arXiv:hep-th/0005185 v2 31 May 2000

CALT-68-2268 CITUSC/00-017 hep-th/0005185

A non-singular infra-red flow

from D=5 gauged supergravity

Klaus Behrndt^1

California Institute of Technology Pasadena, CA 91125, USA

CIT-USC Center For Theoretical Physics University of Southern California Los Angeles, CA 90089-2536, USA

Abstract

We discuss domain wall solutions of 5-dimensional supergravity corresponding to a cosine-superpotential, which is derived by a gauging of the two Abelian isometries of the scalar coset SU(2, 1)/U(2). We argue that this potential can be obtained from M-theory compactification in the presence of G-fluxes and an M5-brane instanton gas. If we decouple the volume scalar of the internal space, the superpotential allows for two extrema, which are either ultra-violet or infrared attractive. Asymptotically we approach therefore either the boundary or the Killing horizon of an anti-deSitter space or flat spacetime for a vanishing cosmological constant. If the volume scalar does not decouple, we obtain a run-away potential corresponding to dilatonic domain walls, which always run towards a vanishing cosmological constant.

1e-mail: behrndt@theory.caltech.edu

1 Introduction

In the past years many aspects of domain wall (DW) solutions of 5-dimensional supergravity have been discussed and one of the most interesting application concerns a supergravity description of the infra-red (IR) physics of 4-dimensional field theories. In particular it is possible to obtain a supergravity description of the renormalization group (RG) flow [1, 2, 3] towards non-trivial IR fixed points, which can be conformal or non-conformal. Most progress has been made for non-conformal IR fixed points [4, 5], where the scalars flow towards a singularity in the superpotential. Many superpotentials coming from string theory compactifications have poles, which are IR attractive [6] and imply a singularity in the supergravity solution [7, 8]. In special cases the singularity indicates the appearance of a Coulomb branch [9] or can be resolved as discussed in [10]. On the other hand less is known about conformal IR fixed points. Especially for supersymmetric RG-flows the construction of the corresponding supergravity solutions prove difficult [11] and the only known example that we are aware of has been discussed in [2, 12]. Moreover, potentials with IR-attractive fixed points are essential for a string- or M-theory embedding of the Randall-Sundrum (RS) scenario [13]. Only if such potentials exist a thin-wall approximation is justified and we can approximate the scalars as constants given by their fixed-point values.

In this letter we discuss domain wall solutions, where the superpotential in the simplest case depend on a single scalar θ and has the form

W = 2 (a + b cos θ) . (1)

Potentials of this type are generated naturally by an instanton/monopole condensation and have an old history in gauge theory in the discussion of confinement [14] and for domain walls [15]; for a recent discussion see also [16].

As we show in the next section, this superpotential can be obtained from a model where the scalar fields parameterize the coset SU(2, 1)/U(2) and a linear combination of both Abelian isometries is gauged. Depending on the constant parameters a and b it yields ultra-violet (UV) as well as IR attractive fixed points and the extrema of W give a (negative) cosmological constant yielding an anti deSitter spacetime. In the special case of a = ±b, the cosmological constant vanishes at one extrema and we obtain flat spacetime.

In section three we derive explicit domain wall solutions interpolating between the (different) extrema of W . Depending the choice for a and b, these solutions are not only interesting from the RG-flow point of view, but provide also a realization of the RS scenario; the no-go statements [11] do not apply for this model.

Embedding this model into N=2, D=5 gauged supergravity [17], the scalars parameterizing the SU(2, 1)/U(2) coset build up the universal hypermultiplet. As we argue in the last section, from the M-theory perspective the potential can be understood by a superposition of non-trivial G-fluxes and an M5-brane instanton gas.

2 Abelian gauging of the SU (2, 1)/U (2) coset

In 5-d supergravity obtained by string or M-theory compactification, the scalars parameterize a coset space and the only potential consistent with supersymmetry comes from gauging of isometries of this coset. Since we are interested in flat domain walls, we can omit the gauge fields and the bosonic part of the action reads S = ∫ d^5x √ −g [ 1 2 R − V (Φ) − 1 2 g_{MN} ∂_μΦ^M ∂^μΦ^N ] (2) where the scalars Φ^M are real and parameterize a space with the metric g_{MN} . Following general arguments [18], the potential can be expressed in terms of a superpotential W as V = 6 ( 3 4 g^{MN} ∂_M W ∂_N W − W^2 ) . (3)

Before we can discuss BPS domain wall solutions, we have to derive the superpotential. We consider the coset SU(2, 1)/U(2) and the metric can be derived from the Kähler potential (in [19] more general models will be discussed)

K = − log(1 − |z_1|^2 − |z_2|^2) , |z_1|^2 + |z_2|^2 < 1 . (4)

There is another commonly used parameterization of this coset, which makes the quaternionic nature of this manifold manifest and corresponds to the Kähler potential K = − log(^{S+S̄}_2 − CC̄) [20], where the complex scalars S, C are known to enter the universal hypermultiplet of N = 2 supergravity. In the ungauged case both parameterizations are equivalent, but after gauging the resulting superpotentials differ significantly^2; in the quaternionic formulation we could not find a superpotential with at least two extrema. This may be related to the fact, that it is non-trivial to introduce global quaternionic coordinates on a curved space, which would be necessary for the discussion of domain walls; but this issue deserves further clarification [19]. We do not want to go into details here about the relation of the two models and will instead come back to our parameterization given by the Kähler potential (4). So, we will treat this 4-d scalar manifold not as a quaternionic but as a special Kähler space and follow the formalism developed in the literatur [22]. A disadvantage is however, that it is not clear whether this procedure yields necessarily supersymmetric solution with four unbroken supercharges (because in the case at hand z_1 and z_2 are in the same multiplet). A consistency check is, that the scaling dimensions coming from the sugra scalars fit into known representations in the dual field theory. We come back to this point below.

The two phase rotations of z_1 and z_2 are two Abelian isometries corresponding to the Killing vectors k_1 = z_1∂_{z1} − z̄_1∂_{z̄1} , k_2 = z_2∂_{z2} − z̄_2∂_{z̄2} . (5)

2A similar effect is also known for N = 4, D = 4 supergravity, where the SO(4) and SU (2)�SU (2) formulation are duality equivalent in the ungauged case, but differ after gauging. The first case has an AdS vacuum, the other not, see [21]. Note, gauging does not preserve the duality symmetry.

It appears more convenient to introduce polar coordinates, as in [23], given by

z_1 = r (cos θ/2) e^{i(ψ+φ)/2} , z_2 = r (sin θ/2) e^{i(ψ−φ)/2} (6)

and the scalar field metric ds^2 = ∂_{z̄}i ∂_zj K dz̄^idz^j becomes

ds^2 = dr^2 (1 − r^2)^2 + r^2 4(1 − r^2)^2 ( dψ + cos θ dφ )_2 + r^2 4(1 − r^2) ( dθ^2 + sin^2 θ dφ^2 ) . (7)

The Kähler form is exact and can be written as

K_{uv} dq^u ∧ dq^v = dω̂ , where ω̂ = i 2 r^2 1 − r^2 τ_3 , τ_3 = dψ + cos θ dφ (8)

with q^u = (r, θ, φ, ψ). Next, we gauge a general linear combination of the two Killing vectors k_1, k_2 with some constants a, b

k = a (k_1 + k_2)/2 + b (k_1 − k_2)/2 = −4i (a ∂_ψ + b ∂_φ) (9)

and the scalar derivative becomes D_μq^u = ∂_μq^u + k^uA_μ, where A_μ is the graviphoton (we do not consider vector multiplets). The superpotential is given by the Killing prepotential W = P which is defined by the Kähler 2-from [22]

K_{vu}k^u = −∂_vP (10)

and becomes W = P = r^2 2(1 − r^2) ( a + b cos θ ) . (11)

In addition, the Killing spinor equations get corrected by ∼ W Γ_μϵ for the gravitino variation and ∼ ik^uϵ for the hyperino variation. There are numerous different conventions yielding different factors in these variations, but they can be fixed by the condition, that the vacuum is given by extrema of W and that the difference of the extrema on each side of the wall gives the energy stored by the wall. Moreover, solutions of the BPS equations solve also the equations of motion for our Lagrangian (2); we come back to these equations in the next section.

3 BPS domain wall solution

In supergravity one refers to domain walls as kink solution interpolating between different extrema of the potential. As an Ansatz for the metric which is adapted to the RG flow interpreation and preserves 4-d Poincare invariance one can use

ds^2 = μ^2 ( − dt^2 + d⃗x^2 ) + dμ^2 ( μ ^W (μ) )_2 , (12)

where the fifth coordinate μ will be identified with an energy scale in the dual 4-d field theory. In these coordinates the UV region (= large length scale in supergravity) corresponds to μ → ∞, whereas the IR is approached for μ → 0. For our purpose we are only interested in the dependence of the scalar fields on the fifth coordinate or, in terms of the dual field theory, on the energy scale μ. Using this ansatz for the metric the first order equations that solve the equations of motion are [24] W = ± ^W , β^M ≡ μ d dμ Φ^M = −3 g^{MN} ∂_N log W . (13)

Using the projector Γ^5ϵ = ±ϵ the first equation is equivalent to the gravitino and the second to the hyperino variation. Oviously, supersymmetric extrema of V occur at ∂_M W = 0 where also β^M = 0 holds. For W |_{∂W =0} ≠ 0 one has an AdS space with W being the cosmological constant while W |_{∂W =0} = 0 corresponds to a flat space time. From the field theory point of view, β^M is a natural candidate for the β-functions of the couplings related to the supergravity scalar fields. For BPS solutions these functions determine the holographic RG flow [3, 24].

The nature of the fixed point is determined by the derivatives of the β-functions^3

∂_N β^M |_{β=0} = −3 g^{MK} ∂_N ∂_KW W | | β=0 . (14)

In the case that all scalars are in vector multiplets one finds ∂_M β^N|_{β=0} = −2δ^N_M and all fixed points are necessarily UV attractive [24, 11]. Consequently, these models cannot describe a smooth RG flow or give a smooth RS scenario, where each side of the wall has to be IR attractive. This situation is very typical for many potentials coming from string or M-theory compactification, which do not allow for “good” domain walls with at least two smoothly connected extrema. The situation in four dimensions is better [25] (for a review see [26]), but 5-d supergravity is more restrictive. In fact, generically one has no isolated extrema and instead a “run-away” potential giving rise to dilatonic domain walls. This behaviour is caused by the scalar field parameterizing the volume of the internal space. Whenever this scalar is dynamical it runs either to zero or infinite volume. There is no mechanism known to stabilize the volume at a finite value, at least not in a supersymmetric way. This happens also in our case, where the radial part allows only for a single extrema where the superpotential vanishes and the spacetime becomes flat. On the other hand the volume scalar can become nondynamical. For example, quantum corrections in string or M-theory can provide a natural lower bound on the volume [27], which cut-off the radial flow, see [28]. Or, adopting the procedure discussed for 4-d vacua [29], we can consider an infinite volume limit (non-compact Calabi-Yau), which becomes equivalent to treat the r-coordinate as non-dynamical (i.e. constant). In doing this we can normalize g_{θθ} = 1 and consider first the model for the superpotential

W = 2 (a + b cos θ) . (15)

3Here we assume that the fixed point is non singular i.e. the metric non-degenerate.

At the end we will also comment on the solution coming from a running radial coordinate. Coming back to our analysis from before, this superpotential has the properties we are looking for. It has two extrema where cos θ = ±1 with

∂_θβ^θ = 3b b + a cos θ (a + b cos θ)^2

, Δ = ∂_θβ^θ | | β=0 = 3b b ± a (16)

where Δ corresponds to the scaling dimension of the corresponding field theory operator. Therefore, for a > b > 0 it describes a flow from the UV at cos θ = −1 towards the IR at cos θ = 1. If b > a ≥ 0 we have two IR fixed points and similarly for 0 > a > b one finds on each side of the wall an UV fixed point. Finally for a = b > 0 it is a domain wall between an IR point at cos θ = 1 and flat spacetime at cos θ = −1. Thus, this simple model describes all known types of supersymmetric domain wall solutions. If both sides have the same type of fixed points, W has to change its sign and the solution cannot be interpreted as RG-flow, see also [30]. The pole in the β-functions indicates a first order phase transition.

As we mentioned earlier, in order to trust the embedding of our model into N = 2 supergravity, we have to ensure, that the scaling dimensions fit into short representations of superfields of the dual field theory, see e.g. [2], and there are some interesting cases. If we gauge e.g., only the ∂_φ isometry we obtain a = 0 and Δ = 3; if we gauge only k_1 or k_2 we have a = ±b with Δ =^3_2 or if we turn off the ∂_φ gauging there are no running hyper scalars and we obtain a special case of the model discuss in [24] with Δ = 2 for the vector scalars.

Next, let us construct the explicit domain wall solution. The coordinate system used before was adapted for the discussion of the RG flow, but in order to find an explicit solution we write the metric as

ds^2 = e^{2A(z)} ( − dt^2 + d⃗x^2 ) + dz^2 . (17)

For these coordinates the BPS equations become [7]

∂_zA = W , ∂_zθ = −3 g^{θθ} ∂_θW . (18)

and inserting the superpotential (15) and g_{θθ} = 1, we find as solution

e^{2A} = e^{4az} (cosh 6bz)^{−2/3} , cos θ = − tanh 6bz . (19)

Approaching the two AdS vacua at z = ±∞, the warp factor becomes e^{2A} ≃ e^{4(±a−b)|z|} and as mentioned before if a > b > 0 we have an UV fixed point at z = +∞ and an IR fixed point on the other side. If b > a > 0 there are IR fixed point on both sides, which becomes Z_2 symmetric if a = 0. In this case, e^{2A} is exponentially decreasing on both sides yielding a localization of gravity on the wall and our model describes a Randall-Sundrum scenario [13]. Having this thick wall, one can also consider a thinwall approximation (b → ∞), where the scalar becomes constant and the spacetime is everywhere AdS, up to the discontinuity at z = 0^4. Another interesting example is a = b, where we find e^{−2A} = (1 + e^{−12az})^{2/3} (20)

and the domain wall represents a flow from an IR fixed point at z = −∞ to flat spacetime at z = +∞.

Finally let us comment on the case of a running radius r, i.e. we consider the complete superpotential (11). In the θ-equation in (18), the radial part drops out and we obtain the same solution cos θ = − tanh 6bz and in addition we have the equation for the radius ∂_zr = −3g^{rr}∂_rW = −3r(a + b cos θ) = −3(a − b tanh 6bz) (21)

which is solved by r^2 = e^{−6az} cosh 6bz for a > b (keeping in mind, that 0 ≤ r < 1). Therefore, z = 0 corresponds to the singular point r = 1, where the superpotential and the potential V have a pole and the warp factor in the metric has a zero: e^{2A} ∼ z^{1/6} for z ≃ 0. Towards larger values of z the warp factor increases and for z = +∞ corresponding to r = 0 the potentials vanish and the spacetime becomes flat. Hence, taking the radial part into account, there are neither UV nor IR fixed points related to an AdS spacetime. Notice that using our definition from before, the β-function β^r = −6(^1_r − r) vanishes only at the singularity r = 1, which is IR attractive, as the cases discussed in [6].

4 Some comments about the M-theory embedding

Perhaps the easiest way to understand the solution comes from M-theory, where the four scalars of the universal hypermultiplet can be understood as follows. One scalar parameterizes the volume of the internal space, one axion comes from the dualization of the 5-d 4-form field strength, and two scalars are related to membranes wrapping Ω_{0,3} or Ω_{3,0} cycle. In our parameterization we gauged the Killing vector k ∼ a ∂_ψ +b ∂_φ. The case b = 0 reproduces the results derived in [32, 28] and therefore corresponds to turning on 4-form fluxes in the M-theory compactification, which is equivalent to a non-trivial M5-brane background. On the other hand gauging the ∂_φ isometry gives a mass term for the θ axion. In fact for this deformation (setting a = 0) the supergravity potential can be written as (normalizing g_{θθ} = 3/4 and rescaling θ →^{2 θ√}_3 ): V = −6b cos^{4θ√}_3 and we obtain a sine-Gordon model coupled to gravity. This form suggests, that it can be understood as coming from a non-trivial instanton background. M-theory compactified to 5 dimension may give a topological term ∫ d^5x θ dG. If there are no sources present, the Bianchi identity implies dG = 0 and such a term vanishes. If on the other hand magnetic sources for G exist in 5 dimensions, then dG is nonvanishing, and this term is the 5-d analogue of the familiar universal axionic coupling ∫ d^4x ψ tr(F ∧ F̃ ) in 4 dimensions. An obvious candidate for magnetic sources of G are

4Supersymmetric versions of the Randall-Sundrum geometry have also been discussed in refs. [31].

M5-branes. However in order to generate a cosine potential for θ such sources must be pointlike in 5 dimensions (like the instanton density tr(F ∧ F ) in 4 dimensions ) and therefore correspond to Euclidean M5-branes wrapping the whole CY manifold, in contrast to the 5-branes associated with the gauging of the ∂_ψ isometry, which wrap a holomorphic 2-cycle and become 3-branes upon compactification. As in 4 dimensions, see [33], we expect that the sum over an M5-brane instanton gas will reproduce the cosine potential. Clearly, this interpretation deserves a more detailed investigation.

Acknowledgements

The work is supported by a Heisenberg grant of the DFG. I am grateful to S. Ferrara, S. Gukov, C. Pope and A. Zaffaroni for discussions and comments. I would also like the thank C. Herrmann, J. Louis and S. Thomas for collaboration on part of this project.

References

[1] E. Alvarez and C. Gomez, “Geometric holography, the renormalization group and the c- theorem,” Nucl. Phys. B541 (1999) 441, hep-th/9807226. L. Girardello, M. Petrini, M. Porrati, and A. Zaffaroni, “Novel local CFT and exact results on perturbations of N = 4 super Yang-Mills from AdS dynamics,” JHEP 12 (1998) 022, hep-th/9810126.

[2] D. Z. Freedman, S. S. Gubser, K. Pilch, and N. P. Warner, “Renormalization group flows from holography supersymmetry and a c-theorem,” hep-th/9904017.

[3] J. de Boer, E. Verlinde, and H. Verlinde, “On the holographic renormalization group,” hep-th/9912012.

S. Nojiri, S. D. Odintsov and S. Zerbini, “Quantum (in)stability of dilatonic AdS backgrounds and holographic renormalization group with gravity,”

hep-th/0001192.

[4] D. Z. Freedman, S. S. Gubser, K. Pilch, and N. P. Warner, “Continuous distributions of D3-branes and gauged supergravity,” hep-th/9906194.

[5] L. Girardello, M. Petrini, M. Porrati, and A. Zaffaroni, “The supergravity dual of N = 1 super Yang-Mills theory,” Nucl. Phys. B569 (2000) 451, hep-th/9909047. I. Bakas, A. Brandhuber, and K. Sfetsos, “Domain walls of gauged supergravity, M-branes, and algebraic curves,” hep-th/9912132.

[6] K. Behrndt and M. Cvetic, “Infra-red fixed points at the boundary,”

hep-th/0002057.

[7] K. Behrndt and M. Cvetič, “Supersymmetric domain wall world from D=5 simple gauged supergravity,” hep-th/9909058.

[8] R. Kallosh, A. Linde, and M. Shmakova, “Supersymmetric multiple basin attractors,” JHEP 11 (1999) 010, hep-th/9910021.

[9] M. Cvetic, S. S. Gubser, H. Lu, and C. N. Pope, “Symmetric potentials of gauged supergravities in diverse dimensions and coulomb branch of gauge theories,” hep-th/9909121.

[10] J. Polchinski and M. J. Strassler, “The string dual of a confining four-dimensional gauge theory,” hep-th/0003136.

[11] R. Kallosh and A. Linde, “Supersymmetry and the brane world,” JHEP 02 (2000) 005, hep-th/0001071.

K. Behrndt and M. Cvetič, “Anti-deSitter vacua of gauged supergravities with 8 supercharges,” hep-th/0001159.

[12] K. Pilch and N. P. Warner, “N = 2 supersymmetric RG flows and the IIB dilaton,” hep-th/0004063.

A. Brandhuber and K. Sfetsos, “An N = 2 gauge theory and its supergravity dual,” hep-th/0004148.

[13] L. Randall and R. Sundrum, “A large mass hierarchy from a small extra dimension,” Phys. Rev. Lett. 83 (1999) 3370–3373, hep-ph/9905221.

[14] A. M. Polyakov, “Quark confinement and topology of gauge groups,” Nucl. Phys.

B120 (1977) 429–458.

[15] A. Vilenkin and A. E. Everett, “Cosmic strings and domain walls in models with Goldstone and pseudogoldstone bosons,” Phys. Rev. Lett. 48 (1982) 1867.

[16] M. Gremm, “Four-dimensional gravity on a thick domain wall,” Phys. Lett.

B478 (2000) 434 hep-th/9912060.

[17] M. Gunaydin, G. Sierra, and P. K. Townsend, “Gauging the D=5 Maxwell-Einstein supergravity theories: More on Jordan algebras,” Nucl. Phys. B253 (1985) 573.

M. Gunaydin and M. Zagermann, “The vacua of 5d, N = 2 gauged Yang-Mills/Einstein/tensor supergravity: Abelian case,” hep-th/0002228. A. Ceresole and G. Dall’Agata, “General matter coupled N = 2, D = 5 gauged supergravity,” hep-th/0004111.

[18] P. K. Townsend, “Positive energy and the scalar potential in higher dimensional (super)gravity theories,” Phys. Lett. B148 (1984) 55. K. Skenderis and P. K. Townsend, “Gravitational stability and renormalization-group flow,” Phys. Lett. B468 (1999) 46, hep-th/9909070.

[19] K. Behrndt, C. Herrmann, J. Louis and S. Thomas in preparation.

[20] S. Ferrara and S. Sabharwal, “Quaternionic manifolds for type II superstring vacua of Calabi-Yau spaces,” Nucl. Phys. B332 (1990) 317.

[21] M. Cvetic, H. Lu, and C. N. Pope, “Four-dimensional N = 4, SO(4) gauged supergravity from D = 11,” hep-th/9910252.

[22] L. Andrianopoli et. al., “General matter coupled N=2 supergravity,” Nucl. Phys.

B476 (1996) 397–417, hep-th/9603004.

[23] R. Britto-Pacumio, A. Strominger, and A. Volovich, “Holography for coset spaces,” JHEP 11 (1999) 013, hep-th/9905211.

[24] K. Behrndt, “Domain walls of D = 5 supergravity and fixed points of N = 1 super yang-mills,” hep-th/9907070.

[25] M. Cvetič, S. Griffies, and S.-J. Rey, “Static domain walls in N=1 supergravity,” Nucl. Phys. B381 (1992) 301–328, hep-th/9201007.

[26] M. Cvetič and H. H. Soleng, “Supergravity domain walls,” Phys. Rept. 282 (1997) 159, hep-th/9604090.

[27] A. Strominger, “Loop corrections to the universal hypermultiplet,” Phys. Lett.

B421 (1998) 139–148, hep-th/9706195.

H. Gunther, C. Herrmann, and J. Louis, “Quantum corrections in the hypermultiplet moduli space,” Fortsch. Phys. 48 (2000) 119, hep-th/9901137.

[28] K. Behrndt and S. Gukov, “Domain walls and superpotentials from M theory on Calabi-Yau three-folds,” hep-th/0001082.

[29] T. R. Taylor and C. Vafa, “RR flux on Calabi-Yau and partial supersymmetry breaking,” Phys. Lett. B474 (2000) 130, hep-th/9912152. J. Michelson, “Compactifications of type IIB strings to four dimensions with non-trivial classical potential,” Nucl. Phys. B495 (1997) 127, hep-th/9610151.

[30] G. W. Gibbons and N. D. Lambert, “Domain walls and solitons in odd dimensions,” hep-th/0003197.

[31] R. Altendorfer, J. Bagger, and D. Nemeschansky, “Supersymmetric Randall-Sundrum scenario,” hep-th/0003117.

A. Falkowski, Z. Lalak, and S. Pokorski, “Supersymmetrizing branes with bulk in five-dimensional supergravity,” hep-th/0004093.

T. Gherghetta and A. Pomarol, “Bulk fields and supersymmetry in a slice of AdS,” hep-ph/0003129.

[32] A. Lukas, B. A. Ovrut, K. S. Stelle, and D. Waldram, “Heterotic M-theory in five dimensions,” Nucl. Phys. B552 (1999) 246, hep-th/9806051.

[33] S. Coleman, “The use of instantons” in M. Shifman (ed.), “Instantons in gauge theories,”. Singapore, Singapore: World Scientific (1994) 488 p.