arXiv:hep-th/0409184 v2 16 Dec 2004

CERN-PH-TH/2004-186

No-scale supergravity from higher dimensions^1

R. D’Auria^⋆, S. Ferrara^{†‡♯} and M. Trigiante^⋆

†CERN, Physics Department, CH 1211 Geneva 23, Switzerland.

‡INFN, Laboratori Nucleari di Frascati, Italy. ♯ University of California, Los Angeles, USA

⋆Dipartimento di Fisica, Politecnico di Torino C.so Duca degli Abruzzi, 24, I-10129 Torino, and Istituto Nazionale di Fisica Nucleare, Sezione di Torino, Italy

ABSTRACT

We discuss recent results on the interpretation of flux compactifications on certain Type IIB orientifolds in terms of gauged N –extended supergravities of no–scale type

1To appear in the proceedings of Strings 2004, June 28-July 2 Paris.

1. Introduction

Superstring/M–theory are considered to be the most promising candidates to describe the fundamental theory of gravity. Upon compactification to four dimensions, the effective low–energy dynamics of both bulk and brane degrees of freedom is encoded in a four– dimensional supergravity. Ordinary compactifications typically yield supergravity models which are far from being realistic, since they describe a plethora of massless scalar fields, in part related to the moduli of the internal manifold, which are not observed in nature and whose v.e.v. define a continuum of degenerate vacua. In order to derive phenomenologically viable models from string/M–theory new dynamics should be introduced, which would be described at the level of the low–energy effective theory by a suitable scalar potential V . The effect of this potential should be to lift the vacua degeneracy making the model more predictive and define at the same time vacua with interesting properties like spontaneous supersymmetry breaking, cosmological constant etc... Remarkable progress in this direction has been made in the last four years by considering compactifications in the presence of non–vanishing p–form fluxes across cycles of the internal manifold [1]-[11]. The presence of fluxes determines indeed a non–trivial scalar potential in the effective low–energy supergravity, which defines in some cases vacua with vanishing cosmological constant (at tree level), in which spontaneous (partial) supersymmetry breaking may occur and (some of) the moduli of the internal manifold are fixed. In fact theories with vanishing cosmological constant are generalized no–scale models, which were studied long ago in the pure supergravity context [12, 13]. The presence of fluxes gives also rise in the low–energy supergravity to local symmetries gauged by vector fields^2. Supergravity models with such gauge symmetries (gauged supergravities) have been extensively studied in the literature [14]-[15], also in connection to flux compactifications or Scherk–Schwarz dimensional reduction [16]-[26]. Actually in extended supergravities (N ≥ 2) the gauging procedure, which consists in promoting a global symmetry group of the Lagrangian to local invariance, is the only way of introducing a non–trivial scalar potential without explicitly breaking supersymmetry. The global symmetry group of extended supergravities is the isometry group G of the scalar manifold, whose non–linear action on the scalar fields is associated with an electric/magnetic duality action on the n_v vector field strengths and their duals [27]. This duality transformation is required in four dimensions to be symplectic and thus is defined by the embedding of G inside Sp(2n_v , R). Gauge symmetries deriving from flux compactifications typically are related to non–semisimple Lie groups G containing abelian translational isometries acting on axionic fields which originate from ten dimensional R–R forms C_{(p)} (p = 0, 2, 4 for Type IIB) or the NS two form B_{(2)}. The

2In four dimensional supergravities coupled to linear multiplets, fluxes may give rise to more general couplings.

embedding of G inside G is defined at the level of the corresponding Lie algebras by the flux tensors themselves, which play the mathematical role of an embedding matrix [15].

No–scale models arising from flux compactifications or Scherk–Schwarz dimensional reduction give rise to a semi–positive definite scalar potential which has an interpretation in terms of an N –extended gauged supergravity in four dimensions. Let us recall the general form of such scalar potential V (Φ) (Φ denoting collectively the scalar fields)[28]: δ^A_BV (Φ) = −3S^{AC} S_{BC} + N^{IA}N_{IB} , (1) where S_{AB} = S_{BA}, and N^{IA} appear in the gravitino and spin 1/2 supersymmetry transformations δψ_{Aμ} = 1 2 S_{AB} γ_μϵ^B + · · · (2) δλ^I = N^{IA}ϵ_A + · · · , (3) and give rise in the supergravity Lagrangian to the following terms: 1 √ −g L = · · · + S_{AB}ψ̄^A_μ σ^{μν} ψ^B_ν + iN^{IA}λ̄_I γ^μψ_{μA} −V (Φ) . (4)

Flat space demands that on the extremes ∂V /∂Φ = 0 the potential vanishes, so 3 ∑ C S^{AC} S_{CA} = ∑ I N^{IA}N_{IA}, ∀A , (5) The first term in the potential (1) is the square of the gravitino mass matrix. It is hermitian, so it can be diagonalized by a unitary transformation. Assume that it is already diagonal, then the eigenvalue in the entry (A_0, A_0) is non zero if and only if N^{IA0} ≠ 0 for some I. On the other hand, if the gravitino mass matrix vanishes then N^{IA} must be zero.

For no-scale models, there is a subset of fields λ^{I ′} for which 3 ∑ C S^{AC} S_{CA} = ∑ I^′ N^{I ′ A}N_I ′_A, ∀A (6) at any point in the scalar manifold M_{scal}. This implies that the potential is given by V (Φ) = ∑ I≠I^′ N^{IA}N_{IA} , (7) and it is manifestly positive definite. Zero vacuum energy on a point of M_{scal} implies that N^{IA} = 0, I ≠ I^′ at that point. This happens independently of the number of unbroken supersymmetries, which is controlled by N^{I ′ A}.

In the sequel we shall first discuss in some detail the supergravity description of Type IIB superstring on K3 × T^2/Z_2 orientifold in the presence of fluxes and D3/D7 branes. Eventually we shall comment on some general properties of the vacua in no–scale supergravities originating from flux compactifications and Scherk–Schwarz dimensional reduction, concluding with a comment on the dynamical generation of a cosmological constant.

2. Type IIB on K3 × T^2/Z_2 orientifold with fluxes and D3/D7 branes

Consider Type IIB superstring theory compactified on K3 × T^2/Z_2 orientifold [29] to four dimensions [5]. Let x^μ (μ = 0, . . . , 3) denote the four dimensional Minkowski coordinates, x^ℓ (ℓ = 4, . . . , 7) the K3 coordinates and x^p (i = 8, 9) the coordinates of T^2. The low–energy effective theory is a N = 2 supergravity [17, 23] which describes the gravitational multiplet coupled to 3 vector multiplets and 20 hypermultilets. The scalar manifold is the product of a special Kähler manifold spanned by the three complex scalars s, t, u in the vector multiplets and a quaternionic Kähler manifold describing the 20 hyperscalars[17]: M_{scal} = M_{SK} × M_{QK} , M_{SK} = ( SU(1, 1) U(1) ) s × ( SU(1, 1) U(1) ) t × ( SU(1, 1)

U(1) ) u , M_{QK} = SO(4, 20) SO(4) × SO(20) (8) s, t, u being complex scalars spanning each factor of M_{SK} are defined as follows:

s = C_{(4)} − i Vol(K_3), t = g_{12} g_{22} − i √ detg g_{22} , u = C_{(0)} − i e^φ , (9)

where C_{(4)} is the axion originating from the components of the ten dimensional four–form along the directions of K3, Vol(K_3) is the volume of K3 in the ten dimensional Einstein frame, C_{(0)} and φ are the ten dimensional axion, dilaton and the matrix g denotes the metric on T^2. The vector fields A^Λ_μ in the bulk sector originate from the components B^α_{μp} of the ten dimensional two forms {B^α_{(2)}} ≡ {B_{(2)}, C_{(2)}} where α = 1, 2 is the doublet index of the ten dimensional Type IIB duality group SL(2, R)_u, and the index Λ = 0, . . . , 3 runs over the 4 of SL(2, R)_u × SL(2, R)_t.

Let us recall some properties of the K3 cohomology. The second order cohomology group H^{(2)}(K3, Z) is isomorphic to the lattice Γ^{3,19} in which the following inner product between harmonic two–forms is defined: (α, β) = ∫ K3 α ∧ β. Let us denote by ω_I , I = 1, . . . , 22, a basis of H^{(2)}(K3, Z), and let m = 1, 2, 3 and a = 1, . . . , 19 be the indices running over the positive and negative signature directions respectively. The manifold M_{QK} can be written in the form: M_{QK} = [ SO(3, 19) SO(3) × SO(19)

× O(1, 1) ] ⋉ {22_+} (10)

where {22_+} denote a subspace generated by 22 abelian isometries Z_I (with positive grading with respect to the O(1, 1) generator). These are parametrized by the axions C^I originating from the components of the four form with two indices along K3 and two indices along T^2. The O(1, 1) factor is parametrized by the volume of T^2: √ det(g) = e^ϕ.

Finally the 40 complex structure moduli and the 17 Kähler moduli (except the volume) of K3 are described by a 3 × 19 matrix e^m_a which span the SO(3, 19)/SO(3) × SO(19) submanifold. These scalars are arranged in the 20 hyperscalars as follows: {C^m, ϕ}, {C^a, e^m_a}. Let us now add to the microscopic setting a stack of n_3 space–filling D3 branes and one of n_7 space–filling D7 branes wrapped around K3. The low–energy brane dynamics is described by a SYM theory on their world volume. We shall consider the SYM theories on the D3/D7 branes to be in the Coulomb phase (namely the branes to be separated from each other), so that the gauge group and the massless bosonic modes on the world volume theories are:

D3: gauge group = U(1)^{n3} ; bosonic 0–modes: A^r_μ y^r = y^{8,r} + t y^{9,r} (r = 1, . . . , n_3) , D7: gauge group = U(1)^{n7} ; bosonic 0–modes: A^k_μ x^k = x^{8,k} + t x^{9,k} (k = 1, . . . , n_7) ,

where y^r and x^k are complex scalars describing the position of each D3, D7–brane along T^2 respectively. The massless brane degrees of freedom will enter the low–energy theory as n_3 + n_7 additional vector multiplets, causing the special Kähler manifold to enlarge to a homogeneous non–symmetric 3 + n_3 + n_7 dimensional space denoted by L(0, n_3, n_7)[30]. The metric of this manifold was computed in terms of the bulk/brane fields, using the solvable Lie algebra parametrization, in [25].

2.1. Geometry of M_{SK}

Let us briefly recall the main formulae of special Kähler geometry. The geometry of the manifold is encoded in the holomorphic section Ω = (X^Λ, F_Σ ) which, in the special coordinate symplectic frame, is expressed in terms of a prepotential F (s, t, u, x^k, y^r) = F (X^Λ)/(X^0)^2 = F (X^Λ/X^0), as follows:

Ω = (X^Λ, F_Λ = ∂F/∂X^Λ) . (11)

In our case F is given by F (s, t, u, x^k, y^r) = stu − 1 2 s x^k x^k − 1 2 u y^ry^r . (12)

The Kähler potential K is given by the symplectic invariant expression:

K = − log [ i(X^ΛF_Λ − F_ΛX^Λ) ] . (13)

In terms of K the metric has the form g_{ij̄} = ∂_i∂_{j̄}K. The matrices U^{ΛΣ} and N_{ΛΣ} are respectively given by:

U^{ΛΣ} = e^K D_iX^ΛD_{j̄}X^Σ g^{ij̄} = − 1 2 Im(N )^{−1} − e^K X^ΛX^Σ ,

N_{ΛΣ} = ĥ_{Λ|I} ∘ (f̂^{−1})^I_Σ , where f̂^Λ_I = ( D_iX^Λ X^Λ ) ; ĥ_{Λ|I} = ( D_iF_Λ F_Λ ) . (14)

For our choice of F , K has the following form:

K = − log[−8 (Im(s) Im(t)Im(u) − 1 2 Im(s) (Im(x)^k )^2 − 1 2 Im(u) (Im(y)^r )^2)] , (15)

with Im(s), Im(t), Im(u) < 0 at x^k = y^r = 0. The components X^Λ, F_Σ of the symplectic section which correctly describe our problem, are chosen by performing a constant symplectic change of basis from the one in (11) given in terms of the prepotential in eq. (12). The rotated symplectic sections then become[23]

X^0 = 1 √ 2 (1 − t u +

(x^k)^2 2 ) , X^1 = − t + u √ 2 , X^2 = − 1 √ 2 (1 + t u −

(x^k)^2 2 ) , X^3 = t − u √ 2 , X^k = x^k , X^r = y^r ,

F_0 = s ( 2 − 2 t u + (x^k)^2 ) + u (y^r)^2 2 √ 2 , F_1 =

−2 s (t + u) + (y^r)^2 2 √ 2 F_2 = s ( 2 + 2 t u − (x^k)^2 ) − u (y^r)^2 2 √ 2 , F_3 =

2 s (−t + u) + (y^r)^2 2 √ 2 F_i = −s x^k , F_r = −u y^r . (16)

Note that, since ∂X^Λ/∂s = 0 the new sections do not admit a prepotential, and the no–go theorem on partial supersymmetry breaking [31] does not apply in this case. As in [17], we limit ourselves to gauge shift–symmetries of the quaternionic manifold of the K3 moduli–space. Other gaugings which include the gauge group on the branes will be considered elsewhere.

2.2. Fluxes

Let us consider the effect of switching on fluxes of the three–form field strengths across cycles of the internal manifold. The only components of F^α_{(3)} = dB^α_{(2)} which survive the orientifold projection are: F^α_{(3)} = F^{α I}_p ω_I ∧ dx^p. We can describe these flux components in terms of four integer vectors f_Λ^I , Λ = 0, . . . , 3 :

F^{α I}_p ≡ F_Λ^I =

(4 π^2 R^3 α^′ f_Λ^I ; f_Λ^I = {f_Λ^m, h_Λ^a} ∈ Γ^{3,19} , (17)

where R is the linear size of the internal manifold and last property follows from the flux quantization condition.

The presence of these fluxes imply local invariance in the low–energy supergravity. A way to see this is to consider the dimensional reduction of the kinetic term for C_{(4)}:

D = 10 → D = 4 F_{(5)} ∧^∗F_{(5)} −→ (∂C^I − f_Λ^I A^Λ_μ )^2 , (18)

where the four form field strength is defined as: F_{(5)} = dC_{(4)} +^1_2 ϵ_{αβ}B^α_{(2)} ∧ F^β_{(3)}. The Stueckelberg–like kinetic terms for C^I in four dimensions are clearly invariant under the local translations C^I → C^I + f_Λ^I ξ^Λ, ξ^Λ being four local parameters, provided the bulk vectors are subject to the gauge transformation A^Λ_μ → A^Λ_μ + ∂_μξ^Λ. Thus from general arguments we expect that in the presence of three form fluxes, the low–energy supergravity should be invariant under a four dimensional abelian gauge group G , subgroup of G whose generators X_Λ = f_Λ^I Z_I are gauged by the bulk vectors. The N = 2 supergravity originated from the flux compactification is obtained therefore from the ungauged theory through the gauging procedure which consists in promoting the subgroup G of the isometry group of M_{QK} to local invariance of the Lagrangian. Supersymmetry then requires the introduction of additional terms (fermion shifts) in the fermion supersymmetry transformation rules, fermion mass terms, and a scalar potential V (Φ) whose expression is constrained to be a well defined bilinear in the fermion shifts [32]. In the sequel we shall denote by P^x_Λ and k^I_Λ the momentum maps and the Killing vectors of the gauged isometries X_Λ:

k^I_Λ = f_Λ^I ; P^x_Λ = √ 2 e^ϕ ([(1 + ee^t)^{12} ]_m^x f_Λ^m + e_a^x h_Λ^a) . (19)

In terms of these quantities the scalar potential can be written as follows:

V = 4 e^{2 ϕ} (f^m_Λ f^m_Σ + 2 e^a_me^a_n f^m_Λ f^n_Σ + h^a_Λ h^a_Σ) L̄^Λ L^Σ +

2 e^{2 ϕ} ( U^{ΛΣ} − 3 L̄^Λ L^Σ ) ( f^m_Λ f^m_Σ + e^a_me^a_n f^m_Λ f^n_Σ + 2 [(1 + e e^T )^{12} ]^n_me^n_a f^m_{(Λ} h^a_{Σ)}+ e^n_a e^n_b h^a_Λ h^b_Σ ) . (20)

Once the potential is known then we can study the vacua of the theory, that is bosonic backgrounds which extremize V (Φ). If we are interested in supersymmetric vacua we need to look for bosonic backgrounds Φ_0 which admit a Killing spinor ϵ, namely directions in the supersymmetry parameter space along which:

δ_ϵ(fermions)_{|Φ0} = 0 . (21)

If a background admits a Killing spinor, it can be shown that it is also a vacuum of the theory. The spinors of the theory consist of the gravitini ψ^A_μ , the gaugini λ^{i,A} (i = 1, . . . , n_v) and the hyperini ζ^{1,A}, ζ^{a,A}. From the Killing spinor equation δ_ϵζ^{a,A} = 0 we derive the following conditions which should hold for any supersymmetric vacua:

e^a_m f^m_Λ = e^m_a h^a_Λ = 0 (22) h^a_Λ X^Λ = 0 . (23)

Conditions (22) will fix K3 complex structure moduli, while eq. (23) will fix the T^2 complex structure t and the axion/dilaton u. The Killing spinor equations δ_ϵζ^{1,A} = 0 and δ_ϵψ^A_μ = 0 turn out to be equivalent for this gauging and, together with the equations δ_ϵλ^{i,A} = 0, will impose restrictions on the fluxes.

N = 2 vacua. From the gravitino Killing spinor equation we derive P^x_Λ ≡ 0, which, upon implementation of eqs. (22) implies

f^m_Λ = 0 , (24)

which can be restated as the requirement that no flux vector among the f_Λ in Γ^{3,19} have positive norm, consistently with the results by Tripathy and Trivedi [5]. Let us, for the sake of simplicity, choose as the only non–vanishing components of the flux

h_2^{a=1} = g_2 ; h_2^{a=2} = g_3 . (25)

Condition (23) then imply:

X^2 = X^3 = 0 ⇔ t = u , 1 + t^2 =

(x^k)^2 2 , (26)

so that t, u are fixed, while s and the brane coordinates x^k, y^r remain moduli. Finally conditions (22) imply e^m_{a=1,2} = 0. Since the two axions C^{a=1,2} are Goldstone bosons which provide mass to A^2_μ, A^3_μ, the whole two hypermultiplets a = 1, 2 will not appear in the low–energy effective theory. This theory will be no–scale since the potential at the minimum vanishes identically in the moduli.

N = 1, 0 vacua. Let us look for N = 1 vacua by requiring the component ϵ_2 to be the Killing spinor. Upon implementation of (22), we obtain the following conditions:

δ_ϵψ^A_μ = 0 δ_ϵλ^{i,A} = 0 ⇒ (f_Λ^{x=1} + i f_Λ^{x=2}) X^Λ = 0 (f_Λ^{x=1} + i f_Λ^{x=2}) ∂_iX^Λ = 0 f_Λ^{x=3} = 0

. (27)

Condition f_Λ^{x=3} = 0 in particular can be rephrased as the statement that the flux should be defined by at most two positive norm vectors in Γ^{3,19}, consistently with the primitivity condition on the complexified 3–form field strength G_{(3)} as found by Tripathy and Trivedi [5].

Suppose, for the sake of simplicity, that the only non–vanishing flux components are the following f_0^{m=1} = g_0 ; f_1^{m=2} = g_1 ; h_2^{a=1} = g_2 ; h_2^{a=2} = g_3 , (28) then from the vanishing of the D7–brane gaugini variations in (27) we have the condition x^k = 0, namely that the D7 branes be stuck at the origin of T^2. Condition (23) then implies:

X^2 = X^3 = 0 ⇔ t = u = −i . (29) The four axions C^{m=1,2}, C^{a=1,2} are Goldstone bosons which provide mass to all the bulk vectors. Finally conditions (22) will fix the 40 complex structure moduli of K3: e^x_{a=1,2} = 0 ; e^{x=1,2}_{a>2} = 0 (30) leaving the 17 Kähler moduli e^{x=3}_{a>2} unfixed. The unfixed moduli will enter chiral multiplets in the effective N = 1 theory as the following complex scalars: s, y^r, C^{m=3} + i e^ϕ, C^{a>2} + i e^{m=3}_{a>2} , (31) which span the scalar manifold: M_{scal} = U(1, 1 + n_3) U(1) × U(1 + n_3) × SO(2, 18) SO(2) × SO(18)

, (32) the former factor being parametrized by s, y^r. We have not dealt with all conditions (27) yet. In particular in the effective N = 1 we can construct a superpotential using N = 2 quantities:

W = [e^{−ϕ} (P^{x=1}_Λ + i P^{x=2}_Λ ) X^Λ ]_{|Φ0} ∝ g_0 − g_1 moduli independent . (33) On the other hand the expressions in (27) (f_Λ^{x=1} + i f_Λ^{x=2}) X^Λ and (f_Λ^{x=1} + i f_Λ^{x=2}) ∂_iX^Λ turn all out to be proportional to g_0 − g_1. Therefore if W = 0 we have N = 1 otherwise the vacuum will break all supersymmetry. In both cases the potential at the minimum vanishes identically in the moduli so that the effective supergravity is no–scale. 2.3. More general N = 1 vacua

We may generalize the above choice of fluxes so as to have vacua for more general (complex) values for t, u (in the positivity domain of the Lagrangian), namely: t = a_t − i e^{2λt} ; u = a_u − i e^{2λu} , (34) a_t, a_u, λ_t, λ_u being generic real numbers. To this end we use the property of the gauged Lagrangian to be still duality invariant, provided we transform under duality symmetry the fluxes as well. The isometry transformation in SU(1, 1)_t × SU(1, 1)_u which maps the values t = u = −i into those in (34) is represented by the following symplectic matrix:

O = O_t O_u ; O_t = ( A^{−1T}_t 0 0 A_t ) ; O_u = ( A^{−1T}_u 0 C_u A_u ) . (35)

One can verify indeed that O Ω(s, t, u, x, y) = e^{−λt−λu} Ω(s, t^′, u^′, x^′, y^′) , t^′ = a_t + e^{2λt} t ; u^′ = a_u + e^{2λu} u ; y^{′r} = e^{λt} y^r ; x^{′k} = e^{λt+λu} x^k ,(36)

The flux vectors f_Λ^I are electric since they fill the lower part of a symplectic vector. Due to the perturbative form of O, its action on the flux vectors will not produce magnetic charges but will transform them as follows:

f_Λ^{′m} = A_Λ^Σ f_Σ^m ; h_Λ^{′a} = A_Λ^Σ h_Σ^a , (37)

which, in components, read:

f_0^{′1} = 1 2 e^{−λt−λu} ( 1 + e^{2 (λt+λu )} − a_t a_u ) g_0 ; f_1^{′1} = − 1 2 e^{−λt−λu} (a_t + a_u) g_0 , f_2^{′1} = 1 2 e^{−λt−λu} ( 1 − e^{2 (λt+λu )} + a_t a_u ) g_0 ; f_3^{′1} = 1 2 e^{−λt−λu} (−a_t + a_u) g_0 , f_0^{′2} = ( e^{−λt+λu} a_t 2 + e^{λt−λu} a_u 2 ) g_1 ; f_1^{′2} = ( e^{λt−λu} 2 + e^{−λt+λu} 2 ) g_1 ,

f_2^{′2} = ( − e^{−λt+λu} a_t 2 − e^{λt−λu} a_u 2 ) g_1 ; f_3^{′2} = ( e^{λt−λu} 2 − e^{−λt+λu} 2 ) g_1 ,

h_0^{′1} = − 1 2 e^{−λt−λu} ( −1 + e^{2 (λt+λu)} + a_t a_u ) g_2 ; h_1^{′1} = − 1 2 e^{−λt−λu} (a_t + a_u) g_2 , h_2^{′1} = 1 2 e^{−λt−λu} ( 1 + e^{2 (λt+λu )} + a_t a_u ) g_2 ; h_3^{′1} = 1 2 e^{−λt−λu} (−a_t + a_u) g_2 , h_0^{′2} = ( − e^{−λt+λu} a_t 2 + e^{λt−λu} a_u 2 ) g_3 ; h_1^{′2} = ( e^{λt−λu} 2 − e^{−λt+λu} 2 ) g_3 ,

h_2^{′2} = ( e^{−λt+λu} a_t 2 − e^{λt−λu} a_u 2 ) g_3 ; h_3^{′2} = ( e^{λt−λu} 2 + e^{−λt+λu} 2 ) g_3 (38)

One can verify that with this choice of fluxes N = 1 residual supersymmetry imply g_0 = g_1, x^k = 0 and t, u fixed at the values in (34).

The possibility of fixing the effective string coupling constant to small values as important implications. For instance it makes it possible to apply the model to the construction of inflationary models [33]-[38], in which the slow-roll of the inflaton (one of the y^r moduli) is realized once perturbative corrections to the potential are taken into account^3.

3We are grateful to R. Kallosh for explaining this point to us.

D7 brane world volume fluxes. Within this framework we can consider the effect of switching on fluxes of the D7 gauge field strengths F^k_{μν} across two cycles of K3. This corresponds for instance to gauging additional Z^a isometries by means of D7 brane vectors A^k_μ [23] . The constant Killing vectors are k^u_Λ = g^k_4 , Λ = 3 + k, k = 1, . . . , n_7, along the direction q^u = C^{a=3,...,2+n7} (recall that the isometries Z_{a=1,2} have already been gauged by the vectors A^{2,3}_μ ).

As far as supersymmetric vacua are concerned, from inspection of the fermion shifts it is straightforward to verify that the existence of a constant Killing spinor always requires X^2, X^3, X^{3+k} = 0 which implies x^k = 0 and t = u = −i even in the N = 2 case (still corresponding to the choice g_0 = g_1 = 0). As before we have N = 1 if g_0 = g_1 ≠ 0 and N = 0 otherwise.

3. No–scale supergravity from Scherk–Schwarz generalized dimensional reduction.

As pointed out in the introduction, spontaneously broken supergravity can also be obtained through a Scherk–Schwarz dimensional reduction from D + 1 to D dimensions [39, 16, 15, 24]. In order for the theory to admit a stable vacuum the Scherk–Schwarz phases should be taken to be in the Cartan subalgebra of the maximal compact subgroup of the isometry group G of the theory in D+1 dimensions. The scalar potential is obtained from the non–linear σ–model describing the D + 1 dimensional scalar fields: √ −det(g) g^{μν} P^I_μ P^I_ν , (39)

where P^I_μ are the pull–back on space–time of the vielbeins P^I_i of the D + 1 dimensional scalar manifold. By taking μ = ν = D+1 we have the following potential in D dimensions:

V = e^{−2 D−1D−2 σ} P^I_{D+1} P^I_{D+1} ≥ 0 , (40)

where σ is the modulus associated to the radius of the internal dimension and P^I_{D+1} = P^I_i M_j^i ϕ^j , M_i^j being the Scherk–Schwarz phases. The potential has an absolute minimum (at the origin of the scalar manifold) only if M_i^j besides being a global symmetry of the D + 1 theory is also compact, so that there exist a point in the moduli space in which P^I_{D+1} = 0. All the scalars are fixed at this minimum except σ and all the D+1 dimensional scalars ϕ^i for which M_i^j ϕ^j = 0. Finally the gravitino mass matrix is provided by Q_{D+1} which is the pull–back on the direction D + 1 of the R–symmetry connection Q_i on the scalar manifold in D + 1 dimensions.

4. Type IIB on T^6/Z_2 orientifold with fluxes and D3 branes

As a final example of let us briefly mention the gauged supergravity which describes the (classical) low–energy limit of Type IIB on T_6/Z_2 orientifold in the presence of space– filling D3 branes and three form NS and RR fluxes [3, 19, 20, 10]. It is an N = 4 model with an abelian gauge symmetry generated by twelve independent combinations of the fifteen translational isometries acting on the axions which originate from the internal components of the ten dimensional 4–form C_{(4)}. This model exhibits vacua with vanishing cosmological constant at tree level and a hierarchical supersymmetry breaking N = 4 → 3 → 2 → 1 → 0 in which the masses of the gravitini are provided by four independent flux parameters m_i, i = 1, . . . , 4, expressed in units of α^′/Vol(T^6)^12 .

5. No–scale supergravities and the cosmological constant

All the models discussed above exhibit partial super–Higgs around Minkowski vacua. Let us comment on the one–loop corrections to the cosmological constant. We start recalling that the quartic, quadratic and logarithmic divergent parts, in any field theory, are respectively controlled by the following coefficients

Str(M^{2k}) = ∑ J (−)^{2J} (2J + 1) m^{2k}_J ; k = 0, 1, 2 . (41)

On the other hand, the sum rules

Str(M^{2k}) = 0 ; k < N , (42)

in N –extended supergravity seem to be of general validity for theories where a N → N −1 breaking is possible [18]. This requires long massive gravitino multiplets since the massive gravitino is Majorana and therefore cannot be BPS. On the other hand, for theories with central charges, like the Scherk–Schwarz breaking of N = 8, gravitini are pairwise degenerate and the same sum rules apply only for k < N /2, N being even. It is important to note that the bulk sector of N = 4 Type IIB orientifold with fluxes does indeed coincide with a Z_2 truncation of the N = 8 Scherk–Schwarz supergravity, as was shown in [20]. Similarly N ≤ 6 Scherk–Schwarz supergravities, by Z_2 reduction which removes the gravitino degeneracy, satisfy the same sum rules as the parent theory [26].

As an example let us consider the N = 4 no–scale model from Type IIB on T^6/Z_2 orientifold. In this case it was shown that Str(M^2) = Str(M^4) = Str(M^6) = 0 while from general arguments one would expect Str(M^8) ∝ m^2_1m^2m^2_3m^2_4 ≠ 0. The first finite contribution to the cosmological constant would then be: Λ ∼ m^2_1m^2m^2_3m^2_4 M^4_{P l}

(43)

It is intriguing to note that, if the supersymmetry breaking scale is taken to be m_1 ∼ m_2 ∼ m_3 ∼ m_4 ∼ 10 T eV ∼ 10^{−15}M_{P l} then we would obtain from the above formula Λ ∼ 10^{−120}M^4_{P l} which is consistent with the most recent experimental data [40].

Acknowledgements

This report is mainly based on work done in collaboration with L. Andrianopoli, M. Lledó and C. Angelantonj. M.T. and S.F. would like to thank R. Kallosh, G. Villadoro and Zwirner for useful discussions. Work supported in part by the European Community’s Human Potential Program under contract HPRN-CT-2000-00131 Quantum Space- Time, in which R. D’A. is associated to Torino University. The work of S.F. has been supported in part by European Community’s Human Potential Program under contract HPRN-CT-2000-00131 Quantum Space-Time, in association with INFN Frascati National Laboratories and by D.O.E. grant DE-FG03-91ER40662, Task C.

References [1] For a review on flux compactifications see A. R. Frey, arXiv:hep-th/0308156. [2] S. B. Giddings, S. Kachru and J. Polchinski, Phys. Rev. D 66, 106006 (2002). [3] A. R. Frey and J. Polchinski, Phys. Rev. D65, 126009 (2002). [4] S. Kachru, M. Schulz and S. Trivedi, JHEP 0310, 007 (2003). [5] P. K. Tripathy and S. P. Trivedi, JHEP 0303, 028 (2003). [6] T. R. Taylor and C. Vafa, Phys. Lett. B474, 130 (2000).

[7] A. Giryavets, S. Kachru, P. K. Tripathy and S. P. Trivedi, JHEP 0404, 003 (2004) [arXiv:hep-th/0312104].

[8] T. W. Grimm and J. Louis, arXiv:hep-th/0403067; M. Grana, T. W. Grimm, H. Jockers and J. Louis, Nucl. Phys. B 690, 21 (2004) [arXiv:hep-th/0312232].

[9] R. Blumenhagen, D. Lust and T. R. Taylor, Nucl. Phys. B 663, 319 (2003) [arXiv:hep-th/0303016].

[10] M. Berg, M. Haack and B. Kors, Nucl. Phys. B669, 3 (2003). [11] D. Lust, S. Reffert and S. Stieberger, arXiv:hep-th/0406092.

[12] E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, Phys. Lett. B133, 61 (1983).

[13] J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, Phys. Lett. B134, 429 (1984); J. R. Ellis, C. Kounnas and D. V. Nanopoulos, Nucl. Phys. B247, 373 (1984); A. B. Lahanas and D. V. Nanopoulos, Phys. Rept. 145, 1 (1987); R. Barbieri, E. Cremmer and S. Ferrara, Phys. Lett. B 163, 143 (1985).

[14] B. de Wit and H. Nicolai, Phys. Lett. B 108, 285 (1982); C. M. Hull, Phys. Lett. B 148, 297 (1984).

[15] B. de Wit, H. Samtleben and M. Trigiante, Nucl. Phys. B 655, 93 (2003) [arXiv:hep-th/0212239]; B. de Wit, H. Samtleben and M. Trigiante, Fortsch. Phys. 52, 489 (2004) [arXiv:hep-th/0311225]; B. de Wit, H. Nicolai and H. Samtleben, arXiv:hep-th/0403014.

[16] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledo, JHEP 0207, 010 (2002) [arXiv:hep-th/0203206]; L. Andrianopoli, S. Ferrara and M. A. Lledo, JHEP 0406, 018 (2004) [arXiv:hep-th/0406018]; L. Andrianopoli, S. Ferrara and M. A. Lledo, arXiv:hep-th/0405164.

[17] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledo, JHEP 0303, 044 (2003).

[18] L. Andrianopoli, R. D’Auria, S. Ferrara and M. A. Lledo, JHEP 0301 (2003) 045 [arXiv:hep-th/0212236].

[19] R. D’Auria, S. Ferrara and S. Vaula, New J. Phys. 4, 71 (2002) [arXiv:hep-th/0206241]; R. D’Auria, S. Ferrara, M. A. Lledo and S. Vaula, Phys. Lett. B 557, 278 (2003) [arXiv:hep-th/0211027].

[20] R. D’Auria, S. Ferrara, F. Gargiulo, M. Trigiante and S. Vaula, JHEP 0306, 045 (2003).

[21] C. Angelantonj, S. Ferrara and M. Trigiante, JHEP 0310, 015 (2003); Phys. Lett.

B582, 263 (2004).

[22] B. de Wit, H. Samtleben and M. Trigiante, Phys. Lett. B 583, 338 (2004) [arXiv:hep-th/0311224].

[23] C. Angelantonj, R. D’Auria, S. Ferrara and M. Trigiante, Phys. Lett. B 583, 331 (2004).

[24] E. Bergshoeff, U. Gran, R. Linares, M. Nielsen, T. Ortin and D. Roest, Fortsch.

Phys. 52, 472 (2004); E. Bergshoeff, U. Gran, R. Linares, M. Nielsen, T. Ortin and D. Roest, Class. Quant. Grav. 21, S1501 (2004).

[25] R. D’Auria, S. Ferrara and M. Trigiante, Nucl. Phys. B 693, 261 (2004) [arXiv:hep-th/0403204].

[26] G. Villadoro and F. Zwirner, JHEP 0407 (2004) 055 [arXiv:hep-th/0406185]; G. Villadoro, arXiv:hep-th/0407105.

[27] M. K. Gaillard and B. Zumino, Nucl. Phys. B193, 221 (1981). [28] R. D’Auria and S. Ferrara, JHEP 0105, 034 (2001).

[29] G. Pradisi and A. Sagnotti, Phys. Lett. B216, 59 (1989); A. Sagnotti, Phys. Rept.

184, 167 (1989); J. Polchinski and Y. Cai, Nucl. Phys. B296, 91 (1988); J. Dai, R. G. Leigh and J. Polchinski, Mod. Phys. Lett. A4, 2073 (1989).

[30] B. de Wit, F. Vanderseypen and A. Van Proeyen, Nucl. Phys. B 400, 463 (1993) [arXiv:hep-th/9210068].

[31] S. Cecotti, L. Girardello and M. Porrati, Phys. Lett. B145, 61 (1984). [32] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fré and T.

Magri, Jour. Geom and Phys. Vol. 23, 111 (1997). [33] A. D. Linde, Phys. Rev. D49, 748 (1994). [34] E. Halyo, Phys. Lett. B387, 43 (1996).

[35] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev. D68, 046005 (2003). [36] J. P. Hsu, R. Kallosh and S. Prokushkin, JCAP 0312, 009 (2003). [37] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, “Towards inflation in string theory”, JCAP 0310, 013 (2003).

[38] F. Koyama, Y. Tachikawa and T. Watari, Phys. Rev. D69, 106001 (2004). [39] J. Scherk and J. H. Schwarz, Nucl. Phys. B 153, 61 (1979) 61; E. Sezgin and P. van Nieuwenhuizen, Nucl. Phys. B 195,325 (1982).

[40] Riess A G et al. 1998 Astron. J. 1161009, Perlmutter S et al. 1999 Astron. J. 517 565, Sievers J L et al. 2002 Preprint astro-ph/0205387