arXiv:hep-th/0310154 v1 16 Oct 2003

MAGNETIC FLUXES, NS-NS B FIELD AND SHIFTS IN FOUR-DIMENSIONAL ORIENTIFOLDS^∗

GIANFRANCO PRADISI Dipartimento di Fisica, Università di Roma “Tor Vergata” INFN, Sezione di Roma “Tor Vergata” Via della Ricerca Scientifica 1, I-00133 Roma, Italy E-mail: gianfranco.pradisi@roma2.infn.it

We discuss the interplay between freely acting orbifold actions, discrete deformations and internal uniform magnetic fields in four-dimensional orientifold models.

1 Introduction

In the framework of string/M-theory attempts1 to single-out models with a particle content as close as possible to (some extension of) the Standard Model, a prominent role is played by type I vacua2^,3 with uniform internal magnetic fields4^,5^,6, or, in a T-dual language, with D-branes intersecting at angles7. In this talk, we review the basic ingredients entering these constructions, stressing their most appealing features, namely chirality, the natural emergence of replicas of matter-field families and the surprising power of combinations of shifts in freely acting orbifolds and the NS-NS B_{ab}, itself equivalent to an asymmetric shift-orbifold projection. In particular, after a general discussion, we show an example that displays all these properties, extracted from ref. (6), where an exhaustive discussion of four dimensional Z_2 × Z_2 shift-orientifolds can be found.

2 Shift-Orientifolds

The simplest example of a shift orbifold can be obtained starting from a one-dimensional boson X compactified on a circle of radius R and identifying its values under the (freely acting) antipodal transformation, namely X → X + πR. Twisted sectors depend on R, and the orbifold procedure, not surprisingly, yields simply a one-dimensional boson compactified on a circle of radius R/2. However, the combination of freely-acting actions with internal (discrete) symmetries realizes in string theory the Scherk-Schwarz mechanism8, via the assignment of different periodicity conditions to bosons

∗ROM2F/2003/26

Table 1. Z_2 × Z_2 4-d shift-orientifolds, D-branes and “brane supersymmetry”.

models D9 susy D5_1 susy D5_2 susy p_3 N=1 N=2 N=2 w_2p_3 N=2 N=2 N=4 w_1 w_2p_3 N=4 N=4 N=4 p_2p_3 N=1 N=2 – w_1p_2 N=2 N=4 – w_1 p_2p_3 N=2 N=4 – w_1 p_2w_3 N=4 N=4 – p_1p_2p_3 N=1 – – p_1w_2 w_3 N=2 – – w_1 w_2 w_3 N=4 – –

and fermions along the internal directions, giving rise to the (spontaneous) breaking of supersymmetry.9 In the framework of type II superstrings, a Tduality can turn a shift of internal momenta into a shift of internal windings, that therefore exhibit analogous features. In orientifolds, however, things are quite different. Indeed, momentum shifts are conventional Scherk-Schwarz deformations, while winding shifts can be related via T-duality to momentum shifts along the 11-th coordinate of the underlying M-theory. Alternatively, the “massless” spectrum depends crucially on the relative orientations of the momentum shifts and the D-branes present. Thus, a shift longitudinal to the D-branes in a certain sector gives rise to a conventional Scherk-Schwarz deformation, with supersymmetry already broken at tree level in string perturbation theory. On the contrary, with a momentum shift orthogonal to the D-branes in a certain sector, the supersymmetry of the massless modes (and sometimes also of the massive ones) is not affected by the orbifold action. This phenomenon, termed “brane supersymmetry” in the literature10, has a very neat geometric interpretation: it can be ascribed to configurations with multiplets of D-branes. Indeed, an orthogonal momentum shift is compatible with a brane configuration if, and only if, for each given D-brane at a certain “position” in spacetime, there exist image D-branes at each image “position” obtained from the initial one. Multiplets of branes are a generic feature of shift-orientifolds. A very interesting class of these models in four dimensions, extensively studied in refs. (11) and (12), corresponds to orientifolds of freely acting orbifolds obtained combining Z_2 × Z_2 inversions and shifts. More precisely, the six torus is taken as a product of three two-tori T^2 × T^2 × T^2, while the orbifold action is a combination of the Z_2 × Z_2 group containing the identity and the three inversions of pairs of the three complex torus coordinates, combined with shifts along their real parts. Up to T-duality and trivial redefinitions, the types of inequivalent models are collected in table 1, together with their degree of “brane supersymmetry”, that signals the brane-multiplet structure of the corresponding orientifolds. Their open spectra are very rich but unfortunately are not chiral, and can be found in refs. (11) and (12).

3 B_{ab} and Shifts

The presence of a NS-NS two form field B_{ab} in type I vacua has far reaching consequences that induce several interesting effects. The orientifold projection is actually compatible only with quantized values of the background field, a feature that can be easily deduced analyzing the type IIB superstring compactified on a d-dimensional torus13. The generalized left and right momenta entering the Narain lattice can be written in the form

p_{L,a} = m_a + 1 α^′ (g_{ab} − B_{ab}) n^b , p_{R,a} = m_a − 1 α^′ (g_{ab} + B_{ab}) n^b , (1)

where m_a and n^a are the (integer) momentum and winding quantum numbers, respectively. The Narain lattice admits a sensible action of the world-sheet parity operator Ω only if the condition 2 α^′ B_{ab} ∈ Z ¯ (2) holds^a: B_{ab} must belong to the integer cohomology of the d-dimensional torus and the independent values of its components are 0 and 1/2 in suitable inverse α^′ units. Equivalently, the quantized values of B_{ab} can be ascribed to a toroidal compactification without vector structure. Indeed, the deep connection between the bulk (closed) sector and the boundary (open) sector in orientifolds reflects itself in the identification15 of the quantized B_{ab}, a thetalike angle of the closed-string sector, with the mod-two cohomology class w̃_2 that, in analogy with the Stiefel-Whitney class w_2 for spin-bundles, measures the obstruction to defining a vector structure on the vacuum gauge bundle16. Gauge fields are in the brane sectors of orientifolds, but their numbers and representations depend on the presence of non-trivial B_{ab} fluxes. The most striking effect of a non-vanishing B_{ab}-field on orientifolds is the reduction of the rank of the Chan-Paton gauge group by a factor of 2^{r/2}, where r is the rank of B_{ab}. In the original derivation13, the rank reduction was deduced

aIf the orientifold projection is a combination of Ω and an involution, the discretization affects other moduli, for instance some off-diagonal components of the torus metric14.

Figure 1. O_0-planes configuration on a two-torus: a) B = 0. b) B ≠ 0

algebraically considering the one loop partition function at rational points in the moduli space, where the quantized B_{ab} was implicit in the Narain lattice choice3, and at generic radii, imposing the correct normalization of the closed states along the tube in the annulus and Möbius amplitudes. The topological properties of the toroidal compactification without vector structure allow an alternative interpretation in terms of non-commuting Wilson lines. These feel the w̃_2, leading to a non-commutativity of the Chan-Paton gauge matrices, that reduces by the mentioned factor 2^{r/2} the rank of the Chan-Paton group15^,17^,18^,19^,20. r is also the parameter that discriminates between disconnected components of the moduli space of type I compactifications with 16 supercharges18.

Geometric interpretations can be given in terms of the extended objects present in the target space of type I vacua, namely D-branes and O-planes. Without loss of generality, we can limit ourselves to the case of a two-torus equipped with space-filling O_{2+}-planes and stacks of N D_2 branes, that correspond to configurations of standard toroidal compactifications with vector structure and a standard Ω orientifold projection. More complicated cases exist, but the qualitative features remain the same. It was observed in ref. (19) that, performing a pair of T-dualities along the two directions of the torus, one ends up with a configuration exhibiting a quartet of O_{0+}-planes located at the fixed points of a Z_2 orbifold of the two-torus itself, so that, say, N Dbranes are required to neutralize the overall R-R charge of the configuration. On the other hand, if the two-torus is without vector structure, two different types of O-planes are present, the conventional O_+’s with tension and charge opposite to those of the D-branes, and “exotic” O_−-planes with reverted tension and charge. As a result, the net charge of the configuration is reduced by a factor of two, because after two T-dualities one is faced with three O_+- planes and one O_−-plane (see fig. 1), in a configuration that requires a net number of N/2 D-branes (as compared to N, the number previously required) to neutralize the total R-R charge. All this reflects precisely the features of partition functions in ref. (13).

An interesting alternative geometrical interpretation, useful in the context of intersecting D-brane models, can also be given as follows. Let us start, for clarity, with a rectangular torus of sides R_1 and R_2, and let us perform a T-duality along the vertical direction in such a way that the complex and Kähler structures get interchanged. The result depends crucially on the vector structure of the torus. Indeed, as shown in fig. 2, the O_2’s and the D_2’s becomes O_1’s and D_1’s after the T-duality, but the shape of the final torus is very different in the two cases: if B_{ab} = 0, one is left with a new rectangular torus of sides R_1 and R^′_2 = α^′/R_2. On the contrary, if B_{ab} ≠ 0, one ends up with a tilted torus admitting vector structure, i.e. with B^′_{ab} = 0. However, in the latter case, each of the resulting D_1-branes has twice the minimal length occurring in the B_{ab} = 0 case. The independent branes are thus half of their naïve number, and this provides the expected rank reduction, consistently with the doubling of their elementary charge.

In the spirit of section 2, another nice interpretation of the rank reduction for the Chan-Paton group rests on the observation that a quantized B_{ab} is equivalent to a toroidal shift-orbifold compactification6^,21. Let us consider for simplicity a two-torus that is the product of two circles of radius R, and let us choose B_{ab} in eq. (1) so that the two-dimensional blocks are parametrized as B = α^′ 2 ( 0 1 −1 0 ) . (3)

The non-trivial background makes the sum over momenta dependent on the parity of the integer windings, in such a way that the one-loop torus partition function can be decomposed in the form

Λ(B) = Λ(m_1, m_2, 2n_1, 2n_2) + Λ(m_1 + 1/2, m_2, 2n_1, 2n_2 + 1) + (4) Λ(m_1, m_2 + 1/2, 2n_1 + 1, 2n_2) + Λ(m_1 + 1/2, m_2 + 1/2, 2n_1 + 1, 2n_2 + 1) ,

Figure 2. D_1 -brane configuration of the Ω R orientifold: a) B = 0. b) B ≠ 0

where Λ(m_1, m_2, n_1, n_2) denotes the two-dimensional lattice sum over momenta m_a/R and windings n^aR. This expression is indeed the partition function of an asymmetric p_1w_2 shift-orbifold of a two-torus with B_{ab} = 0, provided the radius along the first direction is doubled (R → 2R). As a result, the toroidal compactification on the two-dimensional torus without vector structure is equivalent to a p_1w_2 shift-orbifold compactification, but on a different torus, characterized by a fundamental cell of double length along the first direction. In order to exhibit the expected rank reduction, it is useful to study the Ω-orientifold after performing a T-duality along the vertical direction, that renders the p_1w_2 shift-orbifold action equivalent to a p_1p_2 shift-orientifold where the projection is combined with an inversion. The unoriented truncation forces m_2 and n_1 to vanish in the Klein-bottle amplitude, while m_1 and n_2 vanish along the tube, as demanded by the properties of the corresponding boundary states22. As a result, the Klein-bottle amplitude takes the form

K = 1 2 P_1 W_2 , (5)

where P_i and W_i are the usual one-dimensional momentum and winding sums2^,13, obtained as unoriented slices of the Narain lattice, while the transverse annulus amplitude

Ã = 2^{−3} 2 N^2 v_1 v_2

W^e_1 P^e_2 , (6)

contains sums over even momenta and windings, weighted with the normalization needed for a proper particle interpretation of the gauge vectors. The direct-channel annulus amplitude, corresponding to the open-string one-loop channel, can be written A = 1 2 N^2 ( P_1 + P^{1/2}_1 ) ( W_2 + W^{1/2}_2 ) , (7)

where P_i and W_i are again the usual one-dimensional momentum and winding lattice sums2^,13, respectively, while P^{1/2}_i and W^{1/2}_i are the corresponding shifted ones. The consistent Möbius amplitude, responsible for the unoriented projection, is then M = − 1 2 N (^ P_1 Ŵ_2 + P̂^{1/2}_1 Ŵ^{1/2}_2 ) , (8)

as can be checked via a P -transformation of the transverse amplitude

M̃ = − N v^1 v_2 ( Ŵ^e_1 P̂^e_2 + (−1)^n1^{+m}2 Ŵ^e_1 P̂^e_2 ) , (9)

demanded by eq. (6) and the transverse Klein-bottle amplitude

K̃ = 2^5 2 v_1 v_2

W^e_1 P^e_2 . (10)

The presence of the shifted sums in eqs. (7) and (8) signals quite neatly that one of the shifts, p_2 in this case, is orthogonal to the D_1-branes, parallel to the O_1-planes and thus horizontal. As already observed is Section 2, the orthogonal shift is responsible for the doublet structure of the D_1-branes, forcing the split into two stacks of N/2 brane-image doublets. The geometrical situation is illustrated in fig. 3. The consequent rank reduction of the Chan- Paton gauge group can be easily derived from the analysis of the tadpole cancellation conditions, or simply by inspection of eqs. (6), (9) and (10). For instance, the previous construction, if applied to an eight-dimensional toroidal compactification of the type IIB superstring, would result in type I models with an SO(16) Chan-Paton group and the expected rank reduction by a factor of two.

Because of the direct connection between quantized B_{ab} and shiftorbifolds, it can happen that some combination of the two makes B_{ab} uneffective 6. In addition, a quantized B_{ab} generically introduces an open-string

Figure 3. B-field vs shift-orientifold: a) space filling D_2-branes with B = 0. b) Doublets of D_1-branes in the shift-orientifold.

analog of discrete torsion, whose values discriminate between Orthogonal and Symplectic gauge groups. However, the two choices can be continuously connected, passing through unitary groups via suitable open-string Wilson lines13. In orbifolds20^,23, the quantized B_{ab} also affects the Ω eigenvalues of the twist fields, introducing again exotic O_−-planes responsible for the different unoriented truncations, according to the constraints dictated by the underlying Conformal Field Theory22. At the same time, additional matter multiplets emerge in the gauge sector of the models in order to balance the loss of R-R charge of the O_−-planes.

4 Magnetized Branes and Chiral Models

Chirality in four-dimensional string or M-theory inspired vacua is not an easy property to obtain. The reason is, roughly speaking, that the long wavelength modes come unavoidably from higher-dimensional spinors, that generically give rise to vector-like configurations. Chiral models, however, can be built using projections that retain a net number of chiral spinors. The first example of chiral asymmetry in type I vacua was exhibited in a class of orientifolds of the Z-orbifold24. In those examples, the D9-branes sit at singular points of the internal manifold. However, chirality can also be obtained via other mechanisms. Widely studied in the past few years are backgrounds equipped with uniform magnetic fields along some internal directions of the branes25^,26^,27 or, in a T-dual language28, with D-branes intersecting at non-trivial angles7. Magnetic fields couple solely to the ends of open strings, interpolating between Dirichlet and Neumann boundary conditions25. In compact manifolds, the Dirac quantization condition obeyed by the magnetic charges is equivalent to a rational (non-dense) wrapping of the magnetized D-branes around corresponding p-cycles, counted exactly by the degeneracy of the Landau levels. As a result, a fine-tuning of the angles or of the background field-strengths to (anti-)self-dual configurations allows to project away tachyonic modes and to restore supersymmetry, generically broken by the couplings of different spins to the magnetic field. Moreover, due to the non-vanishing topological charge, magnetized branes transmute to uncharged branes of diverse dimensionalities, i.e. they couple to R-R p-forms of different p, via the Wess-Zumino terms of ref. (29). Magnetized branes, thus, contribute simultaneously to tadpole cancellation conditions of branes of different dimensionalities. Typically, a “fat” magnetic brane can replace a stack of localized lower-dimensional branes, reducing the rank of the Chan-Paton group and simultaneously yielding matter-field families determined by the Landau-level degeneracies4^,5. In the presence of at least two kinds of (intersecting) D-branes and of compatible shifts, it is possible to obtain four-dimensional chiral models. As an example, we shall discuss the magnetized orientifold of the w_1w_2p_3 model in table 1, but an exhaustive description of all the magnetized orientifolds of the models in table 1 can be found in ref. (6). The unoriented closed spectra of the w_1w_2p_3 model contain N = 1 supergravity coupled to 7 chiral multiplets. The tadpole cancellation conditions,

n + m + m̄ = 8 2^{− r2} , d_1 + 2^{− r22 − r32} |k_2k_3| (m + m̄) = 8 2^{− r2} , (11) d_2 = 8 2^{− r2} ; m = m̄ ,

show how the open sector contains both uncharged and magnetized D9- branes, whose numbers are labelled by n and m, together with two sets of D5 branes counted by d_i, i = 1, 2 . The k_i in eq. (11) are the integer Landau level degeneracies of the internal magnetic field that lies along the second and third tori, while r = r_1 + r_2 + r_3 is the total rank of B_{ab}, whose three two-by-two sub-blocks have ranks r_j. The gauge groups can be chosen to be orthogonal or symplectic for the uncharged branes, while on the magnetized D9-branes the gauge group is unitary. The chiral open spectra are reported in table 2, where C denotes chiral multiplets, η_1 is a free sign while A, F , S and Adj denote the Antisymmetric, Symmetric, Fundamental and Adjoint representation of the gauge group, respectively. Adding open-string Wilson lines

Table 2. Open spectra of the w_1 w_2p_3-orientifold models.

Mult. Number Reps. (n, d_1 , d_2 , m) C 3 (Adj, 1, 1, 1), (1, Adj, 1, 1) (1, 1, Adj, 1), (1, 1, 1, Adj) C 2^{r2+r3} 2 |k_2 k_3| (F, 1, 1, F + F̄ )

C_L 2^{r2+r3} 4 |k_2 k_3 | + 2^{r2+r32} η_12|k_2 k_3| + 2^{r22} 2|k_2| (1, 1, 1, A)

C_L 2^{r2+r3} 4 |k_2 k_3 | − 2^{r2+r3}2 η_12|k_2 k_3| − 2^{r2}2 2|k_2| (1, 1, 1, S)

C_L 2^{r2+r3} 4 |k_2 k_3 | + 2^{r2+r32} η_12|k_2 k_3| − 2^{r22} 2|k_2| (1, 1, 1, Ā)

C_L 2^{r2+r3} 4 |k_2 k_3 | − 2^{r2+r3}2 η_12|k_2 k_3| + 2^{r2}2 2|k_2| (1, 1, 1, S̄)

C_L 2^{r1+r32 +r2} 4 |k_2| (1, 1, F, F )

and brane-antibrane pairs, it is possible to obtain models whose spectra are close to (some extensions of) the Standard Model, and examples of this sort are reviewed in other contributions to this volume. This is certainly a step forward in the understanding of the possible phenomenological implications of a brane-world-like scenario, even if the study of the dynamical stability of this kind of vacua and the lack of a “vacuum selection principle” are still serious open problems.

Acknowledgments

It is a pleasure to thank the Organizers of the SP2003 Conference for the invitation and Marianna Larosa for the enjoyable collaboration. I would also like to thank C. Angelantonj, M. Bianchi, E. Dudas, Ya.S. Stanev and especially A. Sagnotti for several interesting discussions. This work was supported in part by I.N.F.N., by the E.C. RTN programs HPRN-CT-2000-00122 and HPRN-CT-2000-00148, by the INTAS contract 99-1-590, by the MIUR- COFIN contract 2001-025492 and by the NATO contract PST.CLG.978785.

References

1. For reviews, see K. R. Dienes, Phys. Rept. 287 (1997) 447 [hep-th/9602045]; I. Antoniadis, hep-th/0102202.

2. A. Sagnotti, in: Cargese ’87, Non-Perturbative Quantum Field Theory, eds. G. Mack et al. (Pergamon Press, Oxford, 1988) p. 521, arXiv:hep-th/0208020; G. Pradisi and A. Sagnotti, Phys. Lett. B 216 (1989) 59. For reviews, see E. Dudas, Class. Quant. Grav. 17 (2000) R41 [arXiv:hep-ph/0006190]; C. Angelantonj and A. Sagnotti, Phys. Rept.

371 (2002) 1 [Erratum-ibid. 376 (2003) 339] [arXiv:hep-th/0204089]. 3. M. Bianchi and A. Sagnotti, Phys. Lett. B 247 (1990) 517, Nucl. Phys.

B 361 (1991) 519.

4. C. Angelantonj, I. Antoniadis, E. Dudas and A. Sagnotti, Phys. Lett. B 489 (2000) 223 [arXiv:hep-th/0007090]; C. Angelantonj and A. Sagnotti, arXiv:hep-th/0010279.

5. R. Blumenhagen, L. Goerlich, B. Kors and D. Lust, JHEP 0010 (2000) 006 [arXiv:hep-th/0007024], Fortsch. Phys. 49 (2001) 591 [arXiv:hep-th/0010198]; R. Blumenhagen, B. Kors and D. Lust, JHEP 0102 (2001) 030 [arXiv:hep-th/0012156].

6. M. Larosa and G. Pradisi, Nucl. Phys. B 667 (2003) 261 [arXiv:hep-th/0305224]; see also M. Larosa, arXiv:hep-th/0111187, arXiv:hep-th/0212109; G. Pradisi, arXiv:hep-th/0210088.

7. For a review, see e.g. A. M. Uranga, Class. Quant. Grav. 20 (2003) S373 [arXiv:hep-th/0301032], and references therein.

8. J. Scherk and J. H. Schwarz, Nucl. Phys. B 153 (1979) 61. 9. R. Rohm, Nucl. Phys. B 237 (1984) 553; S. Ferrara, C. Kounnas and M. Porrati, Phys. Lett. B 181 (1986) 263, Nucl. Phys. B 304 (1988) 500. Phys. Lett. B 206 (1988) 25; C. Kounnas and M. Porrati, Nucl. Phys. B 310 (1988) 355. I. Antoniadis, C. Bachas, D. C. Lewellen and T. N. Tomaras, Phys. Lett. B 207 (1988) 441; S. Ferrara, C. Kounnas, M. Porrati and F. Zwirner, Nucl. Phys. B 318 (1989) 75; C. Kounnas and B. Rostand, Nucl. Phys. B 341 (1990) 641; I. Antoniadis, Phys. Lett. B 246 (1990) 377. I. Antoniadis and C. Kounnas, Phys. Lett. B 261 (1991) 369. E. Kiritsis and C. Kounnas, Nucl. Phys. B 503 (1997) 117 [arXiv:hep-th/9703059].

10. I. Antoniadis, E. Dudas and A. Sagnotti, Nucl. Phys. B 544 (1999) 469 [hep-th/9807011]; I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Nucl. Phys. B 553 (1999) 133 [hep-th/9812118]; R. Blumenhagen and L. Gorlich, Nucl. Phys. B 551 (1999) 601 [hep-th/9812158]; C. Angelantonj, I. Antoniadis and K. Forger, Nucl. Phys. B 555 (1999) 116 [hep-th/9904092]; A. L. Cotrone, Mod. Phys. Lett. A 14 (1999) 2487 [arXiv:hep-th/9909116].

11. I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Nucl. Phys.

B 565 (2000) 123 [arXiv:hep-th/9907184].

12. C. Angelantonj, I. Antoniadis, G. D’Appollonio, E. Dudas and A. Sagnotti, Nucl. Phys. B 572 (2000) 36 [hep-th/9911081].

13. M. Bianchi, G. Pradisi and A. Sagnotti, Nucl. Phys. B 376 (1992) 365. 14. C. Angelantonj and R. Blumenhagen, Phys. Lett. B 473 (2000) 86 [arXiv:hep-th/9911190].

15. A. Sen and S. Sethi, Nucl. Phys. B 499 (1997) 45 [arXiv:hep-th/9703157]. 16. M. Berkooz, R. G. Leigh, J. Polchinski, J. H. Schwarz, N. Seiberg and E. Witten, Nucl. Phys. B 475 (1996) 115 [arXiv:hep-th/9605184].

17. Z. Kakushadze, Nucl. Phys. B 512 (1998) 221 [arXiv:hep-th/9704059]. 18. M. Bianchi, Nucl. Phys. B 528 (1998) 73 [arXiv:hep-th/9711201]. 19. E. Witten, JHEP 9802 (1998) 006 [arXiv:hep-th/9712028]. 20. Z. Kakushadze, G. Shiu and S. H. Tye, Phys. Rev. D 58 (1998) 086001 [arXiv:hep-th/9803141].

21. Z. Kakushadze, Int. J. Mod. Phys. A 15 (2000) 3113 [arXiv:hep-th/0001212]; for related observations in the context of spin chains, see also J. de Boer, R. Dijkgraaf, K. Hori, A. Keurentjes, J. Morgan, D. R. Morrison and S. Sethi, Adv. Theor. Math. Phys. 4 (2002) 995 [arXiv:hep-th/0103170].

22. D. Fioravanti, G. Pradisi and A. Sagnotti, Phys. Lett. B 321 (1994) 349 [arXiv:hep-th/9311183]; G. Pradisi, A. Sagnotti and Y. S. Stanev, Phys. Lett. B 354 (1995) 279 [arXiv:hep-th/9503207], Phys. Lett. B 356 (1995) 230 [arXiv:hep-th/9506014]; Phys. Lett. B 381 (1996) 97 [arXiv:hep-th/9603097]; related reviews are: G. Pradisi, Nuovo Cim. B 112 (1997) 467 [arXiv:hep-th/9603104]; A. Sagnotti and Y. S. Stanev, Fortsch. Phys. 44 (1996) 585 [Nucl. Phys. Proc. Suppl. 55B (1997) 200] [arXiv:hep-th/9605042]; Y. S. Stanev, arXiv:hep-th/0112222.

23. C. Angelantonj, Nucl. Phys. B 566 (2000) 126 [arXiv:hep-th/9908064]. 24. C. Angelantonj, M. Bianchi, G. Pradisi, A. Sagnotti and Y. S. Stanev, Phys. Lett. B 385 (1996) 96 [arXiv:hep-th/9606169].

25. E. S. Fradkin and A. A. Tseytlin, Phys. Lett. B 158 (1985) 316;

A. Abouelsaood, C. G. Callan, C. R. Nappi and S. A. Yost, Nucl. Phys. B 280 (1987) 599;

26. C. Bachas, “A Way to break supersymmetry,” arXiv:hep-th/9503030. 27. M. Bianchi and Y. S. Stanev, Nucl. Phys. B 523 (1998) 193 [arXiv:hep-th/9711069].

28. M. Berkooz, M. R. Douglas and R. G. Leigh, Nucl. Phys. B 480 (1996) 265 [arXiv:hep-th/9606139]; V. Balasubramanian and R. G. Leigh, Phys. Rev. D 55 (1997) 6415 [arXiv:hep-th/9611165].

29. M. Li, Nucl. Phys. B 460 (1996) 351 [arXiv:hep-th/9510161]; M. R. Douglas, arXiv:hep-th/9512077; C. Schmidhuber, Nucl. Phys. B 467 (1996) 146 [arXiv:hep-th/9601003]; M. B. Green, J. A. Harvey and G. W. Moore, Class. Quant. Grav. 14 (1997) 47 [arXiv:hep-th/9605033]; J. Mourad, Nucl. Phys. B 512 (1998) 199 [arXiv:hep-th/9709012]; Y. K. Cheung and Z. Yin, Nucl. Phys. B 517 (1998) 69 [arXiv:hep-th/9710206]; R. Minasian and G. W. Moore, JHEP 9711 (1997) 002 [arXiv:hep-th/9710230].