 D-brane pairs present in the theory, andowever, we have the groupSpin(16)xSpin(16)]/Z,,
hence the only gauge groups one can gédpt planes are  which allows us to embed a triple without vector structure in
Sp(1) and Sp(2). Therefore the groups of the monopole each Spin(16) factor. Choosing the triple with Chern-
theory can only be SO(5)=Sp(2)/Z, and SO(3)  Simons invariang in one factor, and the triple with Chern-
=Sp(1)/Z,. Hence, a determination of the gauge groups apSimons3 in the other, all possible Chern-Simons invariants
pearing in theSdual theories is not enough, one really needsthat can be defined over the 4-torus are integer, and these
to study the topology of the gauge groups in detail. Togetheholonomies define a consistent string background. This also
with the fact that in type | theory and its duals the topologyillustrates the equivalence of the present construction to the
of the gauge group is different from the one that is manifesformulation of theEgX Eg Z,-triple theory, that appears in
in perturbation theory2] (note also the issues raised on the[14]. Finally, using thginconsistentorientifolds parametriz-
topology of the gauge group {14]), the analysis appears to ing the triple theories that were constructed 116], one can
be very difficult, and not necessarily decisive. We will not trivially construct the(consistent orientifold representation
attempt such an analysis here. of the present quadruple without vector structure: We had
We will now reconstruct the same model in another way,half of our D-branes living ak,=0 and one-half ak,= ,
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and copying the orientifold description for the triple theorieswould fill the whole transverse space to the orientifold plane,
leads immediately to an orientifold oR*/7Z, with 12 05~ and in particular can not be studied with the cohomologies of

18— o

planes. Furthermore there are 4 planes that are édBéror ~ the RI”~P that surrounds th©p-plane. This is not neces-

05" planes. This cannot be decided from an analysis of th&arily an obstruction to their existence, as the same problem
. ; + +

gauge group, but we have given other evidence that theggXiSts forO8™ andO7™ planes, and can be overcor(gee

actually should b&®5* for a consistent string theory. €.g.[7,14). We note 'ghat_this may imply thalp planes with
To complete this section, we will deduce the hoIonomiesBG;\Itu?eeassini?]ys%)::]sé Igazgeirtlséce)g?nzlgtget;ethacr)]sii.ble to make
parametrized by the type IIB orientifold ofi*/Z, with 4 S . P
057 and 1205~ planes. One can use the techniaues desense out of orientifolp planes withCq_,-flux (whgre
a P ' 4 Cy_, denotes a transverse RR-$-form flux). The first

scribed in[16]. We start by first defining some building example that comes to mind is by using type BBluality on

blocks a O7* plane. In this case one can easily determine the
_ charges, the tension and the gauge group associated to the
1 0 0 1 0 1 .
= = = resulting plane.
A , B , (7 :

0 -1 1 0 10 As a second example we consid@y-flux for O8-planes.

_ There exist variants dd4 planes an®0-points that carry a

D( &)= cos¢ —sing similar flux. When lifting these planes to M theol@, be-
(d)= sing  cos¢)/’ ®)  comes a component of the metric. In particular, it can be

demonstrated that th©4 and OO0 lift to M theory on
The holonomies can then be expressed in a relatively coni23,24,19
pact way as

0= (AGB®C)*® (D(by) ®A)D (D(h)®A)  (9) R¥IX (R®x SYY/7, and RO (ROxSY/7Z,.

Q,=(BaA®A)*@(D(¢,)®C)®(D(1),)®C) Here theZ, acts as a shift o8* and as a reflection oR". In
(100 full analogy, anO8 with nontrivial C; charge should lift to
M theory on

Qz=diag1*%(— 1))@ (D(¢3)*)® (D(43)%)

R&IX (RYx SYY/7Z,.
Q,=diag1°,(-1)%1%(-1)%) @ (D(¢s)?
® (D (1)?). (12 But in that case, this object is already known, as this descrip-

tion applies(locally) to M theory on a Klein bottl¢28], and
The notation with superscripts indicates that the correspondn & Mius strip. Such a®8-plane would carry D8 brane
ing arguments have to be repeated. The argumgnémdy; ~ charge 0.
are the coordinates of the 2 pairs of D-branes on the orien- A third (more speculative example is provided by
tifold, suitably normalized. The reader may verify tay ~ Cs-flux for O6 planes. I{14], M theory on a K3 with back-
and(), anticommute, that all other combinations of holono-9round 3-form fluxes was considered. For a backgrotind
mies commute, and that the eigenvalues of the holonomie4glued 3-form flux, one needs an even number of fra2gn
coincide with the ones given for the hetero8pin(32)/Z,  Singularities. If one could split of a circular fiber, in such a
with a quadruple without vector structure as giverim], way that pairs OfD4 singularities are located in the same

translated to the vector representationSgfin(32). fiber, then presumably the theory can be reduced to a type
I1A theory, with a 3-form flux background. Comparing vari-

ous charges, the fiber with tw, singularities reduces to an
object with D6 brane charge 12, and a nontrivial 3-form
At least naively, the reasoning that leads to consideringharge. Lifting a single object in type IIA theory to two
the possibility for non-trivial discrete NS 2-form and RR singularities may seem unusual, but the reader may wish to
4-form backgrounds in the type | string seems to suggest stifompare with the case of tf@6~ with 4 D6-branes on top,
more possibilities for discrete moduli. One may also studythat lifts to twoA; singularities.
type | theory on a sufficiently large torus, with nontrivial ~ There seems to be a pattern consistin@@fplanes, with
backgrounds for the RR 8-form and the NS 6-form. After Dp brane charge 162°~ %, and RR (9- p)-form charge. Is
applying T dualities, this presumably leads to the additionalit possible to have ar©9 plane with these charges? For
variants for orientifold lines and points considered[i®]  several reasons, this is problematic. First of all, such an
(compactifications with nontrivial NS 6-form background are O9-plane could be used to construct a new 10 dimensional
currently under study27]). open string theory with a rank 8 gauge group, but this theory
In view of the above it is natural to ask whether one canis not known. Second, this theory would appdaia M
turn on a background for the RR-scalar. Affedualities this  theory on the Mbius strip to be a 10 dimensional limit of
would lead to RRp-form charges foO(9—p) planes. These the CHL-string, but various argumentsee e.g[26]) indi-
charges do not appear [19]. This is because such fluxes cate that such a limit does not exist. This suggests that the

V. OTHER MODULI ?
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discreteC, flux can only be defined on a manifold with heterotic description, while the type | description relies on
compact directions. It would be interesting to investigate thisnonperturbative input in the form of certain solitons and in-
possibility further. stantong1,2]. In some sense, the situation gets worse if one
A serious drawback of the previous considerations is thatompactifies. The heterotic description, due to Naf&it,
we more or less “define” variants of orientifold planes by treats Kaluza-Klein bosons and “10-dimensional” gauge
projections from nonperturbative descriptiofisype 1B bosons democratically. In fact, what one considers to be “10-
SL(2,7) duality, M theory. This is opposite to common dimensional” fields depends on ones point of view, compac-
practice, where the perturbative objects are well defined, antification of the either the heteroticEgXEg or the
one tries to deduce the description in the strong-couplingpin(32)/Z, string can lead to the same thedi2]. The
regime. To some extent, the question is whether these varsame is true for some asymmetric orbifolds of the heterotic
ants of orientifold planegsand the ones introduced [19]) string, which can be interpreted as either heterotic theory
are really sensible as string theory objects, or whether thewith a specific bundl¢33,7,14. On the contrary, the pertur-
only start to make sense in a more complete, nonperturbativieative type | descriptioiand dual type Il orientifoldskeeps

description of string theory. a set of 10-dimensional gauge fields manifest, part of the
gauge symmetry is encoded in nonperturbative objects, and
VI. DISCUSSION AND CONCLUSIONS Kaluza-Klein gauge symmetries are not manifest at all. Yet,

o translating to the heterotic side, a generic asymmetric orbi-

We have demonstrated that type | compactifications on goq would mix all of these gauge bosons. It is clear that on
4-torus W|th a nontrivial RR 4-form background field lead t0 {he type | side this would lead to a very messy description,
theories with gauge groups of reduced rank. The RR 4-formyyjess one can find a part of the moduli space where pertur-
was shown to be correlated with compactifications withpative gauge fields, non-perturbative solitons and Kaluza-
“nontrivial quadruples” of holonomies. It is not known at Kjein bosons do not mix. The analysis of symmetries that
present whether there exists a cha_lracterization of the§§an be realized o8 pin(32) bundled10-17 (see alsd14]
bundles that extends to other 4 manifolds. For example, ifor an overview suggest that only asymmetric orbifolds that
would be very interesting to cqmpactlfy type | theories on ;g 7, and 7, symmetries can be candidates for such
K3, or a Calabi-Yau manifold with 4-cycles, and turn on the «sjmp|e” descriptions. In such cases it should also be pos-
discrete 4-form background, but at present we have no clugipje to extend the symmetries to the nonperturbative excita-
how to describe such compactifications. tions of the theories, as sketched in the appendiX3di.

In one of theT-dual models, théD5" makes a natural Note that we are not claiming that other asymmetric orbi-
appearance. The existence of this plane was deduced befofglds cannot be realised as type | compactifications; such a
from an analysis of possible discrete charges, but it has naflaim would contradict heterotic-type | duality. Nevertheless,
appeared thus far in an explicit model. This particular modethe tension between the manifest symmetries in the type |
on T4/7,, with 4 O5° and 1205 planes is related by description, and the symmetry one needs for the orbifold
dualities to aZ, asymmetric orbifold of the heterotic string severely complicates the construction.

[14]. There is much known about compactifications of the In another type | model we found that supersymmetry was
heterotic string with maximal supersymmetry but gaugebroken, even though we compactified on a torus with back-
groups with reduced rank gaug29,25,3Q. It is even pos- ground fields without field strength. This is related to the
sible to reduce the rank to zero, eliminating even the Kaluzasubtle correlations between background fluxes and D-brane
Klein bosons, such that the resulting low-enerty=4  charges, and deserves further analysis. A K-theory analysis
theory contains no vector multiplets at #29]. Heterotic ~ might shed some light here.

theories with reduced rank can be constructed by fixed point We briefly discussed some aspects of variants of orienti-
free asymmetric orbifolds of the heterotic string, and manyfold planes, in particulaO p-planes withCq_, charge. The
group actions are possibJ80]. In contrast, only those con- fact that it appears to be much easier to define these objects
structions that result from group actions that are products ofrom M theory or usingS dualities in type 1IB theory, war-

7, factors had been explored for the dual type | stfiig In ~ rants the question whether they are really well defined in
this paper, and if14] it was demonstrated that also tlg  perturbative string theory. Instead it does not seem unlikely
asymmetric orbifold 0f30] has a dual description as type | that only a nonperturbative description reveals all the prop-
on a 4-torus with a special bundle. The reader may wondegrties of these planes.

whether also asymmetric orbifolds of the heterotic string

wit_h other groups can be realized as type | compactifipations. ACKNOWLEDGMENTS
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