hep-th/9908067 v2 2 Nov 1999

ASPECTS OF HETEROTIC/M-THEORY DUALITY IN D=3

Michael Haack� and Jan Louis

Fachbereich Physik, Martin-Luther-Universiät Halle-Wittenberg Friedemann-Bach-Platz 6, D-06108 Halle, Germany

Abstract We study the duality between M-theory compactified on Calabi-Yau fourfolds and the heterotic string compactified on Calabi-Yau threefolds times a circle. Our analysis is based on a comparison of the low energy effective actions in three dimensions.

Non-perturbative N=1 vacua of the heterotic string in D=4 are of particular interest due to their phenomenological prospects [1]. A certain class of such vacua is best described by F-theory compactified on elliptic Calabi-Yau fourfolds Y_4 [2, 3]. A closely related but technically simpler class of vacua is obtained by further compactifying the heterotic string on a circle S^1 down to D=3; some of their non-perturbative properties are captured by M-theory compactified on Y_4 [4]. In this short note we display the corresponding effective Lagrangians and their relation following a similar analysis carried out for the duality of type IIA on Y_3 and the heterotic string on K3×T^2 in ref. [5]. A more detailed presentation of our results will be given in a forthcoming paper [6].

Our starting point is a generic effective Lagrangian of N=1, D=4 heterotic string vacua^1 (using the conventions of ref. [7])

L^{(4)} = R 2 − G^{(4)}_{īj} ∂_mΦ̄^ī∂^mΦ^j − 1 4 Ref_a(Φ)F^a_{mn}F^{amn} + 1 4 Imf_a(Φ)F^a_{mn}F̃^{amn} + . . . , (1)

�Presented by M. Haack.

1They can be constructed as compactifications on Y3 or more generally from appropriate

(0,2) SCFTs. 1 where m, n = 0, . . ., 3. Φ^i are moduli fields including the (1,1) and (1,2) moduli of Y_3 as well as moduli arising from the choice of the gauge bundle.^2 G^{(4)}_{īj} is the Kähler metric which is determined by a Kähler potential K^{(4)}(Φ, Φ̄) and the F^a_{mn} denote the field strengths of the (non- Abelian) gauge bosons A^a_m. The S^1-reduction to D = 3 uses the Ansatz [8]:

g^{(4)}_{mn} = ( g^{(3)}_{μν} + e^{2σ}B_μB_ν e^{2σ}B_μ

e^{2σ}B_ν e^{2σ} ) , A^a_m = ( A^a_μ + B_μζ^a, ζ^a ) , (2)

where μ, ν = 0, 1, 2. In D=3 the vector multiplet contains an adjoint scalar ζ^a so that the gauge group G is generically broken to its Abelian subgroup [U(1)]r^{(G)}. (By slight abuse of notation we choose to label in the following the different U(1) gauge multiplets by the index a i.e. a = 1, . . ., r(G)). In D=3 an Abelian vector is dual to a scalar and we denote by C^a the scalars dual to A^a_μ and by Φ̃ the dual scalar of B_μ. In the dual picture all supermultiplets are chiral and their scalar fields parametrize a Kähler manifold [9]. The Kähler structure becomes manifest in the coordinates

D_a = −f_a(Φ)ζ_a + iC_a , (3)

T = e^{2σ} + iΦ̃ + 1 2 (Ref_a(Φ))�^1 D^a(D^a + D̄^a) .

Inserting (2) into (1) using (3), performing the duality transformation and a Weyl rescaling results in the 3-dimensional Kähler potential

K^{(3)}_{het} = K^{(4)}(Φ, Φ̄) − ln [ T + T̄ − 1 2 (D^a + D̄^a)^2(Ref_a(Φ))�^1 ] . (4)

This can be further simplified by using the known tree level form of K^{(4)} and f_a. One has f_a = S and K^{(4)} = K̃^{(4)} −ln(S +S̄) where K̃^{(4)} depends on all moduli but the 4-dimensional dilaton S [7]. For this case (4) reads

K^{(3)}_{het} = K̃^{(4)} − ln [ (T + T̄ )(S + S̄) − (D^a + D̄^a)^2 ] . (5)

On the M-theory side we start with the 11-dimensional supergravity Lagrangian [10]:

L^{(11)} = 1 2 R − 1 4 |F_4|^2 − 1 12 A_3 ∧ F_4 ∧ F_4 , (6)

2We ignore all charged matter multiplets and solely focus on the chiral moduli multiplets and the vector multiplets. We also neglect the possibility of anomalous U (1) gauge factors with appropriate 4-dimensional Green-Schwarz terms.

where A_3 is a 3-form and F_4 its field strength. A Kaluza-Klein reduction on Y_4 in the spirit of [11] leads to massless bosons in D=3 corresponding to the Hodge-numbers h_{1,1}, h_{1,2} and h_{1,3} of Y_4.^3 The corresponding harmonic forms are denoted by V^A ∈ H^{1,1}, Ψ^I ∈ H^{2,1} and Φ^α ∈ H^{3,1}. The Kähler and complex structure deformations of the Calabi-Yau metric g_i¯_j are [11]

iδg_i¯_j =

h1_;1∑ A=1 M̃^AV^A_{ij̄} , δg_{īj̄} =

h3_;1∑ α=1 Z^αb^α_{īj̄} , (7)

where b^α_{īj̄} is related to Φ^α by an appropriate contraction with the antiholomorphic 4-form Ω̄ on Y_4. The 3-form A_3 is expanded accordingly

A_3 = A^A_1 ∧ V^A + n^I Ψ^I + n̄^{J̄} Ψ̄^{J̄} , (8) where A^A_1 are 3-dimensional 1-forms which can again be dualized to scalars N^A. Inserting (7) and (8) into (6) results in the effective Lagrangian

L^{(3)} = R 2 − G_{ᾱβ}∂_μZ̄^ᾱ∂^μZ^β − G_I¯_J D_μn^I D^μn̄^{J̄} − 1 2 G_{AB}∂_μM^A∂^μM^B − 1 32V ( 4∂_μN^A + κ^{AKL̄}(n^KD_μn̄^{L̄} − D_μn^Kn̄^{L̄}) ) G�1_{AB} ( 4∂^μN^B + κ^{BIJ̄} (n^I D^μn̄^{J̄} − D^μn^In̄^{J̄} ) ) , (9)

where we rescaled M̃^A = V�^{1/6}M^A with V ≡^1_{4!} d_{ABCD} M^AM^BM^CM^D and d_{ABCD} being the intersection numbers of Y_4. Furthermore we used the following definitions in close analogy with Calabi-Yau threefolds [11, 12, 13] κ^{AIJ̄} ≡ ∫ Y4 V^A ∧ Ψ^I ∧ Ψ̄^{J̄} ,

G_I¯_J ≡ 1 2V^{1/3} ∫ Y4 Ψ^I ∧ ⋆Ψ^J = − 1 2 iκ^{AIJ̄} M^AV�^{1/2} , (10) G_{AB} ≡ 1 2V ∫ Y4 V^A ∧ ⋆V^B , G_{ᾱβ} ≡ 1 4V^{1/3} ∫ Y4 d^8ξ √ gb̄^{j̄m̄}_ᾱ b_{βj̄m̄}. G_{ᾱβ} is the Kähler metric of the Kähler potential K = − ln (∫ Y_4 Ω ∧ Ω̄ ) [14]. We also abbreviated

D_μn^I = ∂_μn^I +n^K Θ_{αKI} ∂_μZ^α+n̄^{L̄} ¯Θ̃¯_β¯_{LI} ∂_μZ̄^{β̄}, D_μn̄^I = D_μn^I , (11)

3We choose to focus on such Y4 that lead to duals of the perturbative heterotic string without anomalous U(1) factors. They obey χ = 0 and do not have non-trivial 4-form flux or spacetime filling membranes in the vacuum.

where the Θ and Θ̃ are (unknown) functions of Z^α, Z̄^ᾱ defined as the coefficient functions of

∂_μΨ^I = ( Θ_{βIK}(Z^α, Z̄^ᾱ)Ψ^K + Θ̃_{βI}¯_L(Z^α, Z̄^ᾱ)Ψ̄^{L̄} ) ∂_μZ^β. (12)

So far we have not been able to find a Kähler potential for all the scalars in (9). However if we freeze the complex structure moduli and define

ζ^A = 1 √ 8 ( iN^A + G_{AB}V^{1/2}M^B − i 4 κ^{AIJ̄} n^I n̄^{J̄} ) . (13)

the Kähler potential for the metric in terms of (ζ^A, n^I) is found to be

K̃^{(3)}_M = − ln [ (ζ^A+ζ̄^A+ iκ^{AIJ̄} 2 √ 8 n^I n̄^{J̄} )G�^1_{AB}(ζ^B+ζ̄^B + iκ^{BKL̄} 2 √ 8 n^Kn̄^{L̄}) ] . (14)

Equating the full Kähler potentials K^{(3)}_M = K^{(3)}_{het} results in a condition for the intersection numbers d_{ABCD}. In the following we show the equivalence of the two Kähler potentials in a particular limit and postpone the general analysis to ref. [6]. Fibering the 7-dimensional duality (M/K3 ≃ Het/T^3) [15] suggests to choose a K3 fibred fourfold (where we assume that there are no bad fibres introducing additional (1,1)-forms) and an elliptically fibred threefold [3]. As the base B_2 we take in both theories a Hirzebruch surface (whose two Kähler moduli we denote by U and V ). Furthermore we freeze the values of the scalars n^I , Z^α to zero and consider on both sides the large base limit. In this limit one can choose the divisors of Y_4 in such a way, that the leading terms of K^{(3)}_M correspond to the intersection numbers d_{UV ÂB̂} = η_{ÂB̂} = (+, −, . . ., −), where Â, B̂ denote the Kähler moduli of the generic K3 fibre and η_{ÂB̂} is the intersection form of the corresponding divisors in K3. Using these intersection numbers in (14) results in

K^{(3)}_M = − ln [ (ζ^U + ζ̄^U )(ζ^V + ζ̄^V )(ζ^Â + ζ̄^Â)η_{ÂB̂}(ζ^{B̂} + ζ̄^{B̂}) ] . (15)

On the heterotic side we take only S, T, D^a and the (1,1) moduli U, V of the base B_2 into account and freeze all other (1,1), all (1,2) and all gauge bundle moduli. In the limit of a large base K̃^{(4)} simplifies and one has K̃^{(4)} = − ln(U + Ū)(V + V̄ ). Thus, the Kähler potentials agree if one identifies (S, T, D^a) ↔ (ζ^Â) and (U, V ) ↔ (ζ^U , ζ^V ). This result is in accord with the formulas relating the spectra of dual pairs given in [3, 16].

Acknowledgments

We would like to thank T. Bauer, B. Hunt, W. Lerche, D. Lüst, P. Mayr, A. Sen, S. Stieberger and A. Strominger for useful discussions. M.H. would also like to thank the organizers of Cargèse ’99 ASI for a very nice school and for financial support.

References

[1] Kaplunovsky, V., Louis, J. (1998) Phys. Lett. B417, 45-49 [2] Vafa, C. (1996) Nucl. Phys. B469, 403-418 [3] For a review and a more complete list of references see, for example, Lüst, D. (1998) Nucl. Phys. Proc. Suppl. 68, 66-77 Mayr, P. (1999) hep-th/9904115 [4] Becker, K., Becker, M. (1996) Nucl. Phys. B477, 155-167 [5] Aspinwall, P., Louis, J. (1996) Phys. Lett. B369, 233-242 [6] Haack, M., Louis, J., in preparation [7] Förger, K., Louis, J. (1997) Nucl. Phys. Proc. Suppl. 55B, 33-64 [8] Ferrara, S., Sabharwal, S. (1990) Nucl. Phys. B332, 317-332 [9] de Wit, B., Nicolai, H., Tollstén, A.K. (1993) Nucl. Phys. B392, 3-38 [10] Cremmer, E., Julia, B., Scherk, J. (1978) Phys. Lett. B76, 409-412 [11] Bodner, M., Cadavid, A.C., Ferrara, S. (1991) Class. Quantum Grav. 8, 789-808 [12] Strominger, A. (1985) Phys. Rev. Lett. 55, 2547-2550 [13] Candelas, P., de la Ossa, X.C. (1991) Nucl. Phys. B355, 455-481 [14] Strominger, A. (1990) Commun. Math. Phys. 133, 163-180 [15] Witten, E. (1995) Nucl. Phys. B443, 85-126 [16] Mohri, K. (1999) Int. J. Mod. Phys. A14, 845-874