arXiv:hep-th/0506181 v2 27 Jun 2005

ITP–UU–05/25, SPIN–05/19, FSU–TPI–05/05, hep-th/0506181

On de Sitter Vacua in Type IIA Orientifold Compactifications

Frank Saueressig,^{1, ∗} Ulrich Theis,^{2, †} and Stefan Vandoren^{1, ‡} 1Institute for Theoretical Physics and Spinoza Institute Utrecht University, 3508 TD Utrecht, The Netherlands 2Institute for Theoretical Physics, Friedrich-Schiller-University Jena, Max-Wien-Platz 1, D-07743 Jena, Germany

This letter discusses the orientifold projection of the quantum corrections to type IIA strings compactified on rigid Calabi-Yau threefolds. It is shown that N = 2 membrane instanton effects give a holomorphic contribution to the superpotential, while the perturbative corrections enter into the Kähler potential. At the level of the scalar potential the corrections to the Kähler potential give rise to a positive energy contribution similar to adding anti-D3-branes in the KKLT scenario. This provides a natural mechanism to lift an AdS vacuum to a meta-stable dS vacuum.

INTRODUCTION

Solving the problem of moduli stabilization is of primary importance for deriving (semi-)realistic vacua from string theory compactifications. Building on the work of KKLT [1], subsequent investigations, mostly in the context of orientifold compactifications of the type IIB string and its F -theory dual [2], but also for the type IIA string [3, 4, 5, 6, 7], have given evidence that suitable combinations of background fluxes and non-perturbative effects like instantons are capable of fixing all string moduli in an AdS vacuum. Astronomical observations, however, indicate that our observable universe has a small positive cosmological constant [8], suggesting that one should search for string theory vacua with such a property, i.e., dS vacua. In the context of the type IIB string, KKLT outlined the construction of such vacua by first using background fluxes and non-perturbative effects to stabilize all moduli in an AdS vacuum. Subsequently, a positive energy contribution in form of a D3-brane was added to lift the AdS vacuum to a meta-stable dS vacuum. After stabilizing all moduli except for the volume modulus σ of the compactification their potential reads [1]:

V_{KKLT} = aA e^{−aσ} 2 σ^2 ( W_0 + a 3 σA e^{−aσ} +A e^{−aσ} ) + D σ^3

. (1)

Here the terms in brackets originate from fluxes, instanton corrections and gluino condensation, while the last term proportional to D corresponds to the positive energy contribution which was added by hand. The first term of the potential (1) vanishes when switching off the non-perturbative effects (setting A = 0). In this case the type IIB potential (without D3-brane contribution) is independent of the volume modulus, which is the known no-scale structure of IIB orientifold compactifications. Stabilizing all (geometric) moduli in this framework then requires the inclusion of non-perturbative effects as discussed above. Furthermore, for D > 0 the parameters a, A, W_0 can be chosen such that V_{KKLT} has a meta-stable dS vacuum.

In this letter we focus on orientifold projections of type IIA string theory compactified on a rigid Calabi-Yau threefold (CY_3). Here it is possible to stabilize all (geometric) moduli in an AdS vacuum using classical fluxes only [5, 6]. To our knowledge, the uplift of these vacua to meta-stable dS vacua has not yet been performed; the aim of this letter is to derive a mechanism for such an uplift.

Starting from the perturbative and membrane instanton corrections to the universal hypermultiplet arising from compactifications of the type IIA string on a rigid CY_3 [9], we perform the orientifold projection along the lines of [10]. The result agrees with the standard folklore that the Kähler potential (describing the projected hypermultiplet sector) receives perturbative corrections, while the leading instanton corrections yield a holomorphic contribution to the N = 1 superpotential. Secondly, we study the scalar potential arising from a space-time filling 4- form flux together with the leading instanton contributions. It will turn out that, at the level of the scalar potential, the perturbative corrections to the Kähler potential give rise to a positive energy contribution, analogous to adding an D3-brane in the potential (1). Therefore, these corrections provide a natural mechanism which can lift an AdS vacuum to a meta-stable dS vacuum.^1

THE N=1 ORIENTIFOLD MODEL

In the following we will consider N = 1 supergravity coupled to a single chiral multiplet. Our model describes a subsector of an orientifold projection of type IIA strings on a rigid CY_3. Before the projection, the N = 2 supergravity effective action comprises the universal hypermultiplet (containing the dilaton) and h_{1,1} vector multiplets. The combined scalar target space is the product of a (four-dimensional) quaternion-Kähler (QK) space and a special Kähler manifold parametrized by the complex-

1 In the context of type IIB orientifold compactifications a similar lifting due to α^′ corrections to the Kähler potential has been discussed in [11].

ified Kähler moduli.

After projecting to N = 1, the QK space becomes a (two-dimensional) Kähler space parametrized by a single chiral multiplet containing the dilaton ϕ and RR scalar v. Classically, they define the complex structure

z = 2e^{ϕ/2} + iv . (2)

In our conventions the asymptotic value of the dilaton is related to the string coupling constant by e^{−ϕ∞ /2} = g_s. The special Kähler manifold remains special Kähler, but of lower dimension [10]. Classically, the total scalar manifold retains the product structure inherited from the N = 2 theory. Consistency of the orientifold projection requires that the tadpole for the RR 7-form potential, arising from the presence of O6-planes, is suitably canceled. This can be done by adding D6-branes [5]. In the following, we consider the sector of the universal hypermultiplet only, assuming that the Kähler moduli have already been stabilized (presumably by 4-form fluxes F_4 [5]).

The potential for the chiral scalar z is then given by

V = e^K [ K^{zz̄}D_z W D̄_{z̄}W̄ − 3|W |^2 ] , (3)

where K(z, z̄) is the Kähler potential, K^{zz̄} = (∂_z∂_{z̄}K)^{−1} the inverse Kähler metric, W (z) the holomorphic superpotential, and D_zW = ∂_zW + W ∂_z K. We consider a Kähler potential of the form

K = −2 ln [ (z + z̄)^2 − 16 c ] . (4)

Here, the constant c ∈ R describes a loop correction, since it is suppressed by powers of g_s. Furthermore, we consider the superpotential

W = 8 W_0 + Ā e^{−z} , (5)

with two constant parameters W_0 and A. We can assume without loss of generality that W_0 is real, while A is taken to be complex. The constant term in W arises from background fluxes, while the exponential term can be understood as a membrane instanton correction. We now investigate the properties of the scalar potential V (z, z̄) in the presence of a non-vanishing c. It turns out to be convenient to express the potential in terms of

z = 2 √ r + c + iv , (6)

where we denote r = e^ϕ and require r+c ≥ 0. As we show below, this is the one-loop corrected complex structure inherited from the N = 2 theory.^2 We can then compute the potential and find V = W^2_0 4 r^2 + W_0 8 r^{3/2} (¯ A e^{−z} + A e^{−z̄} )

2 Quantum corrections to complex structures also appear in threedimensional gauge theories with four supercharges [12, 13].

− c W^2_0 r^2(r + 2c)

+ . . . , (7)

where r should be understood as a function of z and z̄ via the relation (6). We have included only the leading instanton contribution to V ; subleading terms proportional to e^{−(z+z̄)}, which belong to the 2-instanton sector not taken into account in the superpotential (5), have been dropped for consistency. Moreover, we have expanded the r-dependent prefactor of the 1-instanton term for large r > −c and kept only the leading power. The last term in V is induced by the constant c appearing in the Kähler potential (4). Comparing to (1), we find that for c < 0 this term has the same effect as adding a D3-brane in the proposal of KKLT. Including this modification therefore provides a way of realizing the positive energy contribution required for lifting an AdS vacuum to a meta-stable dS vacuum. Indeed, we find that for c < 0 the potential (7) has a range of values of A for which z can be stabilized in a meta-stable de Sitter vacuum.^3 This follows from the observation that, as we show in the next section, the potential precisely corresponds to the one analyzed in [9], where details and figures showing this dS vacuum can be found.

RIGID CALABI-YAU COMPACTIFICATIONS

Ref. [9] studied perturbative and membrane instanton corrections to the universal hypermultiplet arising from the compactification of type IIA strings on a rigid CY_3. It was shown that these quantum corrections can be described within the framework of Przanowski-Tod metrics [14, 15], i.e., the most general four-dimensional QK metrics with (at least) one Killing vector.^4 In local coordinates r, u, v, t they read^5

ds^2 = 1 2 r^2 [ fdr^2 + fe^h (du^2 + dv^2) + f^{−1}(dt + Θ)^2 ] . (8)

The metric is determined in terms of one scalar function h(r, u, v), which is subject to the three-dimensional Toda equation

(∂^2_u + ∂^2_v )h + ∂^2_r e^h = 0 . (9)

The function f(r, u, v) is related to h through f = − 3 Λ ( 2 − r∂_rh ) , (10)

3 For c ≥ 0 this lifting does not work, and we can stabilize z in an AdS vacuum only.

4 This Killing vector is present in the absence of fivebrane instantons.

5 Note that, in contrast to [9] where κ^2 = 1/2, we here work with the more standard conventions in which κ^2 = 1. Compared to [9] this results in a rescaling of the scalar field metric by a factor 1/2, while the scalar potential is multiplied by an overall factor of 1/4. We refer to the appendix A of [9] for details.

while the 1-form Θ(r, u, v) = Θ_rdr + Θ_udu + Θ_vdv is a solution to the equation

dΘ = (∂_uf dv − ∂_vf du) ∧ dr + ∂_r(fe^h ) du ∧ dv . (11)

The metric has a manifest isometry that acts as a shift of the coordinate t. Λ in (10) is the target space cosmological constant; for the universal hypermultiplet we have R_{AB} = −3G_{AB} , thus Λ = −3.

The coordinates r, u, v, t can be identified with the fields in the universal hypermultiplet coming from string theory via t = σ , r = e^ϕ , u = χ , v = φ . (12)

Here, χ and φ are the RR scalars originating from the dimensional reduction of the ten-dimensional 3-form Ĉ_3, ϕ is the dilaton, and σ denotes the axion arising from the dualization of the 4-dimensional part of the NS 2-form B̂_2. With this identification the universal hypermultiplet including the one-loop correction of [16, 17] is described by [9]

e^h = r + c , f = r + 2c r + c , Θ = u dv . (13)

For c = 0 this solution gives the classical moduli space SU(1, 2)/U(2) of the universal hypermultiplet. The oneloop correction is determined through c = − 4 ζ(2) χ(X) (2π)^3 = − 1 6π (h_{1,1} − h_{1,2}) , (14)

where h_{1,1} and h_{1,2} are the Hodge numbers of the CY threefold X on which the type IIA string has been compactified. For rigid CY’s, where h_{1,2} = 0, we have that c < 0.^6 Furthermore, it was shown in [9] that, upon including the leading membrane instanton corrections, e^h takes the form

e^h = r + c + 1 2 r^{−m1/2} ( A_1 e^{iv} + B_1 e^{−iu} + c.c. ) × × e^{−2√r+c} + . . . , (15)

where m_1 is an undetermined integer coefficient which has to satisfy m_1 ≥ −2, and A_1, B_1 are complex constants. Ref. [9] then explained that this expansion can be completed to a full solution of the Toda equation (9) and that it reproduces the leading order membrane instanton corrections to the four-hyperino couplings predicted by string theory [18]. Turning on a space-time

6 We expect that the numerical value of c obtained for a CY_3 orientifold differs from this N = 2 result, since projecting out states from the spectrum will affect the resulting one-loop contribution. The sign of c, however, should not change.

filling F_4-form flux then induces a scalar potential in the N = 2 theory corresponding to gauging the shift symmetry of the axion. Upon including the perturbative and leading order corrections in the one-instanton sector, the resulting scalar potential reads [9] V = e^2_0 4 r^2 − c e^2_0 r^2(r + 2c)

− e^2_0 r^{−(m1 +5)/2} e^{−2√r+c} ×

× Re ( A_1 e^{iv} + B_1 e^{−iu} ) + . . . . (16)

THE ORIENTIFOLD PROJECTION

We now apply the orientifold projection to the universal hypermultiplet discussed above, thereby truncating the theory to an N = 1 supergravity Lagrangian. According to [10], this projection amounts to eliminating the axion σ and the RR scalar u. Using the tensor multiplet description given in appendix B of [9], the truncated line element becomes

ds^2 = f 2 r^2 ( dr^2 + e^h dv^2 ) . (17)

Substituting the solution (15) and taking into account the leading instanton term only then yields

ds^2 = r + 2c 2r^2 (r + c) [ dr^2 + (r + c) dv^2 ]

+ 1 2 r^{−(m1 +5)/2} Re ( A_1 e^{−2√r+c+iv} )[ dr^2 + r dv^2 ] + . . . . (18)

Here the first line arises from the perturbative corrections (13), while the second line displays the leading instanton contribution. N = 1 supergravity requires this metric to be Kähler. At the perturbative level, this is easy to verify by defining the complex structures as in (6) and substituting it into the metric

ds^2 = 2 K_{zz̄} dz dz̄ , (19)

with Kähler potential given by (4). If we now define the complex structure

z = 2 √ r + c + iv − 1 2 Ā_1 r^{−(m}1^{+1)/2} e^{−(2√r+c+iv)} , (20)

we find that the leading order one-instanton contribution in (18) is still captured by the Kähler potential (4). Hence, the Kähler potential receives perturbative corrections stemming from the one-loop correction encoded by c only; the leading membrane instanton corrections can be absorbed in a coordinate transformation.^7

7 We point out that the Kähler potential (4) contains the oneloop corrections inherited from the N = 2 theory only. This does not exclude the possibility that the N = 1 theory gives rise to additional perturbative or higher order non-perturbative corrections to K.

The scalar potential (7) of the N = 1 theory arises from setting the u-dependent terms in (16) to zero. At the perturbative level, this is immediately clear after identifying W_0 = e_0.

Comparing the leading order instanton correction is slightly more involved, because one has to take into account the instanton correction to the complex structure given by (20). As one can verify, the leading order instanton correction to the complex structure contributes to the potential (7) at subleading order only. Hence, the potentials (7) and (16) coincide upon identifying

A = −4 e_0A_1 , m_1 = −2 , (21)

i.e., if m_1 takes its lowest possible value allowed by the Toda equation. This shows that the leading N = 2 membrane instanton correction provides a holomorphic contribution to the N = 1 superpotential.

It would be interesting to see if the lifting mechanism discussed in this letter also applies to more realistic orientifold models such as the ones discussed in [6] or compactifications on G_2 manifolds [3].

We thank Thomas Grimm for providing the idea for this investigation, and for carefully reading the manuscript. Furthermore, we thank Frederik Denef and Marcos Mariño for stimulating discussion. UT was supported by the DFG within the priority program SPP 1096 on string theory.

∗ Electronic address: F.S.Saueressig@phys.uu.nl † Electronic address: Ulrich.Theis@uni-jena.de ‡ Electronic address: S.Vandoren@phys.uu.nl [1] S. Kachru, R. Kallosh, A. Linde and S. Trivedi, de Sitter vacua in string theory. Phys. Rev. D68 (2003) 046005, hep-th/0301240.

[2] C. Escoda, M. Gomez-Reino and F. Quevedo, Saltatory de Sitter string vacua. JHEP 0311 (2003) 065,

hep-th/0307160;

S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, Towards inflation in string theory. JCAP 0310 (2003) 013, hep-th/0308055; C.P. Burgess, R. Kallosh and F. Quevedo, de Sitter string vacua from supersymmetric D-terms. JHEP 0310 (2003) 056, hep-th/0309187;

A. Saltman and E. Silverstein, The scaling of the no-scale potential and de Sitter model building. JHEP 0411 (2004) 066, hep-th/0402135;

F. Denef, M.R. Douglas and B. Florea, Building a better racetrack. JHEP 0406 (2004) 034, hep-th/0404257; J.J. Blanco-Pillado, C.P. Burgess, J.M. Cline, C. Escoda, M. Gomez-Reino, R. Kallosh, A. Linde and F. Quevedo, Racetrack inflation. JHEP 0411 (2004) 063, hep-th/0406230;

V. Balasubramanian, P. Berglund, J.P. Conlon and F. Quevedo, Systematics of moduli stabilisation in Calabi-Yau flux compactifications. JHEP 0503 (2005) 007, hep-th/0502058;

F. Denef, M. Douglas, B. Florea, A. Grassi and S. Kachru, Fixing all moduli in a simple F-theory compactification. hep-th/0503124; P. Berglund and P. Mayr, Non-perturbative superpotentials in F-theory and string duality.

hep-th/0504058;

P. S. Aspinwall and R. Kallosh, Fixing all moduli for M-theory on K3 x K3. hep-th/0506014.

[3] B.S. Acharya, A moduli fixing mechanism in M theory.

hep-th/0212294.

[4] S. Kachru and A. K. Kashani-Poor, Moduli potentials in type IIA compactifications with RR and NS flux. JHEP 0503 (2005) 066, hep-th/0411279.

[5] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type IIA moduli stabilization. hep-th/0505160.

[6] P. G. Camara, A. Font and L. E. Ibanez, Fluxes, moduli fixing and MSSM-like vacua in a simple IIA orientifold.

hep-th/0506066.

[7] J.P. Derendinger, C. Kounnas, P.M. Petropoulos and F. Zwirner, Superpotentials in IIA compactifications with general fluxes. hep-th/0411276;

G. Villadoro and F. Zwirner, N = 1 effective potential from dual type-IIA D6/O6 orientifolds with general fluxes. hep-th/0503169.

[8] U. Seljak et al., Cosmological parameter analysis including SDSS Ly-alpha forest and galaxy bias: Constraints on the primordial spectrum of fluctuations, neutrino mass, and dark energy. astro-ph/0407372; A. G. Riess et al. [Supernova Search Team Collaboration], Type Ia supernova discoveries at z > 1 from the Hubble Space Telescope: Evidence for past deceleration and constraints on dark energy evolution. Astrophys. J. 607 (2004) 665, astro-ph/0402512; D. N. Spergel et al., First year Wilkinson Microwave Anisotropy Probe (WMAP) observations: Determination of cosmological parameters. Astrophys. J. Suppl. 148 (2003) 175, astro-ph/0302209.

[9] M. Davidse, F. Saueressig, U. Theis and S. Vandoren, Membrane instantons and de Sitter vacua.

hep-th/0506097.

[10] T. W. Grimm and J. Louis, The effective action of type IIA Calabi-Yau orientifolds. Nucl. Phys. B718 (2005) 153, hep-th/0412277.

[11] V. Balasubramanian and P. Berglund, Stringy corrections to Kaehler potentials, SUSY breaking, and the cosmological constant problem. JHEP 0411 (2004) 085, hep-th/0408054.

[12] J. de Boer, K. Hori, Y. Oz and Z. Yin, Branes and mirror symmetry in N = 2 sypersymmetric gauge theories in three dimensions. Nucl. Phys. B502 (1997) 107, hep-th/9702154;

J. de Boer, K. Hori and Y. Oz, Dynamics of N = 2 supersymmetric gauge theories in three dimensions. Nucl. Phys. B500 (1997) 163, hep-th/9703100.

[13] N. Dorey, D. Tong and S. Vandoren, Instanton effects in three-dimensional gauge theories with matter. JHEP 9804 (1998) 005, hep-th/9803065.

[14] M. Przanowski, Killing vector fields in self-dual, Euclidean Einstein spaces with Λ ≠ 0. J. Math. Phys. 32 (1991) 1004.

[15] K.P. Tod, in Geometry and Physics (Aarhus 1995), pp.

307-312, Lecture Notes in Pure and Appl. Math. 184, Dekker, New York, 1997.

[16] I. Antoniadis, R. Minasian, S. Theisen and P. Vanhove,

String loop corrections to the universal hypermultiplet. Class. Quant. Grav. 20 (2003) 5079, hep-th/0307268.

[17] L. Anguelova, M. Roček and S. Vandoren, Quantum corrections to the universal hypermultiplet and superspace. Phys. Rev. D70 (2004) 066001, hep-th/0402132.

[18] K. Becker, M. Becker and A. Strominger, Five-branes, membranes and nonperturbative string theory. Nucl. Phys. B456 (1995) 130, hep-th/9507158.