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Abstract

We study total and partial supersymmetry breaking by freely acting orbifolds, or
equivalently by Scherk-Schwarz compactifications, in type I string theory. In par-
ticular, we describe a four-dimensional chiral compactification with spontaneously
broken N = 1 supersymmetry, some models with partial N = 4 — N = 2 and
N =4 — N =1 supersymmetry breaking and their heterotic and M-theory duals. A
generic feature of these models is that in the gravitational sector and in the spectrum
of D-branes parallel to the breaking coordinate, all mass splittings are proportional
to the compactification scale, while global (extended) supersymmetry remains unbro-
ken at tree level for the massless excitations of D-branes transverse to the breaking

direction.
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1. Introduction

In a recent paper [l] we started a systematic investigation of type I string vacua where
supersymmetry is spontaneously broken by the compactification [|. Aside from their clear
potential interest for phenomenology, the resulting models are additional examples of the
link between closed and open models [f-[]. They may be constructed in a systematic
fashion associating suitable D-brane (open string) sectors to projected bulk (closed string)
models where supersymmetry breaking is induced by a Scherk-Schwarz (SS) deformation
[@-[LT]. In Field Theory, the SS mechanism is realized if all fields are periodic along a
compactified direction only up to discrete R-symmetry transformations. In String Theory,
the resulting constructions are equivalent to the freely acting orbifolds discussed in [[J],

where the discrete symmetry is combined with a shift § along the compact direction.

In the simplest case of toroidal compactification, the shift § is a fraction of a lattice
vector determined by the order of the discrete symmetry (e.g. N§ = 1 for Zy). For closed
strings, there are two distinct choices for the shift, depending on whether it acts identically
or oppositely on left and right movers, that are related by T-duality transformations (R —
1/R for a circle of radius R)f. The SS deformation is then recovered multiplying (or
dividing) the radius R by N, and amounts to shifting the momenta (or the windings) of
all states according to their R-charges. In the following we will refer to these two cases as
momentum and winding shifts. The two choices lead to very different open string spectra
[M. Consider, for instance, a D-brane parallel to the direction used for supersymmetry
breaking. With momentum shifts, all mass splittings are proportional to 1/R, with R
the compactification radius, and to the discrete charges, as in the closed string sector.

Supersymmetry is then restored only in the large radius limit. On the other hand, with

IPrevious work on supersymmetry breaking in open strings is described in [E]
2We consider only the case of light-like Narain vectors, that lead to symmetry restoration in the large

(or small) radius limit.
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winding shifts all mass splittings vanish for the massless excitations of the D-brane, while
supersymmetry is restored in the small radius limit. The physical reason for this result can
be better appreciated in the T-dual (type I’) picture. In this case, the D-brane is orthogonal
to the direction of supersymmetry breaking, that again disappears in the decompactification
limit. Therefore, it is naturally insensitive to the breaking of supersymmetry, as long as
one does not consider the modes, much heavier than the string scale, that wrap around the
compact space. On the other hand, when these modes are excited, the D-brane does feel

the breaking, since it effectively extends into the compact space.

This phenomenon is apparently a generic feature of type I compactifications. Therefore,
it is instructive to relate these models to heterotic compactifications using string dualities
[[3, [4]. This is possible since adiabatic arguments [[J] justify the use of duality transfor-
mations for freely acting orbifolds. Momentum shifts in D9 branes may then be related to
ordinary SS compactifications of the weakly coupled SO(32) heterotic string. On the other
hand, winding shifts may be related to SS deformations involving the eleventh dimension

of M-theory, a non perturbative phenomenon in the Eg X Fg heterotic string [, [[q].

In this work we explore further this line of investigation. We thus present a first instance
of a four dimensional (4d) N = 1 chiral model with D9 and D5 branes, where supersym-
metry breaking is induced by a SS deformation based on a Z; symmetry, the spacetime
fermion parity (—1)f. Our starting point is the six-dimensional supersymmetric model of
[, [7], deformed as in [, but here we couple the spacetime fermion parity to the winding
modes, in order to make the connection with M-theory more transparent. With this choice,

the massless states related to the D9 brane are not affected at tree level.

In a T-dual type-I' picture, where the D9 and D5 branes have turned into D8 and
D6 branes, supersymmetry is restored in the large radius limit. Actually, this mechanism
can be realized only if the 8-branes are equally distributed among the two fixed points

of the corresponding orientifold, so that the D8 gauge group becomes a direct product of
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two identical (chiral) factors with no direct communication at the massless level. This is
similar to the type I’ situation in 9 dimensions, where one can take the large radius limit
at weak string coupling only if the branes are evenly distributed, so that the gauge group
is SO(16) x SO(16) [[J]. This limit then corresponds to the decompactification of the 11th
dimension of M-theory, once the two sets of D8 branes are associated with the two 10d
walls containing the two Ejg factors [[[4]. In the type I string, the problem manifests itself
as a tadpole generated by the collapse of superheavy winding states that propagate in the
transverse channel and become massless in the small radius limit. It is remarkable that
these tadpole cancellations single out uniquely the M-theory setup [[].

A peculiarity of our chiral models with supersymmetry breaking induced by (—1) is

a relative chirality flip, after the SS deformation, between pairs of gauge group factors
for branes perpendicular to the breaking direction and located at different fixed points of
the orientifold. This phenomenon was already observed in 6 dimensions [I]], and is clearly
induced by the modified projection of the closed sector. However, we do not have a simple

geometrical picture for it, and we are not sure whether it occurs in all similar constructions.

As a second step, we study the effects of SS deformations induced by ordinary R-
symmetries, rather than by the fermion parity (—1)¥. These R-symmetries are discrete
remnants of internal rotations in the 6d compact space and, as explained above, the re-
sulting deformations are equivalent to freely acting orbifolds where internal rotations are
combined with shifts [[1]. Unlike the case of (—1)!", R-symmetries can break only part
of the supersymmetries, typically one half of them, thus yielding examples with partial
supersymmetry breaking. In this paper we work out some explicit examples of N = 4
type I string compactifications with partial supersymmetry breaking to N =2 or N =1,
using Zs shifts. Again, we find two distinct options, corresponding to momentum or wind-
ing shifts, with D-branes parallel or orthogonal to the breaking direction, and extended

supersymmetry partly broken or unbroken for the massless excitations.
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This paper is organized as follows. In Section 2 we review briefly the 6d chiral model
of ref. [[] and present an N = 1 reduction to 4 dimensions, obtained by a Zg orbifold
compactification with SS supersymmetry breaking induced by (—1)¥. In Section 3 we
present the simplest example of partial supersymmetry breaking in 5 dimensions, using a
Zy freely acting orbifold that twists four internal coordinates and shifts the fifth one. We
first review the parent type II string model, that breaks partially N = 8 to N = 4, and
then derive its open descendants, where the partial breaking is from N =4 to N = 2, in
the two cases of momentum (Section 4) and winding (Section 5) shifts.f] In Section 6 we
describe a 4d type I model where N = 4 supersymmetry is partially broken to N = 1 using
a Zy X Zsy freely acting orbifold with three different momentum shifts. Finally, Section 7
contains our conclusions. Throughout the paper we use the same conventions as in [I.
Thus, o = 2, and for later use we also define (with 7 the Dedekind function)

Bt g)’

n(r)

1(m+a)?
(m50) i .

Zimta(T) = ——=—, Zn(T) = (1.1)

while, in relating the direct and transverse channels, we shall use repeatedly the Poisson

transformation

| 1 | e
) 622”mem+a(_;) =R e 2N e gy (7)) (1.2)

m n

2. A chiral four-dimensional model with N =1 — N = 0 breaking

In this Section, using the results of [[l], we construct a chiral 4d model with sponta-
neously broken N = 1 supersymmetry, where a portion of the massless spectrum, that after
a suitable T-duality may be associated to D9-branes, is still (globally) supersymmetric. The
starting point is the 6d N = 1 T*/Z, type I orbifold of [{, [4] with all five-branes at the

same fixed point, a single 6d tensor multiplet, and a gauge group U(16)9 x U(16)5. The

3Here we are counting the number of supersymmetries in terms of 4d Weyl spinors.



—6—

open string sector then contains vector multiplets and hypermultiplets in the representa-
tions (120+120,1), (1,120+120) of the gauge group from the 99 and 55 sectors, and one
hypermultiplet in the representation (16, 16) from the 59 sector. Turning on a Wilson line,
one can break the D9 gauge group U(16)g to U(8)9 x U(8)y. Then, after a T-duality turning
D9 branes into D8 branes and D5 branes into D6 branes, one can interpret the resulting
model as M-theory compactified on T* x S1/(Zy x Z,). In addition to the N = 2 vector
multiplets, corresponding to the representations (64,1,1)z + (1,64,1)z + (1,1,256)p of
the gauge group U(8)s x U(8)y x U(16)g, the resulting massless spectrum contains the

hypermultiplets

66  :(1,1,120), + (1,1,120), ,

88,8'8 :(28,1,1), + (28,1,1), + (1,28,1), + (1,28,1);,,
86,86 :(8,1,16), + (1,8,16), . (2.1)

Actually, all ND (Neumann-Dirichlet) representations occur as half-multiplets with pairs of
conjugate assignments, equivalent after charge conjugation to conventional hypermultiplets.
Thus, for instance, the hypermultiplet assigned to the representation (8,1,16); actually
appears in the open spectrum as a pair of half-hypermultiplets associated to the conjugate

pair (8,1,16); + (8,1,16);.

As shown in [[, starting from the supersymmetric U(16)9 x U(16)5 model, one can
break 6d supersymmetry completely in a soft fashion by a Scherk-Schwarz deformation
along the direction that was T-dualized above (parallel to the D6 branes and transverse
to the D8 branes). This is induced by the operator (—1)¥ acting on the lattice states,
or equivalently by a 2m-rotation in a plane defined by one compact and one non-compact
coordinate. Before T-duality, the winding modes are shifted by this operation, while the
momentum modes are unaffected. The corresponding world-sheet current anticommutes
with the orbifold projection, as required for the consistency of the construction [§, [0]. As

in the supersymmetric case, the factorization properties of the amplitudes and the tadpole
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conditions uniquely determine the gauge group U(8)s x U(8)s x U(16)g, identical to that of
the supersymmetric model. The two D8-brane factors live at two different fixed points of the
orientifold, and their world-volumes are orthogonal to the compact coordinate responsible

for the breaking. The corresponding massless matter content is

66 :[(1,1,256) + (1,1,120) + (1,1,120)]

spin 0 ’
88  :(64,1,1)p+ (28,1,1); + (28,1,1); ,
88 :(1,64,1); + (1,28,1)z + (1,28,1)5 ,
86,86 :(8,1,16); + (1,8,16)z , (2.2)

where the massless 66 states are only scalars and the subscripts indicate the 6d chirality
of the fermions. Notice that the D6 branes, parallel to the direction of supersymmetry
breaking, feel its effects at tree level, while all massless sectors related to the D8 and
D8’ branes are supersymmetric. It should be appreciated that the 6d chirality of the
fermion sectors related to the D8 branes (88 and 86 sectors) is flipped with respect to
the supersymmetric case, while all fermions related to the D8 branes (88 and 86 sectors)
have the same chirality as in the supersymmetric case. This model could also be regarded
as a compactification of M-theory on S x T*/(Zy x Z,), where each U(8) factor would
originate from the breaking of an Eg gauge group, while z9(= X') would be interpreted as
the eleventh dimension [f]]. However, in addition to the gravitational sector, the zg-bulk
contains the D6 brane sector with a gauge group U(16). From the M-theory viewpoint,
this (bulk) gauge group has a nonperturbative origin, related to the M5 brane wrapped

around the compact space.

Consider now a similar Scherk-Schwarz deformation of the supersymmetric 4d N = 1
type I vacuum obtained from the type-IIB string compactified on Z§ = Z, x Z3, where the

orbifold action on the three complex internal planes is generated by

Zo= (1, =1, =1), Zy= (/3 7 2/3 1), (2.3)
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We can introduce a (—1)F deformation acting as a 27 rotation on one of the coordinates
of the third complex plane and on one of the non-compact coordinates. This deforma-
tion is compatible with both orbifold operations and induces the spontaneous breaking of
supersymmetry from N = 1 to N = 0. Since the Z3 orbifold does not give rise to addi-
tional branes, the open string spectrum may be simply deduced by a Z3 projection of the

spectrum in eq. (7).

In order to gain a better understanding of the breaking pattern, we begin by recalling
some features of the supersymmetric Z; model. This contains 32 D9 branes and 32 D5
branes, that we can initially place at the origin [[[§]. The Zy orbifold inverts half of the
Chan-Paton charges both for D9 and for D5 branes. Thus, for instance, the N charges

associated to D9-branes are projected according to
n+n—iln—n) . (2.4)

Combining the Z, orbifold with the Z3 projection

27 2mi

n— ng+ e3ni+e 3ny y (25)

then leads to a model with N=1 supersymmetry, a gauge group [U(4) x U(4) x U(8)]y X

[U(4) x U(4) x U(8)]5, and chiral matter in the representations

99 or 55 : (4,4,1)+ (4,4,1) + (4,4,1) +(6,1,1) + (1,6,1) +
(1,1,28) + (1,1,28) + (1,4,8) + (4,1,8) + (4,1,8) + (1,4,8) ,
59 ¢ (1,4,1;1,4,1)+(4,1,1;1,1,8) + (1,1,8,4,1,1) +
(4,1,1;4,1,1) + (1,4,1;1,1,8) + (1,1,8;1,4,1) . (2.6)
In analogy with the 6d model, we can relate this spectrum to an M-theory compactification

on S x T®/(Zy x Z{), turning on the same Wilson line breaking of the D9 gauge group
U(4) x U(4) x U(8) to [U(2) x U(2) x U(4)]* and then performing a T-duality to the type
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I’ description. The resulting open spectrum can be obtained by the Zs truncation (B.9)
of the 6d spectrum (B.T), and thus contains the following N = 1 massless chiral matter

multiplets (in a self-explanatory shorthand notation):

66 : (4,4,1)+ (4,4,1)+ (4,4,1)+(6,1,1) + (1,6,1) +

(1,1,28) + (1,1,28) + (1,4,8) + (4,1,8) + (4,1,8) + (1,4,8) ,

88 or 88" : (2,2,1)+(2,2,1)+(2,2,1)+(2,1,4) + (2,1,4) +
(1,2,4) + (1,2,4) + (1,1,6) + (1,1,6) + (1,1,1) + (1,1,1) ,

86 or 86 : (1,2,1;1,4,1)+(1,1,4:4,1,1)+(2,1,1;1,1,8) +

(2,1,1;4,1,1) +(1,1,4:1,4,1) + (1,2,1;1,1,8) , (2.7)

where by convention, all the 4d fermions displayed above are left-handed, and “barred”

representations have U(1) charges opposite to those of “unbarred” ones.

The open spectrum of the deformed, non-supersymmetric Z model, can similarly be
obtained from the 6d spectrum of eq. (B.3) by the Z3 truncation (B.5). In M-theory
language, where x9(= X)) would be interpreted as the eleventh dimension, the identical D8
and D8’ groups [U(2) xU(2) xU(4)], of the Pati-Salam type, would result from the breaking
of the two FEjy factors. However, as in the supersymmetric case, the zg-bulk contains both
the gravitational sector and the D6 brane sector, with a gauge group U(4) x U(4) x U(8).
From the M-theory viewpoint, this gauge group is of non-perturbative origin, and results
from the wrapping of the M5 brane around the compact space. Since this group lives in
the bulk, it feels at tree-level the breaking of supersymmetry along the eleventh dimension.
Therefore, in the D6 brane sector all fermions become massive at tree level and, in addition
to the U(4) x U(4) x U(8) gauge bosons, the massless spectrum contains only complex

scalars in the representations

66 : (4,4,1)+ (4,4,1)+ (4,4,1)+(6,1,1)+ (1,6,1) +
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(1,1,28) + (1,1,28) + (1,4,8) + (4,1,8) + (4,1,8) + (1,4, 8) .

(2.8)

On the other hand, the massless spectra of the D8 and D8’ branes, both transverse to
Tg, are supersymmetric. In addition to the N = 1 gauge multiplets, the D8 brane sector

contains the massless chiral representations

88 : (2,2,1)+(2,2,1)+(2,2,1)+(2,1,4) +(2,1,4) +

(1,2,4)+(1,2,4) +(1,1,6) +(1,1,6) + (1,1,1) + (1,1,1).. (2.9)

The massless spectrum of the D8’ gauge factor contains the corresponding conjugate repre-
sentations, a phenomenon that can be traced to the chirality change in the parent 6d model.

There are no 88" massless representations mixing the two “boundary” gauge factors.

The mixed 86 and 8’6 sectors, also supersymmetric at tree level, contain the massless

representations

8 : (1,2,1;1,1,1;1,4,1)+(1,1,4;1,1,1;4,1,1)+(2,1,1;1,1,1;1,1,8) +

(2,1,1;1,1,1;4,1,1) +(1,1,4;1,1,1;1,4,1) + (1,2,1;1,1,1;1,1,8),

86 : (1,1,1;1,2,1;1,4,1)+(1,1,1;1,1,4;4,1,1)+(1,1,1;2,1,1;1,1,8) +

(1,1,1;2,1,1;4,1,1) +(1,1,1;1,1,4;1,4,1) +(1,1,1;1,2,1;1,1,8),(2.10)

where the labels refer to the nine factors of the gauge group [U(2) x U(2) x U(4)]s x
[U(2) x U(2) x U(4)]s x [U(4) x U(4) x U(8)]s. Notice again the change of chirality
(or complex conjugation) in the representations of the D8’ gauge group compared to the
supersymmetric case (R.7). Of course, one can interchange the roles of D9 and D5 branes in
this model simply coupling (in type-I language) the supersymmetry breaking deformation

to the momentum modes of X, rather than to the winding modes.
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3. N =4— N =2 supersymmetry breaking in the closed sector

In [] and in the previous Section we have considered a Scherk-Schwarz deformation
along a compact coordinate X induced by the fermion parity (—1). As we have seen,
this breaks supersymmetry completely in the closed sector and in the open sectors that
correspond to D-branes parallel to the coordinate X. In this Section we consider the
effects of other (discrete) symmetries, such as ordinary R-symmetries, that correspond to
global rotations in the 6d internal space. As we shall see, in general these deformations
result in partial breakings of supersymmetry. For heterotic and type II strings, models
of this type were first constructed by Kiritsis and Kounnas [[I]], who also showed their
equivalent interpretation as freely-acting orbifolds [[J]. Their results are our starting point

for the construction of open descendants.

For pedagogical reasons, we begin our study from 5d compactifications. These provide
the simplest examples of partial supersymmetry breaking from N = 2 to N =1 in 5d, or
equivalently, after an additional circle reduction to four dimensions, from N =4 to N = 2.
We thus consider the type IIB string compactified on a five-torus 7% x S* and couple the
momenta or the windings along the S! coordinate x5 to the charges of a discrete symmetry
associated to a current J, that induce a simultaneous 7 rotation on the two complex internal
planes X3 = xg + ix7 and X, = x5 + ixg and on their world-sheet fermionic superpartners
W3 = 1) + 1p7 and Wy = 1hg + it)g. Alternatively, under this rotation all four bosonic and
fermionic coordinates of T*, g, . . ., 9 and 1, . . . , 19, change sign. Denoting by |s1s05354 >
the spacetime fermions, with s;(= 41/2) the external (s1, $2) and internal (s3, s4) helicities
with respect to the SO(2)* decomposition of the 10d SO(8) little group, one can represent
the action of the deformation on massless states as exp(im § J) = explim(s3+s4)]. Obviously,
this does not affect the massless gravitini with s3 = —s4, and therefore breaks only half of
the supersymmetries. Taking into account the €2 projection for type I descendants, after

an additional circle reduction to 4d this describes a partial breaking from N =4 to N = 2.
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With a momentum shift, in the zero-winding sector the SS deformation reduces to the

field-theoretic boundary conditions for higher dimensional fields &:
®(z5+2rR) = Ud(zs) ; U=e"$7 (U2=1). (3.1)

In the rest of the closed spectrum, the SS deformation is then uniquely determined by

modular invariance, and the torus partition function reads [[LT]

52 (a) ; (a—N/Q) ; (a+N/2) 2

: Aatbia b b+ M/2 b— M/2
TZTN:MLJ\%V a,b§1/2(_1)( - 69 1/2 - N/2 0 1/2+ N/2 D (32)
K (1/2+M/2) (1/2—M/2)

where Ty—, is the supersymmetric type IIB torus partition function on 7% x S!, and Z NN
with M the Poisson resummed momentum, is the S* lattice sum for the circle coordinate
X (= z5) coupled to the J-charges. In addition, the ’s are Jacobi theta-functions depending
on the modular parameter 7 of the world-sheet torus and the “primed” sum over (M, N)
in the second term in (B-3) does not contain the (even, even) part. After the redefinitions
N =2n+k and M = 2 + [ with [,k = 0,1, one finds (omitting the contribution of the

transverse bosons)

1
T= §{|Qo + QV|2A4,4Z2m,2n + Qo — Qv|2|[4[4 - V4V21|2322m+1,2n

+|Qs + QC|2|QS + QC|2BZ2m,2n+1 +1Qs — QC‘2|QS — QC|2BZ2m+1,2n+1} ., (3.3)

where Ay 4 is the lattice sum for 7% and, following [f], we have introduced the convenient

notation
Qo = Valy — CyCy Qv = 14Vy — S4Sy
Qs = 1,Cy — Saly Qo =ViSy — CyVy . (3.4)

I, Vyu, Sy, C,, denote the standard SO(2n) level-one characters, corresponding to the con-

jugacy classes of the identity, the vector and the two chiral spinors, while the subscript B



-13—

refers to the compact bosonic modes, fermionized according to

2 202 2 202
n 026 n_ 630
49—% = % = (Ily = ViVy)s 49—2 = % =(Qs+Qc)s ,
2 9292
477_2 = 22 =(Qs—Qo)s - (3-5)
03 n

After a Poisson resummation in 1m, one can recast eq. (B-J) in the formfj

1
T = 5{|QO+QV|2A4,4(Zm,2n+Zm+%,2n)+|QO_QV|2|[4]4_‘/;1‘/4|2B(Zm72n_zm+%,2n)
+1Qs + Qcl?|Qs + Qc|B(Zimant1 + Zrmi L ant1)

+|Qs — Qc*|Qs — Qc|H(Zmans1 — Zmitons1)} - (3.6)

As discussed in [[)], after halving the radius R to R/2 this can be reinterpreted as the
partition function of a freely-acting orbifold. As can be seen from eq. (B]]), in this case the
relevant orbifold is I1B/(—1)"Z, where (—1)™ denotes the order-two shift x5 — x5 + 7R
and Z denotes the inversion of the four internal coordinates, Zzg g = —g,. 9. Our notation
is particularly convenient, since Z has a very simple action on the basis (B4): it inverts Qv

and Q¢ and leaves Qo and Qs unaffected. The resulting form of the torus amplitude,

1
T = §{|QO + QV|2A4,4Zm,n +1Qo — QV|2|I4[4 - V4V4|23(—1)mZm,n

+ Qs + Qcl’|Qs + QclZy i1 +1Qs — Qcl’lQs — Qelp(=1)"Z, 11}, (37)

will be the starting point for the construction of the Scherk-Schwarz breaking model in the

next Section.

Alternatively, one can couple the J-charges to the winding modes of X. The corre-
sponding torus amplitude, simply obtained interchanging m and n in (B-6) and (B-7), will

be our starting point for the construction of the M-theory breaking model in Section 5.

4From now on we omit the contribution of the transverse space-time bosons.
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4. N =4 — N =2 Scherk-Schwarz breaking

Using (B.1) and the standard methods of [{, @, B], one can obtain the direct-channel

Klein bottle amplitude
K = 1(Qo+ Qu)(PHIV) Zos + (PTW) Zan] = 1 (Q0 + Qu)[PZon + W(-1)"Zu] | (41)

where P and W denote the momentum and winding sums for 7% and Z,, denotes the
momentum sum along X. Notice that, in the Klein bottle, the orbifold projection acts
effectively as (—1)™. In the three relevant amplitudes (Klein bottle, annulus and Mobius-
strip), the relations between the direct-channel parameter ¢ and the transverse-channel

parameter [ are

1
T Nk , 21‘:]{’
A ce=ta 22
9 ta
ity 1 1
M =ML = — 4.9
T oo 2tus (4.2)

The direct and transverse Klein-bottle and annulus amplitudes are thus related by an
S transformation while, in a real basis of “hatted” characters, for the Mdobius strip the
corresponding transformation is effected by the sequence P = T'2ST2ST'/? [f]. Here,
as usual, S denotes the modular inversion, 7 — —1/7, while T" denotes the modular shift

T— 7+ 1.

The transverse-channel Klein bottle amplitude is then

25 ~ Pe -
= ZR(QO + Qv)[vW* 2y, + U_4Z2n+1] : (4.3)

K
with P¢ (IW¢) the even momentum (winding) sums for the T lattice and vy the T volume.

Since the only massless tadpole contribution in K is proportional to v4, one can anticipate

that the open spectrum will contain only D9 branes.
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;From (B.7) one can also read the transverse-channel annulus amplitude. Introducing

the minimum number of independent reflection coefficients «, (3,7, 9,

~ -5 7
A = ZIR{@Qo+ Qu)latuW + #°2) 4 208(Qo - @)Lk - ViVi)slZ,

Uy

+ [V +6)(Qs +Qc)(Qs + Qc)p +270(Qs — Qo) (Qs — QC)B]ZTH_%} . (44)

In the direct-channel amplitude corresponding to (f.4), o and ~ are related to Neumann
(N) charges, while § and § are related to Dirichlet (D) charges. Thus the cross terms,

proportional to a3 and ¢, determine the ND sector of the model.

A basic test of the consistency of these amplitudes is obtained from the terms at the
origin of the T lattice, whose reflection coefficients are to arrange in perfect squares. In
the following three equations, for notational simplicity we omit the B subscript for the

contributions of the internal bosons. Then,

~ 5 it ~
Ko = %R[(Qohh + QuViVa) + (QoVaVi + Qv Iay)|(va Zan + iZan) (4.5)
and
Ay = 2—_5R[(QOI4I4+QVVZLVZL)(\/U7406+i)22n+ (QoVaVi+QvIsly)(/vsa— i)2Zn]
4 Vi VU

(4.6)
The geometric mean of the characters common to K'o and flo determines the transverse-

channel Mébius amplitude at the origin of the 7% lattice,

(Vo 22 Za ) (Qolils + Oy ViV:)

) R B s 1
My = —S{lvVu(Vome + —=)Zm + —= VUi

%)Z _ ﬁ:(@“ _ %)Zznﬂ](@om O}, (A7)

where in the “hatted” characters, defined as in [[], the argument is shifted by 1/2, consis-

+ [Voa(Vaa -

tently with eq. (.2) [, B]. (From the contributions at the origin, one can deduce the full

transverse-channel Mobius amplitude:

- R . X B pe . X . B B
M= D) [(Qo + Qv) (v W Zy, + /6_1) Zont+1) + (Qo — Qv)(Laly — ViVa) g(BZon + aZopi1)] -
4

(4.8)
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Combining eqgs. (£.3), (£4) and (E.§), one can then derive the tadpole conditions for «
and [,
a=32 , =0 . (4.9)

Thus 6, the orbifold breaking of 3, must also vanish, and one is led to the parametrization
a=n;+n, =232 |, y=n;—ny (4.10)

in terms of which, after doubling the radius to return to the original Scherk-Schwarz basis

(B-6), the open string amplitudes aref]

2 2
A— W(QO+QV)PZWL + W(Qo—Qv)(f4f4—V4V4)B(—1)mZm ,
M:—@{@ﬁ@v)pzm@o—@V><f4f4—m>3<—1>m N (4.11)

The resulting model has N = 2 supersymmetry in 4d and a gauge group SO(n;) x SO(ny)
originating from D9 branes. This is manifestly a Scherk-Schwarz deformation of the N =4
supersymmetric 6d type I model with a Wilson line that breaks the SO(32) gauge group
of the D9 branes to SO(n;) x SO(ny), in analogy with the first model described in [I].
For instance, at the origin of the T lattice, all integer (2m) momentum levels contain the
adjoint vector multiplets and one hypermultiplet in the representation (ng,ns), while all
half-integer momentum levels contain one vector multiplet in the (nj,ns) representation
and hypermultiplets in the adjoint representations (nj(n; —1)/2,1) + (1, n2(ns — 1)/2).
The particular choice no = 0 corresponds to a trivial Wilson line, and thus to the unbroken
SO(32) D9 gauge group. As expected, N = 4 supersymmetry is recovered in the R — oo

limit, without any additional constraints on the models.

SWith our convention o/ = 2, in the direct channel annulus and Mé&bius amplitudes Zs,, describes

integer momentum levels, while Zs,,41 describes half-integer momentum levels.
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5. N =4 — N =2 M-theory breaking

In this case the starting point is
1
T = §{|QO + QvI*PAs4Zmn + |Qo — Qv 1als — VaVi|(—=1)" Zp
+ Qs + Qcl’|Qs + Qcl5Zmy 1.0 +1Qs — Qel’|Qs — Qelp(=1)"Zi1 )+ (5.1)

with the understanding that the Scherk-Schwarz (M-theory) basis is obtained after halving
the radius. Following the same steps as in the first model, one finds the direct channel

Klein-bottle amplitude

K= i[(@o +Qu)(P+W)Zy +2Qs + Qo) (Qs + Q0)pZp41] (5.2)

and, after an S-transformation, the transverse-channel amplitude

2 Rl(Qo + Q) (W + 25 2o+ 2(Q0 — Qv) (Ll = ViVi)s(—1)"Zan]  (5.3)

K=z
4 V4

where the superscript e identifies the even terms in the T lattice sums. ;From the massless
1/v4 tadpole in K, one may anticipate the existence of one set of D5 branes, in addition to

the D9 branes related to the tadpole contribution proportional to v,.

Starting from (B.1), one can then find the transverse annulus amplitude. Introducing

the minimum required number of Chan-Paton charges (aq, g, 31, 32) in a convenient way,

. -5 -
A= QTR{[(QO + Qv) (W, + /3122) + 201 61(Qo — Qv)(Lals — ViVi) B Zun
+ [(Qo + Qv)(caWuy + 52251) —20532(Qo — Qv)(Laly — V;l‘/;l)B]Z4n+2} . (5.4)

As usual, the origin of the T% lattice allows one to identify the Mobius amplitude. In
the following three equations, we omit again the B subscript for the contributions of the

internal bosons. The geometric mean of the coefficients of the characters common to

~ 5 7
Ro= L R{Qo T+ QuVV(VIT-+ —= ) + (QoViVirt Q) (i = =)'V

T [(QoLlys + QuVaVa) (it — %)24-(@0‘/21‘/21 QL) (/i + %)2124%2}(5.5)

Uy Uy
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and

~ _5 7
Ag= QTR{[(QOI4]4+QVVZLVZL)(@1\/U74+\//6—;—4)2+(QOV4V4+QV[4[4)(O‘1\/U__ %)Q]ZM

+[(QOI4I4+QVV4V4)(C¥2\/@—%)2+(QOV4V4+Q\/]4[4)(042\/2744-%)2]24%2} (5.6)

determines in the transverse Mobius amplitude the contributions at the origin of the T

lattice:

8 R o on  a s . Z
My = —5{(QOI4]4+QVV4V4)[(041U4+f—i+a1+51)Z4n+(04204+f_i_/62_0‘2)24"”]

+ (QO‘ZLXZL+QV[A4IA4)[(CV1U4+ f—i_al_ﬁl)24n+(a2v4 + f—i + oy + 52)Z4n+2]} (5.7)

These suffice to reconstruct the full transverse-channel Mobius amplitude, that reads

e

M= _g{[(@o + Qv) (o Weuy + ,61P ) + (a1 + B1)(Qo — Qv)(Laly — ViVi) 5] Zun

Uy
e A

+ (@0 + Q)@aWeuu + ') = (0 + )(Qo = Qu) (il — ViVi)slZunsa} (55)
Egs. (£.3), (B4) and (£.§) then lead to the tadpole conditions
=3,  AH=32, (5.9)
while the corresponding charge parametrization is
a; =2(n1+n2) , az=2(n1—ng) , 1 =2di+dy) , Po=2(d1—ds) . (5.10)

In order to display the spectrum, it is convenient to halve the radius, reverting to the
Scherk-Schwarz basis. With the charge assignments (b.10), the final result for the direct-

channel annulus amplitude is

A = M) P 4 (@ R)W)(Qo+Qu)+2nids +nady)(Qs+Qe)(

2
Qs+Qc
4

Qs+Qc
4

)B}Z2m

+ {(mneP+didosW)(Qo+Qv )+ (nidy +n2da) (Qs+Qc)( )BY Zome1,  (5.11)
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while, after a P transformation, the direct-channel Mobius amplitude is

M= _%{(nlp +diW)(Qo + Qv) — (na + d2)(Qo — Qv)(Ials = VaVi) p} Zum

—%{(n2p +dsW)(Qo + Qv) — (m +di)(Qo — Qv)(Iuls — VaVi) B} amsa . (5.12)

It is instructive to display the massless open spectrum of this model, encoded in

n?+ni+d?+d? n?+n2+d?+d?
= -1 22 L——2Q0 + - 22 L—20y + (nidy + n2dy) (Qs + Qc)

- di —dy ~ di 4+ dy ~
o 712;- 1 2Q0_n1+n2;- 1+ 2@\/ . (5.13)

A

M =

It should be appreciated that the gauge group, SO(n;) x Sp(na) x SO(dy) x Sp(dsy), with
ni + ng = 16, di + ds = 16, has a reduced rank with respect to standard orbifold models.
Moreover, the first two gauge factors originate from 16 D9 branes, while the last two

originate from 16 D5 branesf]

There are a number of interesting subtleties in this model. First of all, as we have seen,
the gauge group has a reduced rank. This phenomenon, familiar in toroidal models [[9],
where it is induced by quantized expectation values of the NS-NS antisymmetric tensor,
here draws its origin from the asymmetric nature of the winding shifts, that indeed allows
this construction only in the Z, case. Moreover, the open spectrum itself is rather peculiar,
since away from the origin of the T lattice only some of the states are symmetrized in a
conventional fashion. This is the case, for instance, for the term proportional to n3PZ,,,
while the term proportional to n?PZy,, o does not have a corresponding Mobius contri-
bution. This unfamiliar projection is actually consistent, since one more subtlety helps to
settle matters. Namely, the very normalization of the annulus is unconventional, as can
be seen, for instance, comparing eqs. (f.11]) and (f.10]). In toroidal models, the lattice
contributes an operator of the type exp(iprx + iprrr) for each lattice point. The con-

ventional Z, orbifold projection effectively halves the number of available lattice operators,

6 After the T-duality to the type I’ picture, these become D8 and D4 branes, respectively.
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since the corresponding cos and sin terms are assigned opposite eigenvalues. Therefore, in
terms of the orbifold counting, away from the origin the annulus describes effectively two
copies of the minimal spectrum. The Mobius projection on these two copies then realizes
the two cases found, for instance, in WZW models with an extended algebra [0]: the
terms without a Mobius contribution describe a pair of sectors, one with symmetric and
one with antisymmetric Chan-Paton matrices, while the terms with a Mébius contribution
describe a pair of sectors, both with (anti)symmetric Chan-Paton matrices. Finally, the
full N = 4 supersymmetry should be recovered in the R — 0 limit, but in this limit all
massive winding modes clearly become massless and give the additional tadpole conditions
a1 = ag, (1 = [y, or equivalently ny = dy = 0, in (B.13) and (B.I3) [, [J]. These leave only

the N=4 (Qo + Qv) character at the massless level, and determine the unique gauge group

SO(16) x SO(16), expected by M-theory duality arguments similar to those presented in

mo.

Letting ny = dy = 0, one can then see from (B.11) that for the (16,16) mixed rep-
resentation, corresponding to the term nid;(Qs + Qc)(Qs + Qc)BZom+1, the momentum
sum is shifted by 1/2R. This Wilson line has a counterpart in the T-dual, type I model,
that naturally associates the two SO(16) gauge groups to the two different Horava-Witten
walls. In the M-theory picture related to this type-I’ setting, partial supersymmetry break-
ing would then be induced by an R-parity symmetry coupled to the eleventh dimension
(r11 = z5). Still, by duality arguments one would naively expect a Horava-Witten type
picture with two D8 branes, each containing an SO(16) gauge group. In our case, however,
the D8 branes on one of the walls are actually wrapped around the 7% torus and have
effectively turned into D4 branes (or, before T-duality, into the D5 branes that we have

found explicitly).

Let us finally mention that in 4d reductions, where the extra circle S* is replaced by

"Notice that, in the M-theory model of [, the gauge group SO(16) x SO(16) is also singled out if one

requires that these small-radius singularities be absent.
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the corresponding models the main physical results remain unchanged.

6. N =4— N =1 Scherk-Schwarz breaking

One can also break N =4 to N = 1 deforming the compactification lattice along a pair
of different directions. The corresponding operations, however, must be compatible with
the group structure, and the resulting models are rather involved. Here, we would like to
describe a simpler model that is actually based on a (T?)? compactification with shifts along
three directions [[[1]. In this case one has the three group operations g = (61, —1, —1d3),

h = (=1,—162,93), f = (=101, 02, —1) with a Zy x Zs orbifold structure, where §; indicates

an order-two momentum shift in the compact torus T7.

The amplitudes involve the 16 characters [

TOO

Tog

Toh

Tof

Tgf

Tho

Thg

Vololols 4 I VoVoVy — 59558555 — CoCCyCly

LVoIo Iy 4 VoI VoV — CoC55555 — S9.55C5C)

L 1515V 4+ VoVoValy — C9.5585C — S5CC5S,

L1, Voly 4+ VoValo Vo — 9550555 — 5505550

VaIyS5C5 + 1:VoC5Sy — S295Valy — CoCols Vo

LV555C5 + ValoCy Sy — S25515Vy — CoCaValy

15155555 + VoVoCoCy — CaS9Va Vo — SoCsls 1y

I, 1,C5C 4+ VaVa.5555 — SaCoVoVe — CaSa1515

VaS2C515 + 15C555Ve — ColaVaCy — SoValsSs

I,C5C5 15 4+ V5.5585Ve — Cals15Sy — SaVaVaCly
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T = 1259C5Vo + VoCaSaly — SoloVa Sy — CoValoCy
Thy = 15525205 + VoCrCyVy — CoVoVaSy — SalaIhCs
Tro = VaS2laCo + [,C5V5Sy — SoVoSoly — Col,Co Vs
Trg = 1201305 + Vo SoVa Sy — ColySala — SaVaChVs
T = 12521585 + VoCoVoCy — CoVaSoVa — SolCals

Tff = [252‘/202 —l— ‘/202]252 — CQ‘/QCQIQ — 521252‘/2 s (61)

and the torus contribution may be obtained from eq. (B.7), after a further Z, orbifold

projection accompanied by shifts in the three relevant momenta (my, mo, m3). The end

result is
1 2 2 mi 77
= Z{|7—00+7—0g+7—0h+7—0f‘ A Ao A3 + |Too + Tog — Ton — Tor| " (—1) Al\ 92 |
5
1 = To 7o = oy F( 1) Mol P+ e = oy = i+ T (1)
+1 +1
+|7_go‘I'ng‘l'Tgh“'7'gf|2A11 2| |2+ Tgo + Tgg — Tyn _Tgf|2( )mlAl1 2| |2
63 03
+1 +1
HTho + Thg + Thn + Tng Ay’ 2| \2+|Tho—7hg+7hh—7hf|2( 1)™ Ay’ 2\ \2

+1 o AT2+E
Hro+Trg+Tpn+7rs P A" 2|4 2|2+|Tfo—7fg—7fh+7ff|( ™A, 2|4 2|} (6.2)

where A;, (i = 1,2,3) are the lattice sums for the three compact tori and, for instance,
the shorthand notation (—1)"”A;”+1/ ? indicates a sum with the insertion of (—1)™ along
one of the two momenta of T, and with the corresponding windings shifted by 1/2 unit.
Notice that the torus (b.g) has indeed the structure of a Zy x Zy orbifold, but all lattice
independent terms are absent, since the (winding) shifts in the twisted sector eliminate
all terms at the origin of the lattice for the three tori. Equivalently, from a geometric

viewpoint, this reflects the nontrivial action of the projection on the would-be fixed points.
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The Klein bottle amplitude in the direct channel is then

1
K= g(Too—i‘TOg+Toh+Tof){P1P2P3+(—1)m1P1W2W3—|—W1(—1)m2P2W3+W1W2(—1)m3p3} s
(6.3)
where Py, Py, Py (W5, Wy, W3) denote the momentum (winding) sums for the three tori. By

an S transformation, one can obtain the transverse-channel amplitude

.20
K:§(T00+Tog+Toh+Tof>{’Ul’UQUng W2 W3 Wl P2P3 P1W P3 Pl P2 Wg}

(6.4)
where vy, v9, v3 are the volumes of the three compact tori and the superscripts e (o) in (£.4)
indicate the even (odd) parts of the corresponding sums. Since the only massless tadpole

in K is proportional to v;usvs, the open string spectrum will contain only D9 branes.

JFrom the torus amplitude, introducing the minimum required number of Chan-Paton

charges Iy, gn, hn, fn, one can deduce the annulus amplitude in the transverse channel:

~ 2_5 n +1 4
A= —{IN(’TOO—I—’Tog—I—’Toh—I—Tof)l)l’Ug’U;),WleWg+U19N(Tgo+ng+Tgh+Tgf)W ! 92

L dy?

n2+2477
W Wiy (65)

n3+3
—HJghN(ThO+Thg—|—Thh+Thf)W 3Tz —|—U2fN(TfO+ng—|—Tfh+Tff

The 472 /63 factors in (B.H) originate from four of the internal bosonic coordinates, actually
twisted in three different tori, that we do not distinguish for brevity while, for instance,

"H/2 ndicates that the corresponding winding sum is shifted in

the superscript in W,
some direction by 1/2 unit. In the same notation, the direct-channel annulus amplitude
then reads (in our convention, in A and M the momentum sum P¢, for instance, actually

describes all integer levels)

1 e pe pe mi 6477
= §{112\7(700+Tog+70h+70f)P1P2P3 +912V(7_00+709 — Toh — Tof ) (—1)"™ P{ —5- 02

m, 64 m 6417
+h3(Too — Tog + Ton — Tof)(—1)" Ps ? + f2 (Too — Tog — Toh + Tof)(—1)"2 Py 9—%} . (6.6)

As in the previous cases, the transverse-channel Mdbius amplitude is determined by

the characters common to K and A. Thus, only the Iy charge contributes to M, while
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the correct particle interpretation in the direct channel fixes some sign freedom. The final

expression is

~ 1 R R R R R R R R 47?2
M = —ZIN{(’TOO + Tog + Ton + Top ) 01020 WEWSWS — 01(Too + Tog — Toh — Tof) WY 63)72
2
L . 7 . . 47
—03(Too — Tog + Ton — qu)WgO? — U2(Too — Tog — Ton + Tof)WO?} , (6.7)
3 3

and the P-matrix in ref. [[J] determines the direct channel amplitude

1 ~ ~ ~ ~ e pe pe A ~ ~ A m e4A2
M:—élN{(TOO+TOg+Toh+TOf)P1 P5 P5+(Too+Tog—Ton—Tor) (—1)™ P 9272
2
~ A A ~ m 64772 ~ A ~ A m 64772
HTo0=Tog+Ton—Top)(—1)"* Py 02 + (Too—Tog—Ton+Tof) (—1)™ Ps ?} . (6.8)
2 2
The proper Chan-Paton charge parametrization is in this case
In =no+ng+np +ny , gN =Ny +MNg —np — Ny,
hN:no—ng—i—nh—nf , fN:no—ng—nh—i—nf, (69)

while the tadpole conditions give Iy = 32, so that the resulting D9 gauge group is SO(n,) X
SO(ny)xSO(ny,)xSO(nys). The massless spectrum is N = 1 supersymmetric, and contains,
in addition to the vector multiplets, chiral multiplets in the representations (n,, ng, 1, 1),
(1,1,np,1¢), (0,1, n4,1), (1,ng,1,n¢), (n,,1,1,n¢) and (1,ng,nyp,1). This model can
be seen as a discrete deformation of the N = 4 supersymmetric type I model with a Wilson
line that breaks the gauge group SO(32) to SO(n,) x SO(n,) x SO(n) x SO(ns). In
the particular case n, = n;, = ny = 0 one recovers again SO(32), as in the N = 4 —
N = 2 example of Section 4. This model is also dual to a heterotic vacuum with N = 4
supersymmetry spontaneously broken to N = 1 by compactification [[[T], as can be seen by

arguments similar to those in [I].
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7. Conclusions

In this paper we have constructed different models with partial and total supersymmetry
breaking in 6d, 5d and 4d type I strings, starting from type IIB models and deriving
by standard methods [B, @, B, [7 the corresponding open descendants. In the partial
breaking case, the resulting models provide new N = 2 and N = 1 supersymmetric type I
compactifications, that may also be related by duality arguments to other types of vacua. In
particular, the M-theory breaking model discussed in Section 5 has a natural interpretation
in terms of the eleventh dimension of M-theory [, [[§], while the Scherk-Schwarz breaking
models discussed in Sections 4 and 6 are easily interpreted as perturbative breakings in the

dual heterotic language.

The models present some surprising features. Thus, for instance, in the type I’ context
the model of Section 5 contains D8 and D4 branes, both having as origin in the M-theory
picture the Horava-Witten 10d boundaries. As another example, in the N =4 — N =1
model of Section 6, supersymmetry breaking removes from the Klein bottle the tadpole
contributions that in the supersymmetric Zs x Z5 type I model are related to D5 branes,
and the resulting spectrum has thus no D5 branes. More general models contain richer
patterns of D5-brane configurations. It would be interesting to construct the corresponding
effective field theories and to compare them with the existing field theory models of partial

supersymmetry breaking [J].

We have provided additional evidence that the general rule in these constructions is that
branes with world-volume parallel to the breaking coordinate feel supersymmetry breaking
at tree-level, while branes orthogonal to this coordinate have a massless spectrum that
at tree-level is still supersymmetric. In these sectors, the breaking propagates through
radiative corrections and the resulting picture has some potential applications that are
interesting for phenomenology, for instance to models with a low string scale, that have

received some attention lately [B3], or to models with the “world as a brane” picture [4]. It
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would be interesting to study more general 4d examples with chirality 5, [§] and N =1
supersymmetry spontaneously broken by Scherk-Schwarz compactifications based on R-
symmetries and to investigate whether the chirality flip observed in the temperature-like
(—1)¥ breaking applies to these cases as well. Finally, a detailed evaluation of the radiative
corrections to some relevant quantities in models with massless sectors where supersymme-
try is unbroken at tree level would provide further insight on the less conventional M-theory

breaking mechanism.
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