arXiv:0707.0295v3 [hep-th] 29 Jun 2011

July 2, 2007 EFI-07-19

A Note on Heterotic Dualities via M-theory

Savdeep Sethi^1

Enrico Fermi Institute, University of Chicago, Chicago, IL 60637, USA

Abstract

We show that a class of torsional compactifications of the heterotic string are dual to conventional Kähler heterotic string compactifications. This observation follows from the recently proposed analogue of the c-map for the heterotic string.

1sethi@theory.uchicago.edu

Within the past few years, there has been significant improvements in our understanding of string vacua. Most of the recent developments involve turning on background fluxes starting with [1]. Compactifications with flux tend to be difficult to analyze: either the background involves RR fluxes which complicates a world-sheet analysis or the backgrounds are intrinsically quantum with cycles of order the string scale. In special cases, however, there are dualities that relate flux compactifications to more conventional geometric compactifications. Dualities of this kind appear in [2–4]. In these cases, we can use the powerful techniques available for conventional compactifications to learn about backgrounds with flux.

The aim of this note is to present a duality of this kind that relates a class of standard compactifications of the heterotic string on Kähler spaces to compactifications of the heterotic string on non-Kähler spaces with torsion. The torsion corresponds to a non-trivial background H_3-flux. In the past, these torsional compactifications were studied using supergravity [5] and a perturbative sigma model analysis [6, 7]. Compact torsional solutions are quite difficult to construct. The class of known compact solutions take the form of torus bundle twisted over a K3 surface with metric g_{K3}. The solutions have the schematic form

ds^2 = Δg_{K3} + (dθ^1 + A_1)^2 + (dθ^2 + A_2)^2 (1)

where Δ is a warp factor and (θ^1, θ^2) parametrize T^2. The connections (A_1, A_2) are 1-forms on the base K3 surface which determine the twisting of the torus fiber. Correlated with this twist is an H_3 flux. These are the DRS torsional solutions [8].

There has been much subsequent development of torsional backgrounds; a partial list of references includes [9–26]. It is important to note that while the metric and fluxes locally satisfy the conditions described in [5–7], the global solution involves cycles of O(α^′). The solutions are therefore inherently stringy.

The duality we will present relates the DRS torsional solutions (1) and mild generalizations to conventional heterotic backgrounds on Kähler spaces. This duality is a straightforward corollary of the c-map [27] for the heterotic string proposed recently in [28].^2

Our starting point is the particularly nice example of M-theory on K3 × K3^′ constructed in [8]. Let us denote the first K3 surface by S and the second by S^′. This background has a net non-vanishing M2-brane charge which must be canceled [1, 2] The cancelation can be accomplished by a combination of n_{M2} inserted M2-branes and 4-form flux G_4 satisfying the tadpole constraint 1 2 ∫ G_4 2π ∧ G_4 2π + n_{M2} = 24. (2)

We will want to restrict to n_{M2} = 0 if we wish to find a standard perturbative heterotic dual. We must therefore turn on G_4 flux which satisfies the requirements G_4 2π ∈ H^{2,2}(S × S^′, Z) (3) and that G_4 be primitive. Satisfying these requirements fixes some of the complex and Kähler moduli of the compactification. Prior to turning on the flux, this compactification preserves N=4 supersymmetry in three dimensions. If the choice of G_4 flux is (2, 2) and primitive with respect to each of the C P^1 × C P^1 choices of complex structure then the full N=4 is preserved. Otherwise, the flux will preserve only N=2 supersymmetry; examples of both kinds can be found in [8].

The flux can be expressed as follows, G_4 2π = ω ∧ ω^′, (4)

where ω ∈ H^2(S, Z) while ω^′ ∈ H^2(S^′, Z). If ω and ω^′ are purely of (1, 1) type then the flux preserves the full N=4 supersymmetry. This flux compactification will serve as a bridge relating two heterotic compactifications.

2 For another approach relating the DRS torsional metrics to standard heterotic compactifications, see [29].

To obtain the first heterotic compactification, we will use the duality between M-theory on a K3 surface and the heterotic string on T^3 [30]. Let us assume that both S and S^′ are elliptically-fibered K3 surfaces with section. The choice of an elliptic fibration corresponds to the choice of a circle in T^3 for the heterotic dual. This assumption is unnecessary if we only wish to consider three-dimensional heterotic compactifications. It plays a role only if we want to discuss four-dimensional compactifications.

Let us denote the volume of S (or S^′) by V (or V^′). We will measure all our volumes in eleven-dimensional Planck units with ℓ_p = 1 for simplicity. The volume of the elliptic fiber is denoted by E (or E^′) and the volume of the base by B (or B^′). The three-dimensional duality equates

M-theory on S × S^′ ↔ Het. on S_H × T^2 × S^1_R, (E, V, E^′, V^′) ↔ (E_H , V_H , λ_3, R). (5) The heterotic string compactification is characterized by the three-dimensional string coupling λ_3, the size R of the distinguished circle S^1_R and volume V_H of the K3 surface S_H with elliptic fiber E_H . These parameters are related in the following way [28]: E_H = V^′E, V_H = V^{′2}V, R = V^{′1/2}E^{′−1}, λ_3 = V^{′−1/4}V^{−1/2}. (6)

Taking R → ∞ while holding fixed the four-dimensional heterotic coupling λ_4 = √ Rλ_3 corresponds to taking E^′ → 0. This is the F-theory limit [31].

The result is a four-dimensional heterotic compactification on one side of the equivalence and a type IIB flux compactification on the other [8].

In addition to the parameter map, we need to specify the gauge bundle in the heterotic string. This works beautifully in three dimensions. At generic points in the moduli space, the heterotic string on T^3 has 22 abelian gaugefields. These gauge-fields arise in M-theory by reducing the C_3-form potential on the 22 elements of H^2(K3, Z). So we can view the heterotic gauge-fields A as arising from the G_4 flux of M-theory via the reduction C_3 2π = A ∧ ω^′ (7)

with field-strength G_4 2π = F_2 ∧ ω^′ = ω ∧ ω^′. (8) Now the lattice H^2(K3, Z) is the even self-dual lattice Γ^{3,19} with signature (3, 19) and decomposition

Γ^{3,19} = 3Γ^{1,1} ⊕ 2(−Γ^{E8} ). (9)

In terms of this decomposition, we can associate gauge-fields coming from reducing on (−Γ^{E8} ) ⊕ (−Γ^{E8} ) to the ten-dimensional gauge-fields of the heterotic string. Those coming from reducing C_3 on 3Γ^{1,1} can be viewed as Kaluza-Klein gauge-fields arising in the heterotic string from reducing the B-field and metric, g, of supergravity on T^3.

Since we chose to use no M2-branes to cancel the charge tadpole, the dual heterotic compactification possesses no NS5-branes. For a compactification on K3 × T^3, heterotic anomaly cancelation requires a gauge bundle with instanton number 24. The G_4 flux provides precisely such a bundle when the tadpole condition (2) is satisfied.

So far we have not said anything particularly new. To see something interesting, let us focus on the gauge-fields that arise from 3Γ^{1,1}. If we chose a G_4 flux with components in these directions then in the dual heterotic string, we are giving a field strength over the K3 surface to the Kaluza-Klein gauge-fields g_{μi}dθ^i, B_{μi}dθ^i (10) where θ^i coordinatize the T^3 factor. This corresponds to twisting the metric of the T^3 factor over the K3 surface S_H . Concomitant with this twist is an H_3 flux. This is precisely the structure of the DRS torsional solution [8] but we have avoided using the original duality chain to see that the solution exists. For special choices of G_4 flux which admit an F-theory limit, we could repeat the steps of [8] to find the dual torsional compactification.

More general choices of G_4 flux and more general K3 metrics can obstruct the F-theory limit. For such choices, the dual heterotic theory is honestly T^3-fibered. There is no distinguished S^1_R factor which we can decompactify to obtain a four-dimensional theory.

Now following [28,32], we can exchange the roles of S and S^′ in M-theory. We use the same map as in (5) to find a second heterotic dual. The key point (as in [28]) is that the roles of ω and ω^′ are exchanged. The heterotic gauge bundle in this second compactification has a field-strength proportional to ω^′ rather than ω, G_4 2π = ω ∧ F_2 = ω ∧ ω^′. (11)

If we choose ω to lie in the (−Γ^{E8} ) ⊕ (−Γ^{E8} ) component of H^2(K3^′, Z) then this compactification will involve no torsion. The heterotic string target space will be the product manifold K3^′ × T^3. In the case of an N=4 compactification, this exchange of S and S^′ provides an analogue of the c-map for the heterotic string, exchanging hypermultiplets and vector multiplets [28]. The main novelty we are adding here is the observation that the map extends to N=2 compactifications and further relates torsional compactifications to conventional heterotic string compactifications.

There are a few additional points worth noting. The heterotic strings in these constructions emerge in M-theory by wrapping an M5-brane on either S or S^′. The KK reduction of the M5-brane on a K3 surface without flux has been studied in [33] and for more general wrappings [34]. The extension that includes G_4 flux is going to result in a string with a quite interesting sigma model. The G_4 flux couplings to fermions on the M5-brane has been investigated in [35, 36].

Imagine wrapping an M5-brane on S^′ of (5). If we choose G_4 flux of the form (4) and choose ω^′ to lie in the (−Γ^{E8} ) ⊕ (−Γ^{E8} ) component of H^2(S^′, Z) then we expect a (0, 4) heterotic string with standard Kähler target space. For a more general choice of G_4, we expect (0, 2) world-sheet supersymmetry and a torsional target space. Both possibilities are unified in the reduction of this M5-brane. This construction has the advantage of being easily generalized. If replace S × S^′ by a more general CY 4-fold with flux, reducing the M5-brane on a supersymmetric 4-cycle will typically give a (0, 2) heterotic string with torsion. Even simple cases like Nikulin quotients [37] of S × S^′ should result in nice generalizations of [8].

Finally, we can ask whether this three-dimensional duality between heterotic strings can be pushed to four dimensions. For example, taking E^′ → 0 in (5) nicely results in a four-dimensional heterotic dual, assuming the G_4 flux does not obstruct the F-theory limit. After exchanging the roles of S and S^′ to obtain a second heterotic theory on (T^3)^′ × S^′_H , we find that the four-dimensional limit corresponds to shrinking the elliptic fiber of the heterotic K3 surface S^′_H . This highly quantum limit of the heterotic string was described in [28]: the emergence of a new dimension comes about from light wrapping modes of NS5-branes on (T^3)^′ × E^′_H . It would be interesting to see the extent to which the K3 conformal field theory knows about the emergence of this new dimension.

Note added: During the completion of this work, a paper appeared with overlapping results [38].

Acknowledgements

It is my pleasure to thank I. Melnikov and E. Martinec for helpful discussions. The work S. S. is supported in part by NSF CAREER Grant No. PHY- 0094328 and by NSF Grant No. PHY-0401814.

References

[1] K. Becker and M. Becker, “M-theory on eight-manifolds,” Nucl. Phys.

B477 (1996) 155–167, hep-th/9605053.

[2] S. Sethi, C. Vafa, and E. Witten, “Constraints on low-dimensional string compactifications,” Nucl. Phys. B480 (1996) 213–224,

hep-th/9606122.

[3] P. Berglund and P. Mayr, “Non-perturbative superpotentials in f-theory and string duality,” hep-th/0504058.

[4] M. B. Schulz, “Calabi-yau duals of torus orientifolds,” JHEP 05 (2006) 023, hep-th/0412270.

[5] A. Strominger, “Superstrings with torsion,” Nucl. Phys. B274 (1986) 253.

[6] J. Gates, S. J., C. M. Hull, and M. Rocek, “Twisted multiplets and new supersymmetric nonlinear sigma models,” Nucl. Phys. B248 (1984) 157.

[7] C. M. Hull, “Compactifications of the heterotic superstring,” Phys.

Lett. B178 (1986) 357.

[8] K. Dasgupta, G. Rajesh, and S. Sethi, “M theory, orientifolds and g-flux,” JHEP 08 (1999) 023, hep-th/9908088.

[9] K. Becker and K. Dasgupta, “Heterotic strings with torsion,” JHEP 11 (2002) 006, hep-th/0209077.

[10] G. Lopes Cardoso et al., “Non-kaehler string backgrounds and their five torsion classes,” Nucl. Phys. B652 (2003) 5–34, hep-th/0211118.

[11] E. Goldstein and S. Prokushkin, “Geometric model for complex non-kaehler manifolds with su(3) structure,” Commun. Math. Phys. 251 (2004) 65–78, hep-th/0212307.

[12] G. Lopes Cardoso, G. Curio, G. Dall’Agata, and D. Lust, “Bps action and superpotential for heterotic string compactifications with fluxes,” JHEP 10 (2003) 004, hep-th/0306088.

[13] K. Becker, M. Becker, K. Dasgupta, and P. S. Green,

“Compactifications of heterotic theory on non-kaehler complex manifolds. i,” JHEP 04 (2003) 007, hep-th/0301161.

[14] J. P. Gauntlett, D. Martelli, and D. Waldram, “Superstrings with intrinsic torsion,” Phys. Rev. D69 (2004) 086002, hep-th/0302158.

[15] K. Becker, M. Becker, K. Dasgupta, and S. Prokushkin, “Properties of heterotic vacua from superpotentials,” Nucl. Phys. B666 (2003) 144–174, hep-th/0304001.

[16] K. Becker, M. Becker, P. S. Green, K. Dasgupta, and E. Sharpe, “Compactifications of heterotic strings on non-kaehler complex manifolds. ii,” Nucl. Phys. B678 (2004) 19–100, hep-th/0310058.

[17] G. Lopes Cardoso, G. Curio, G. Dall’Agata, and D. Lust, “Heterotic string theory on non-kaehler manifolds with h- flux and gaugino condensate,” Fortsch. Phys. 52 (2004) 483–488, hep-th/0310021.

[18] M. B. Schulz, “Superstring orientifolds with torsion: O5 orientifolds of torus fibrations and their massless spectra,” Fortsch. Phys. 52 (2004) 963–1040, hep-th/0406001.

[19] K. Becker and L.-S. Tseng, “Heterotic flux compactifications and their moduli,” Nucl. Phys. B741 (2006) 162–179, hep-th/0509131.

[20] J.-X. Fu and S.-T. Yau, “The theory of superstring with flux on non-kaehler manifolds and the complex monge-ampere equation,”

hep-th/0604063.

[21] K. Becker, M. Becker, J.-X. Fu, L.-S. Tseng, and S.-T. Yau, “Anomaly cancellation and smooth non-kaehler solutions in heterotic string theory,” Nucl. Phys. B751 (2006) 108–128, hep-th/0604137.

[22] K. Dasgupta et al., “Gauge - gravity dualities, dipoles and new non-kaehler manifolds,” Nucl. Phys. B755 (2006) 21–78,

hep-th/0605201.

[23] T. Kimura and P. Yi, “Comments on heterotic flux compactifications,” JHEP 07 (2006) 030, hep-th/0605247.

[24] A. Knauf, “Geometric transitions on non-kaehler manifolds,” Fortsch.

Phys. 55 (2007) 5–107, hep-th/0605283.

[25] S. Kim and P. Yi, “A heterotic flux background and calibrated five-branes,” JHEP 11 (2006) 040, hep-th/0607091.

[26] M. Becker, L.-S. Tseng, and S.-T. Yau, “Moduli space of torsional manifolds,” hep-th/0612290.

[27] S. Cecotti, S. Ferrara, and L. Girardello, “Geometry of type ii superstrings and the moduli of superconformal field theories,” Int. J. Mod. Phys. A4 (1989) 2475.

[28] N. Halmagyi, I. V. Melnikov, and S. Sethi, “Instantons,

hypermultiplets and the heterotic string,”

arXiv:0704.3308 [hep-th].

[29] A. Adams, “Conformal field theory and the reid conjecture,”

hep-th/0703048.

[30] E. Witten, “String theory dynamics in various dimensions,” Nucl.

Phys. B443 (1995) 85–126, hep-th/9503124.

[31] C. Vafa, “Evidence for f-theory,” Nucl. Phys. B469 (1996) 403–418,

hep-th/9602022.

[32] P. S. Aspinwall, “An analysis of fluxes by duality,” hep-th/0504036.

[33] S. Cherkis and J. H. Schwarz, “Wrapping the m theory five-brane on k3,” Phys. Lett. B403 (1997) 225–232, hep-th/9703062.

[34] R. Minasian, G. W. Moore, and D. Tsimpis, “Calabi-yau black holes and (0,4) sigma models,” Commun. Math. Phys. 209 (2000) 325–352,

hep-th/9904217.

[35] N. Saulina, “Topological constraints on stabilized flux vacua,” Nucl.

Phys. B720 (2005) 203–210, hep-th/0503125.

[36] R. Kallosh and D. Sorokin, “Dirac action on m5 and m2 branes with bulk fluxes,” JHEP 05 (2005) 005, hep-th/0501081.

[37] V. Nikulin, “Discrete reflection groups in lobachevsky spaces and algebraic surfaces,” Proc. ICM. Berkeley (1986) 654.

[38] M. Becker, L.-S. Tseng, and S.-T. Yau, “Heterotic kahler/non-kahler transitions,” arXiv:0706.4290 [hep-th].