Published by Institute of Physics Publishing for SISSA/ISAS Received: January 17, 2003 Accepted: January 22, 2003

N = 2 super-Higgs, N = 1 Poincaré vacua and quaternionic geometry

Laura Andrianopoli,^a Riccardo D’Auria,^b Sergio Ferrara^{ac} and Maria A. Lledó^b aCERN, Theory Division CH 1211 Geneva 23, Switzerland bDipartimento di Fisica, Politecnico di Torino Corso Duca degli Abruzzi 24, I-10129 Turin, Italy, and INFN, Sezione di Torino, Italy cINFN, Laboratori Nazionali di Frascati, Italy, and Department of Physics and Astronomy, University of California Los Angeles, USA E-mail: Laura.Andrianopoli@cern.ch, dauria@polito.it,

Sergio.Ferrara@cern.ch, lledo@athena.polito.it

Abstract: In the context of N = 2 supergravity we explain the occurrence of partial super-Higgs with vanishing vacuum energy and moduli stabilization in a model suggested by superstring compactifications on type-IIB orientifolds with 3-form fluxes. The gauging of axion symmetries of the quaternionic manifold, together with the use of degenerate symplectic sections for special geometry, are the essential ingredients of the construction.

Keywords: Supersymmetry Breaking, Supersymmetry and Duality, Supergravity Models.

© SISSA/ISAS 2003 http://jhep.sissa.it/archive/papers/jhep012003045 /jhep012003045 .pdf

Contents

1. Introduction 1

2. Quaternionic manifolds and axion symmetries 3

3. Gauging quaternionic isometries; scalar potential and masses 5

4. Relation to N = 2 warped compactifications 7

5. Comparison with Calabi-Yau compactifications and other models 8

6. Quantum corrections to the cosmological constant 9

7. Conclusions 10

1. Introduction

A general and challenging problem in effective superstring theories described by supergravity lagrangians is to understand the nature of spontaneous supersymmetry breaking in a model independent fashion [1]–[6].

Superstring vacua obtained by IIB orientifolds with three-forms fluxes turned on [7]– [17] offer suitable examples where the spontaneous breaking of N = 4 → N = 0 supersymmetry can occur by stepwise breaking of supersymmetry N → N − 1 with vanishing vacuum energy.

Although quantum corrections may spoil this mechanism [18] (especially if the true vacuum has no supersymmetry), the hope remains that this mechanism may create a hierarchy of scales, as was suggested in the old no-scale supergravity models [19, 20]. We will indeed show that such vacua, giving partial breaking of supersymmetry, are generalized no-scale models.

In extended supergravity the no-scale structure, which results in a positive potential with vacua exhibiting flat directions, crucially depends on the gauge group at work.

The model we will consider here has the property that the scalar manifold of hypermultiplets has some translational isometries corresponding to shifts in the “axion scalars” directions. This in turn implies that a “triangular parametrization” can be given of the manifold, where the axions are contained in the off-diagonal block of the vielbein one form [21, 22, 23].

– 1 –

We consider the N = 2 theory based on the following non linear σ-model

M = M_V × M_Q =

SU(1, 1) U(1) × SU(2, 2) SU(2) × SU(2) × U(1)

where SU(1, 1)/U(1) is the special Kähler manifold which corresponds, in a certain (nondegenerate) choice of special coordinates, to a linear prepotential

F (X) = iX^0X^1 ; f(z) = iz with z =

X^1 X^0

. (1.1)

The two dimensional quaternionic manifold M_Q^1 is also Kähler and it has four translational isometries, corresponding to the decomposition

SU(2, 2) → SL(2, C ) × SO(1, 1) (1.2)

under which su(2, 2) → sl(2, C ) + so(1, 1) + 4^+ + 4^− .

In the gauged version of the model we use the two vectors (the graviphoton plus one matter vector) to gauge two of the four translational isometries 4^+ of SU(2, 2). More precisely, since 4^+ is a lorentzian four-vector, one has to gauge two out of the three spatial components of 4^+.

This model is an N = 2 truncation [24, 25] of a type-IIB T^6/Z_2 orientifold with fluxes. Here the two remainig fluxes are described by two gauge coupling constants.

A crucial point of this gauging is that it must be formulated in a duality basis [27] for special geometry which has a degenerate holomorphic section X^Λ(z) (and where no function F (X) exists) [28, 21], that is in a basis non locally related to the “standard” one (1.1). This is because otherwise it would be impossible to break N = 2 → N = 1 since N = 2 would be either unbroken or completely broken [29, 30]. However, the no-go theorem [30] is based on the applicability of the N = 2 tensor calculus [31], which precisely fails for those symplectic bases for which no prepotential function F (X) exists.

The role of different choices of symplectic embeddings of duality symmetries has been investigated in recent time [24, 25, 26]

The symplectic basis to be chosen, to realize the partial breaking of supersymmetry, is the one considered in reference [21] and further extended to the case of^{SU(1,1+n)}_{SU(1+n)×U(1)} in [32]. In this basis we have X^Λ = (X^0, −iX^0) and F_Λ = (iX^1, X^1), so that in the z coordinate z = X^1/X^0 the symplectic section is:

X^Λ = (1, −i), F_Λ = (iz, z) . (1.3)

Correspondingly, the Kähler potential of the SU(1, 1)/U(1) special manifold is:

K = − log[i(X̄^ΛF_Λ − X^ΛF̄_Λ)] = − log[−2(z + z̄)] ; Re z < 0 (1.4)

1We call nH the (quaternionic) dimension of a quaternionic manifold, where 4nH is its real dimension. nH is the number of hypermultiplets of the given N = 2 theory.

– 2 –

The reason for this choice of duality basis comes from the embedding of the type-IIB vectors in the duality group [10, 11, 33]. This requires the choice of a basis in which the θ term (given by Re N_{ΛΣ} in special geometry [34]) is proportional to the axion contained in the vector multiplet. Indeed, in our basis the kinetic vector matrix is N = iz1, which has the required property.

2. Quaternionic manifolds and axion symmetries

The manifold G/H =^{SU(2,2)}

SU(2)×SU(2)×U(1) can be parametrized, according to the decomposi-

tion (1.2), through a coset element which is the following SU(2, 2) 4 × 4 matrix L = ( E −BE^{−1} 0 E^{−1} ) (2.1)

where E is an element of^{SL(2,C )}_{SU(2)} × SO(1, 1)

E = e^01 + e^iσ^i (e^0, e^i ∈ R ; i = 1, 2, 3 ; σ^i are Pauli matrices) (2.2)

with e^0 > 0 and det(E) ≡ e^2 = (e^0)^2 − e^ie^i > 0, and B is an antihermitian matrix

B = ib^01 + ib^iσ^i (b^0, b^i ∈ R) . (2.3)

Its left invariant one-form Γ = L^{−1}dL, satisfying the Maurer-Cartan equation dΓ + Γ ∧ Γ = 0 is an su(2, 2) matrix L^{−1}dL = ( E^{−1}dE −E^{−1}dBE^{−1} 0 EdE^{−1} ) . (2.4)

In order to extract from it the expressions for the H-connection and vielbein of G/H, let us compare (2.4) with the general form of an arbitrary element of the su(2, 2) Lie algebra, satisfying Tr A = 0; ηA^†η = −A with η = ( 0 1 1 0 ) ,

A = ( p1 + (q_1 + iq_2)^iσ^i i(r1 + s^iσ^i) + i(t1 + u^iσ^i) i(r1 + s^iσ^i) − i(t1 + u^iσ^i) −p1 − (q_1 − iq_2)^iσ^i ) (2.5)

where the 15 elements p, q^i_1, q^i_2, r, s^i, t, u^i are all real. The maximal compact subalgebra su(2) × su(2) × u(1) is given by the antihermitean part of A: h = 1 2 (A − A^†) = ( iq^i_2σ^i i(r1 + s^iσ^i) i(r1 + s^iσ^i) iq^i_2σ^i ) (2.6)

while the generators of the coset SU(2, 2)/[SU(2) × SU(2) × U(1)] are in the hermitean part of A k = 1 2 (A + A^†) = ( p1 + q^i_1σ^i i(t1 + u^iσ^i) −i(t1 + u^iσ^i) −p1 − q^i_1σ^i ) (2.7)

– 3 –

By comparison, noting that for the left-invariant form Γ of (2.4) we have:

r = t s^i = u^i p1 + q^i_1σ^i = 1 2 (E^{−1}dE + h. c.)

iq^i_2 σ^i = 1 2 (E^{−1}dE − h. c.)

2i(r1 + s^iσ^i) = −E^{−1}dBE^{−1} (2.8)

we finally obtain the decomposition of (2.4) in vertical (G/H) and horizontal (H) components:

(L^{−1}dL)_H = ( ω_1 ω_0 + ω_2 ω_0 + ω_2 ω_1 ) = Ω_{su(2)×su(2)×u(1)} (2.9)

with

ω_0 = ω_01 = − i 2(e^2)^2

[((e^0)^2 + e^ie^i)db^0 − 2e^0e^idb^i]1

ω_1 = ω^i_1σ^i = − i e^2 ϵ^{ijk}e^j de^kσ^i ω_2 = ω^i_2σ^i = − i 2(e^2)^2

[−2e^0e^idb^0 + (e^2δ^{ij} + 2e^ie^j )db^j ]σ^i (2.10) and (L^{−1}dL)_{G/H} = ( V_0 + V_1 ω_0 + ω_2 −ω_0 − ω_2 −V_0 − V_1 ) = V (2.11)

with

V_0 = 1 e^2

[e^0de^0 − e^ide^i]1

V_1 = 1 e^2

[e^0de^i − e^ide^0]σ^i . (2.12)

The vielbein one-form has the off-diagonal components which are given in terms of the offdiagonal components of the H-connection. As we will see in the next section, this peculiar fact is at the origin of the no-scale structure of the theory.

The kinetic energy term is given by h_{uv}dq^udq^v = 1 2 Tr [( L^{−1}dL ) G/H · ( L^{−1}dL ) G/H ] . (2.13)

In the gauged theory the differential dq is replaced by Dq, which implies that dL → DL in (2.13). In the following we will denote by ω̂, V̂ the gauged connection and vielbein in L^{−1}DL related to the corresponding ungauged objects of (2.4).

Let us conclude this paragraph by noticing that another (one dimensional) quaternionic manifold,^{USp(2,2)}

USp(2)×USp(2) , can be obtained from the former if we further impose on L to be

symplectic, i.e.

L^T ΩL = Ω , with Ω = ( 0 ϵ ϵ 0 ) .

– 4 –

It is straightforward to show that this sets e^i = b^0 = 0 so that L = ( a1 −ia^{−1}b^iσ^i 0 a^{−1}1 )

L^{−1}dL = ( a^{−1}da1 −ia^{−2}db^iσ^i 0 −a^{−1}da1 )

(L^{−1}dL)_H = ( 0 −^i_{2a2} db^iσ^i −^i_{2a2} db^iσ^i 0 ) = Ω_{su(2)R} (L^{−1}dL)_{G/H} = ( a^{−1}da1 −^i_{2a2} db^iσ^i i 2a^2 db iσ^i −a^{−1}da1 ) = V (2.14)

We note that also in this case the off-diagonal component of V are related to the su(2) connection that here coincides with the R-symmetry connection ω^i_R =^{dbi}_{a2} . This is the quaternionic manifold underlying the simplest example of N = 2 gauged supergravity with partial breaking of supersymmetry considered in the literature [35, 21].^2

3. Gauging quaternionic isometries; scalar potential and masses

In absence of non abelian gauging, N = 2 supergravity predicts a scalar potential of the form [34]

V = 4h_{uv} k^u_Λk^v_ΣX̄^ΛX^Σe^K + U^{ΛΣ}P^i_ΛP^i_Σ − 3P^i_ΛX̄^ΛP^i_ΣX^Σe^K , (i = 1, 2, 3) . (3.1)

The first term is the contribution of the hyperinos variation, the second term is the contribution of the gauginos and the third of the gravitinos.

The matrix U^{ΛΣ} is given, by special geometry, to be

U^{ΛΣ} = e^KD_iX^ΛD_{j̄}X̄^Σg^{ij̄} = − 1 2 (Im N_{ΛΣ})^{−1} − e^KX̄^ΛX^Σ (3.2)

In the case at hand, the symplectic section (1.3) gives, for the kinetic matrix, N_{ΛΣ} = iz1, so that −^1_2 (Im N_{ΛΣ})^{−1} = 2e^Kδ_{ΛΣ} and we get

U^{ΛΣ}P^i_ΛP^i_Σ = − 1 2(z + z̄) ( P^i_1P^i_1 + P^i_2P^i_2 ) = P^i_ΛP^i_ΣX̄^ΛX^Σe^K (3.3)

From (3.3), the second and third terms in (3.1) together give a negative contribution to the potential:

−2P^i_ΛX̄^ΛP^i_ΣX^Σe^K = 1 (z + z̄) ( P^i_1P^i_1 + P^i_2P^i_2 ) . (3.4)

The above term can be further simplified by noting that, when gauging axion symmetries (this actually implies, in the parametrization chosen, that all components of the SU(2) connections are b-independent), we have [34, 3, 37]

P^i_Λ = (ω^i_R)_uk^u_Λ (3.5)

where (ω^i_R)_u is the component of the R-symmetry SU(2) connection ω^i_R ≡ 2i(ω^i_1 + ω^i_2).

2Note that, in order to compare (2.14) with reference [21], we have to set, for the coordinate b0 of [21], b0 = a^2.

– 5 –

The scalar potential then becomes V = 1 4 e^K [( 4h_{b1 b1} − 2(ω^i_2)_{b1} (ω^i_2)_{b1} ) g^2_1 + ( 4h_{b2b2} − 2(ω^i_2)_{b2} (ω^i_2)_{b2} ) g^2 ] , (3.6)

where we have taken k^{bi}_0 =^{g1}_2 δ^i_1, k^{bi}_1 =^{g2}_2 δ^i_2.

By virtue of the actual form of (L^{−1}dL)_H and (L^{−1}dL)_{G/H} , we notice that the ω_2 contributions exactly cancel in V , with the ω_0 terms left, so that V = 2 (e^2)^4 e^Ke^2_0(e^2_1g^2_1 + e^2g^2 ) (3.7)

which gives ∂V ∂e_1 = ∂V ∂e_2 = 0 ⇒ e_1 = e_2 = 0 (3.8)

while z, e_0 and e_3 are flat directions.

From the normalization of the kinetic term of the hypermultiplets, setting e_1 = e_2 = 0, so that e^2 = e^2_0 − e^2_3, we have, for the two scalars e_1, e_2

h_{eiej} de^ide^j = Tr(V_1 · V_1) = 2 (e^2)^2 e^2_0 ( (de_1)^2 + (de_2)^2 ) (i, j = 1, 2) (3.9)

so that the scalar masses are m^2_i = e^{K g2i}_{(e2)2} .

The gravitino mass matrix is given by [34] S_{AB} = i 2 e^{K2} P^i_ΛX^Λ(σ^iϵ)_{AB} = i 4 e^{K2} [ g_1(ω^i_R)_{b1} − ig_2(ω^i_R)_{b2} ] (σ^iϵ)_{AB} . (3.10)

From the explicit form of (ω^i_R)_b = 2i(ω^i_2)_b we read (at e_1 = e_2 = 0)

(ω_R)_{bi} = − 1 (e^2)^2

(e^2_0 − e^2_3)(σ_iϵ) , (i = 1, 2) (3.11)

so that, recalling that σ_1ϵ = −σ_3, σ_2ϵ = i1 (ϵ = iσ_2) and that the physical gravitino masses are given by the eigenvalues of 2S_{AB} S_{AB} = − i 2 e^K2 e^2 (_{g2−g1} 2 0 0^{g1+g2}_2 ) (3.12)

Unbroken N = 1 supersymmetry requires |g_1| = |g_2| = g, in which case the hyperscalars and the gravitino masses are just equal to each other

m^2 = e^K (e^2)^2 g^2 (3.13)

The vector bosons masses come from the gauge covariant derivative Db^i (i = 1, 2) in the hypermultiplets (gauged) kinetic term

h_{bibj} Db^iDb^j = − Tr(ω̂_2 · ω̂_2) = 1 2(e^2)^2 [( db^1 + 1 2 g_1A^0

)_2 + ( db^2 + 1 2 g_2A^1 )]2

= · · · + 1 8(e^2)^2 [ g^2_1 (A^0)^2 + g^2 (A^1)^2 ] . (3.14)

– 6 –

This term has to be confronted with the vectors kinetic term in the lagrangian:

Im N_{ΛΣ}F^Λ_{μν} F^{Σμν} = Re z[(F^0_{μν} )^2 + (F^1_{μν} )^2] (3.15)

where we have chosen the field strenghts normalization F^Λ_{μν} =^1_2 (∂_μA^Λ_ν − ∂_ν A^Λ_μ ). Using the fact that Re z = −^1_4 e^{−K}, the standard contribution F^2 +^1_2 A^2 is finally got with the vector (squared) masses

m^2_i = e^K (e^2)^2 g^2_i . (3.16)

Note that this result is also true in the one dimensional case of [38], since the number of vector bosons and charged axions is the same in the two theories.

We just note that in the case of the one dimensional quaternionic manifold^{USp(2,2)}_{USp(2)×USp(2)} [30, 21] the ω_0 term is absent so that

4h_{bibi} − 2ω^x_{bi} ω^x_{bi} = 0 (3.17)

giving V ≡ 0, instead of being^8_{(e2)4} e^2_0e^2_e as in the actual case, which leads to V > 0.

4. Relation to N = 2 warped compactifications

The model considered here is the bulk massless sector of the effective theory of the type-IIB orientifold [10, 11] with N = 4 supersymmetry partially broken to N = 2 and then to N = 0. Technically this result is obtained by integrating out two of the four gravitino multiplets, by assuming that m_3, m_4 ≫ m_1, m_2. In particular, let us start with the SO(6, 6)/SO(6) × SO(6) manifold with coordinates g_{IJ} = g_{JI} , b_{IJ} = −b_{JI} (I, J = 1, . . . , 6). If we use complex coordinates I = (i, j̄) (i, j̄ = 1, 2, 3), the N = 4 → N = 3 truncation corresponds to keep all (g_{ij̄}, b_{ij̄}) components (and not g_{ij} , b_{ij}). A further reduction to N = 2 corresponds to retain only e.g. (g_{1,}¯_1, g_{ij̄}), (b_{1,}¯_1, b_{ij̄}) with i, j̄ = 2, 3. Following the notations of [33], the two massive gravitino multiplets which break N = 4 → N = 3 → N = 2 correspond to fluxes f_{123}, f¯_{123}. The residual supersymmetry is then broken N = 2 → N = 1 → N = 0 by the fluxes f_1¯_{23}, f¯_1¯_{23}.

It is interesting that, at each stage of partial breaking, we get an effective no-scale supergravity model, with a rather simple geometric structure. The coset described by the E coordinates corresponds to the metric moduli of the torus, together with Re z. The five fields b_0, b_i, Im z correspond to the R-R axions which are retained in the N = 2 truncation.

This model can also be obtained by starting with a N = 3 effective theory with 3 vector multiplets [10] and integrating out a long N = 2 spin 3/2 multiplet ((3/2), 4(1), (5 + 1)(1/2), 4(0)). One sees that the remaining massless degrees of freedom correspond exactly to one vector multiplet and two hypermultiplets as well as the N = 2 graviton multiplet.

The N = 3 manifold^{SU(3,3)}

SU(3)×SU(3)×U(1) gets reduced to

SU(1,1) U(1) ×

SU(2,2) SU(2)×SU(2)×U(1) where

4 of the 9 axions of the N = 3 manifold have been eaten by the 4 vectors of the massive spin-3/2 multiplet and other 4 metric moduli are the scalar superpartners of the massive gravitino.

– 7 –

It is obvious that the present example can be generalized to include, besides the abelian interactions gauging the axion isometries, an arbitrary interaction with n Yang-Mills supermultiplets [16, 17], with a coset structure [38, 32]

SU(1, 1 + n) U(1) × SU(1 + n) × SU(2, 2 + n) SU(2) × SU(2 + n) × U(1) where n = dim G_{Y M} .

Note that this structure differs from the one considered in [36]. The vector multiplets part is the same as the one described in [23].

The vacuum state can at most break G_{Y M} → CSA so that n is reduced to the rank of G_{Y M} .

In the supergravity framework the Yang-Mills part corresponds to the D3-brane contribution to the four-dimensional effective theory. [10, 11, 16, 17].

5. Comparison with Calabi-Yau compactifications and other models

The present theory can be compared to other effective N = 2 supergravity theories considered in the literature [2]–[5], [12]–[14], [18, 37, 39].

For example, in the context of Calabi-Yau compactifications in type-IIB superstring, turning on fluxes corresponds to gauge axion symmetries of the quaternionic manifold, which is obtained by c-map [40] of some special Kähler manifold [3, 37].

In the case of a quaternionic geometry obtained by c-map of a special geometry with cubic prepotential, it was shown by Taylor and Vafa [2] that V > 0. This result is true for an arbitrary special Kähler geometry as appropriate in type-IIB Calabi-Yau compactifications. A positive potential was obtained at the N = 2 level in [37] in the particular simple case of the two dimensional quaternionic manifold G_2/SO(4).

However the basic relation which exists in this case is [37]

P^x_Λ P^x_Σ = h_{uv}k^u_Λk^v_Σ (5.1)

which then implies V = ( U^{ΛΣ} + e^KX̄^ΛX^Σ ) P^x_Λ P^x_Σ = − 1 2 (Im N_{ΛΣ})^{−1} P^x_Λ P^x_Σ (5.2)

The problem with this expression is that it never vanishes unless P^x_Λ = 0 since − Im N_{ΛΣ} > 0.

This is partly a consequence of the no-go theorem of [30] which implies that, in presence of non-degenerate sections X^Λ of special geometry, either N = 2 is unbroken or it is broken to N = 0. This point was stressed in reference [4].

Our examples evade this no-go theorem because we use degenerate sections for the vector multiplets geometry. In our case the SU(1, 1) acting on the two vectors mixes electric with magnetic field strenghts. This is related to the fact that in our embedding SU(1, 1) × SU(2, 2) ⊂ SO(6, 6). The SU(1, 1) factor is not a subset of the electric subgroup GL(6) of SO(6, 6), which is the maximal subgroup acting linearly on the vector potentials of the parent N = 4 theory [25, 33].

– 8 –

6. Quantum corrections to the cosmological constant

In the present models, giving partial super-Higgs around Minkowski vacuum, we can make some discussion on the one-loop corrections to the cosmological constant.

Let us remind that the quartic, quadratic and logarithmic divergent parts, in any field theory, are respectively controlled by the following coefficients [41, 42]

a_k = ∑ J (−1)^{2J} (2J + 1)m^{2k}_J , (k = 0, 1, 2) . (6.1)

While a_0 = 0 in any spontaneously broken supersymmetric theory (quartic divergence), the vanishing of a_1, a_2 is model-dependent [41]

However, under some mild assumption, in any spontaneously broken N-extended theory where the partial super-Higgs N → N − 1 is permitted, the following main formulae are true a_k = ∑ J (−1)^{2J} (2J + 1)m^{2k}_J = 0 , 0 ≤ k < N . (6.2)

This relation follows from the fact that a non vanishing contribution to the vacuum energy must be proportional to Π^N_{i=1}^{m2i}_{M 2P} M^4_P .

This is the leading behavior in the variable X = Π^N_{i=1}^{m2i}_{M 2P} , at least if we assume analyticity in this variable.

From the above we conclude that there is only a finite correction in N = 3, 4 models, while there is a logarithmic correcton to the N = 2 models and a quadratic correction to the N = 1 models.

Note however that in the Scherk-Schwarz N = 8 models [43] the same formulae were true but for 0 ≤ k < N/2. This is because in that case the gravitino masses were pairwise degenerate so that the hypotesis of partial breaking N → N − 1 was invalid.

In our model all fermions helicities have masses |g_1 ± g_2|/2 while the two vectors and the two massive scalars have squared masses g^2_1 , g^2 .^3

Since we have 8 helicities with mass |g_1 + g_2|/2 and 8 helicities with mass |g_1 − g_2|/2, we find 2(g_1 + g_2)^2 + 2(g_1 − g_2)^2 = 4g^2_1 + 4g^2 which is the same as the bosonic contribution 3g^2_1 + 3g^2 + g^2_1 + g^2. Therefore we have ∑ J (−1)^{2J} (2J + 1)m^2_J = 0. (In the model of [30] the bosonic and fermionic contributions were separately equal 3(g^2_1 + g^2 ), so that S Tr M^2 = 0 also in that case). Note that for |g_1| = |g_2| N = 1 is unbroken, three spin 1/2 fermions are massless and three have masses |g|. They join three massless chiral multiplets, one massive gravitino multiplet and an extra massive chiral multiplet.

The quartic mass formula ∑ J (−1)^{2J} (2J + 1)m^4_J = S Tr M^4 (6.3)

gives a non vanishing result. It is positive

S Tr M^4 = 3(g^2_1 − g^2 )^2 e^{2K} (e^2)^4

= 48m^2_1m^2.

In the model of [30] it is instead S Tr M^4 = 36m^2_1m^2.

3The masses are given in units of the moduli dependent factors e^{K2} /e^2.

– 9 –

7. Conclusions

In this paper we have considered a simple N = 2 lagrangian which correctly reproduces a no-scale extended supergravity model with vanishing vacuum energy and moduli stabilization.

The crucial ingredients, which appear to be quite general and not only inherent to the case under investigation, are two. It is necessary to gauge some translational isometries of the quaternionic manifold, in order to be left with a positive semidefinite scalar potential giving partial super-Higgs. In this respect, the use of a degenerate symplectic section for special geometry is further needed, in order to escape the no-go theorem and allow stepwise supersymmetry breaking N = 2 → N = 1.

A property of such models is that a non trivial moduli space exists in each broken phase. This model is supposed to describe the bulk sector of a type-IIB orientifold in presence of fluxes. The three-form fluxes are proportional to g_1 ± g_2, where g_1, g_2 are the two gauge couplings of the theory.

This model can be generalized to include Yang-Mills interactions by adding N = 2 vector multiplets and N = 2 hypermultiplets in the adjoint representation of some compact Lie group.

The special geometry relevant for this generalized case, with degenerate symplectic sections, has been described in [32], and a natural parametrization of the quaternionic manifold also exists.

It is also natural to extend this analysis to manifolds which are not symmetric spaces as in the present case, but still have some abelian isometries to be gauged [5]. We expect some of the properties shown here will also apply, under suitable assumptions, to these more general cases.

Acknowledgments

We acknowledge interesting discussions with G. Dall’Agata and R. Rattazzi. Work supported in part by the European Community’s Human Potential Program under contract HPRN-CT-2000-00131 Quantum Space-Time, in which L.A., R.D. and M.A.Ll. are associated to Torino University. This work has also been supported by the D.O.E. grant DE-FG03-91ER40662, Task C. The work of M.A.Ll. has been supported in part by the Research grant BFM 2002-03681 from the Ministrio de Ciencia y Tecnología (Spain) and from EU FEDER funds.

References

[1] J. Polchinski and A. Strominger, New vacua for type-II string theory, Phys. Lett. B 388 (1996) 736 [hep-th/9510227].

[2] T.R. Taylor and C. Vafa, RR flux on Calabi-Yau and partial supersymmetry breaking, Phys.

Lett. B 474 (2000) 130 [hep-th/9912152].

[3] J. Michelson, Compactifications of type-IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495 (1997) 127 [hep-th/9610151]; Compactifications of

– 10 – type-IIB strings to four dimensions with non-trivial classical potential, Nucl. Phys. B 495 (1997) 127 [hep-th/9610151].

[4] P. Mayr, On supersymmetry breaking in string theory and its realization in brane worlds, Nucl. Phys. B 593 (2001) 99 [hep-th/0003198].

[5] J. Louis, Aspects of spontaneous N = 2 → N = 1 breaking in supergravity, hep-th/0203138.

[6] L. Andrianopoli, R. D’Auria, S. Ferrara and M.A. Lledó, On the super-Higgs effect in extended supergravity, Nucl. Phys. B 640 (2002) 46 [hep-th/0202116].

[7] K. Dasgupta, G. Rajesh and S. Sethi, M-theory, orientifolds and G-flux, J. High Energy Phys. 08 (1999) 023 [hep-th/9908088].

[8] G. Curio, A. Klemm, D. Lüst and S. Theisen, On the vacuum structure of type-II string compactifications on Calabi-Yau spaces with H-fluxes, Nucl. Phys. B 609 (2001) 3 [hep-th/0012213].

[9] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string compactifications, Phys. Rev. D 66 (2002) 106006 [hep-th/0105097].

[10] A.R. Frey and J. Polchinski, N = 3 warped compactifications, Phys. Rev. D 65 (2002) 126009 [hep-th/0201029].

[11] S. Kachru, M.B. Schulz and S. Trivedi, Moduli stabilization from fluxes in a simple IIB orientifold, hep-th/0201028.

[12] J. Louis and A. Micu, Type II theories compactified on Calabi-Yau threefolds in the presence of background fluxes, Nucl. Phys. B 635 (2002) 395 [hep-th/0202168]; Heterotic string theory with background fluxes, Nucl. Phys. B 626 (2002) 26 [hep-th/0110187].

[13] K. Becker and M. Becker, Supersymmetry breaking, M-theory and fluxes, J. High Energy Phys. 07 (2001) 038 [hep-th/0107044].

[14] M. Haack and J. Louis, M-theory compactified on Calabi-Yau fourfolds with background flux, Phys. Lett. B 507 (2001) 296 [hep-th/0103068].

[15] S. Kachru, M.B. Schulz, P.K. Tripathy and S.P. Trivedi, New supersymmetric string compactifications, hep-th/0211182.

[16] M. Grana, D3-brane action in a supergravity background: the fermionic story, Phys. Rev. D 66 (2002) 045014 [hep-th/0202118].

[17] A.R. Frey and A. Mazumdar, 3-form induced potentials, dilaton stabilization and running moduli, hep-th/0210254.

[18] K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and alpha’ corrections to flux induced potentials, J. High Energy Phys. 06 (2002) 060 [hep-th/0204254].

[19] E. Cremmer, S. Ferrara, C. Kounnas and D.V. Nanopoulos, Naturally vanishing cosmological constant in N = 1 supergravity, Phys. Lett. B 133 (1983) 61.

[20] J.R. Ellis, A.B. Lahanas, D.V. Nanopoulos and K. Tamvakis, No-scale supersymmetric standard model, Phys. Lett. B 134 (1984) 429;

J.R. Ellis, C. Kounnas and D.V. Nanopoulos, No scale supersymmetric guts, Nucl. Phys. B 247 (1984) 373;

For a review see A.B. Lahanas and D.V. Nanopoulos, The road to no scale supergravity, Phys. Rept. 145 (1987) 1.

– 11 –

[21] S. Ferrara, L. Girardello and M. Porrati, Minimal Higgs branch for the breaking of half of the supersymmetries in N=2 supergravity, Phys. Lett. B 366 (1996) 155.

[22] V.A. Tsokur and Y.M. Zinovev, Spontaneous supersymmetry breaking in N = 4 supergravity with matter, Phys. Atom. Nucl. 59 (1996) 2192–2197 [hep-th/9411104]; Spontaneous supersymmetry breaking in N = 3 supergravity with matter, Phys. Atom. Nucl. 59 (1996) 2185–2191 [hep-th/9411096]; Dual versions of extended supergravities, Phys. Lett. B 378 (1996) 120 [hep-th/9503064].

[23] Y.M. Zinovev, Dual versions of N = 2 supergravity and spontaneous supersymmetry breaking, Class. and Quant. Grav. 12 (1995) 1355 [hep-th/9409199].

[24] L. Andrianopoli, R. D’Auria, S. Ferrara, M.A. Lledó, Gauging of flat groups in four dimensional supergravity, J. High Energy Phys. 07 (2002) 010 [hep-th/0203206].

[25] L. Andrianopoli, R. D’Auria, S. Ferrara, M.A. Lledó, Duality and spontaneously broken supergravity in flat backgrounds, Nucl. Phys. B 640 (2002) 63 [hep-th/0204145].

[26] C.M. Hull, New gauged N = 8, D = 4 supergravities, hep-th/0204156.

[27] M.K. Gaillard and B. Zumino, Duality rotations for interacting fields, Nucl. Phys. B 193 (1981) 221.

[28] A. Ceresole, R. D’Auria, S. Ferrara and A. Van Proeyen, Duality transformations in supersymmetric Yang-Mills theories coupled to supergravity, Nucl. Phys. B 444 (1995) 92 [hep-th/9502072].

[29] S. Cecotti, L. Girardello and M. Porrati, Some features of SUSY breaking in N = 2 supergravity, Phys. Lett. B 151 (1985) 367.

[30] S. Cecotti, L. Girardello and M. Porrati, Two into one won’t go, Phys. Lett. B 145 (1984) 61.

[31] B. de Wit, P.G. Lauwers and A. Van Proeyen, Lagrangians of N = 2 supergravity-matter systems, Nucl. Phys. B 255 (1985) 569.

[32] R. D’Auria, S. Ferrara, M.A. Lledó and S. Vaula, No-scale N = 4 supergravity coupled to Yang-Mills: the scalar potential and super Higgs effect, hep-th/0211027.

[33] R. D’Auria, S. Ferrara and S. Vaula, N = 4 gauged supergravity and a IIB orientifold with fluxes, New J. Phys. 4 (2002) 71 [hep-th/0206241].

[34] L. Andrianopoli et al., N = 2 supergravity and N = 2 super Yang-Mills theory on general scalar manifolds: symplectic covariance, gaugings and the momentum map, J. Geom. Phys. 23 (1997) 111 [hep-th/9605032]; General matter coupled N = 2 supergravity, Nucl. Phys. B 476 (1996) 397 [hep-th/9603004];

R. D’Auria, S. Ferrara and P. Fre, Special and quaternionic isometries: general couplings in N = 2 supergravity and the scalar potential, Nucl. Phys. B 359 (1991) 705.

[35] S. Cecotti, L. Girardello and M. Porrati, An exceptional N = 2 supergravity with flat potential and partial superhiggs, Phys. Lett. B 168 (1986) 83.

[36] P. Fre, L. Girardello, I. Pesando and M. Trigiante, Spontaneous N = 2 → N = 1 local supersymmetry breaking with surviving compact gauge groups, Nucl. Phys. B 493 (1997) 231 [hep-th/9607032].

[37] G. Dall’Agata, Type IIB supergravity compactified on a Calabi-Yau manifold with H-fluxes, J.

High Energy Phys. 11 (2001) 005 [hep-th/0107264].

– 12 –

[38] S. Ferrara and M. Porrati, N = 1 no-scale supergravity from IIB orientifolds, Phys. Lett. B 545 (2002) 411 [hep-th/0207135].

[39] K. Behrndt and G. Dall’Agata, Vacua of N = 2 gauged supergravity derived from non-homogenous quaternionic spaces, Nucl. Phys. B 627 (2002) 357 [hep-th/0112136].

[40] S. Cecotti, S. Ferrara and L. Girardello, Geometry of type-II superstrings and the moduli of superconformal field theories, Int. J. Mod. Phys. A 4 (1989) 2475.

[41] B. Zumino, Supersymmetry and the vacuum, Nucl. Phys. B 89 (1975) 535.

[42] B.S. De Witt, Dynamical theory of groups and fields, Gordon and Breach, New York, 1965 pp. 231–233.

[43] J. Scherk and J.H. Schwarz, How to get masses from extra dimensions, Nucl. Phys. B 153 (1979) 61;

E. Cremmer, J. Scherk and J.H. Schwarz, Spontaneously broken N = 8 supergravity, Phys. Lett. B 84 (1979) 83;

E. Sezgin and P. van Nieuwenhuizen, Renormalizability properties of spontaneously broken N = 8 supergravity, Nucl. Phys. B 195 (1982) 325.

– 13 –