Received: November 26, 1998, Accepted: January 6, 1999

HYPER VERSION

The domain-wall/QFT correspondence

Harm J. Boonstra and Kostas Skenderis

Instituut voor Theoretische Fysica KU Leuven, Celestijnenlaan 200D, 3001 Heverlee, Belgium E-mail: harm.boonstra@fys.kuleuven.ac.be,

kostas.skenderis@fys.kuleuven.ac.be

Paul K. Townsend

Institute for Theoretical Physics, University of California at Santa Barbara, CA 93106, USA.

E-mail: pkt10@damtp.cam.ac.uk

Abstract: We extend the correspondence between adS-supergravities and superconformal field theories on the adS boundary to a correspondence between gauged supergravities (typically with non-compact gauge groups) and quantum field theories on domain walls.

Keywords: D-branes, String Duality.

Contents

1. Introduction 1

2. ‘Near-horizon’ limit in the dual frame 4

3. Gauged supergravities and domain-walls 8 3.1 p-branes, p ≠ 5 9 3.2 Fivebranes 11

4. Comments 13

1. Introduction

Evidence is currently accumulating for a conjectured equivalence between M-theory or IIB superstring theory in an anti-de Sitter (adS) background and a superconformal field theory (SCFT) at the adS boundary [1] (for related earlier work see [2], [3]). The isometry group of the KK vacuum acts as the superconformal group on the SCFT at the adS boundary in the manner envisaged in earlier studies of singleton field theories [4] and branes ‘at the end of the universe’ [5]. In the new approach the SCFT describes the dynamics of N near-coincident branes in the low-energy limit (or equivalently in the limit of decoupling gravity). This limit corresponds to the near-horizon limit of the corresponding brane solution of D=11 or IIB supergravity, which turns out to be one of the well-known Kaluza-Klein (KK) compactifications to an adS spacetime [6]. The (conjectured) equivalence of the bulk supergravity theory (more precisely the underlying M-theory or superstring theory) to the SCFT boundary theory nicely illustrates the holography principle^1 that is widely believed to be a feature of any consistent theory of quantum gravity [7]. However, this principle also suggests that the adS/CF T correspondence is just a special case of a more general correspondence between supergravity theories (at least those that are effective theories for some consistent quantum theory) and quantum field theories in one lower dimension.

1The equivalence between a KK supergravity and a SCFT at the adS boundary was actually already conjectured in [5] but it was then viewed not as an illustration of holography but as a generalization to branes of the fact that the conformal field theory on a string worldsheet encodes D=10 supergravity scattering amplitudes.

One clue to a possible generalization of the adS/CF T correspondence is the fact that the adS metric in horospherical coordinates is a special case of a domain wall metric [8]. The isometry group of the generic D-dimensional domain wall spacetime is the Poincaré group in (D − 1) dimensions. In the supergravity context a domain wall typically preserves half the supersymmetry and hence admits a super-Poincaré isometry group. If the supergravity theory arises via KK compactification on some space B then the KK domain wall ‘vacuum’ is additionally invariant under the isometries of B. The adS case is special in that the KK vacuum is invariant under a larger adS_D supergroup that contains as a proper subgroup the product of the (D − 1)- dimensional Poincaré group with the isometry group of B. This precisely corresponds to the fact that a (D − 1)-dimensional superconformal field theory is a special case of a (D − 1)-dimensional supersymmetric quantum field theory (QFT), for which the invariance group is generically just the product of the (D − 1)-dimensional super- Poincaré group with its R-symmetry group. The latter is naturally identified with the isometry group of B which is also, according to Kaluza-Klein theory, the gauge group of the D-dimensional supergravity theory admitting the domain wall solution.

We are thus led to investigate whether there are KK compactifications of D=10 or D=11 supergravity theories to domain wall ‘vacua’ analogous to compactifications to an adS spacetime. One cannot expect such a solution to preserve all supersymmetries but experience with branes suggests that it might preserve 1/2 supersymmetry. In fact, a number of examples of this type are already known and, in close analogy to the adS case, they can be interpreted as the ‘near-horizon’ limits of brane solutions of D=11 or D=10 supergravity theories. For example, the ‘near-horizon’ limit of the NS-5-brane of N=1 supergravity yields an S^3 compactification of N=1 D=10 supergravity to a D=7 spacetime that can be interpreted as a domain-wall solution of the effective D=7 theory [6, 9, 10]. The latter can be identified with the SU(2)-gauged D=7 supergravity [11] coupled to an SU(2) super-Yang-Mills (SYM) multiplet, in accord with the fact that the isometry group of S^3 is SU(2) × SU(2) (the same S^3 compactification is also applicable to the NS-5-branes of Type II supergravities but we postpone discussion of these cases). A new example that we shall discuss here is an S^2 compactification of IIA supergravity to a D=8 domain wall spacetime. It can be found as a ‘near-horizon’ limit of the IIA D6-brane solution. The effective D=8 supergravity theory is the SU(2)-gauged maximal supergravity.^2 As adS supergroups exist only for D ≤ 7 it follows that this, or any other, D=8 supergravity theory cannot admit a supersymmetric adS vacuum (by which we mean one for which the isometry group is an adS supergroup). However, as we shall show, it does admit a 1/2 supersymmetric domain wall vacuum, and this domain wall solution is precisely the one found in the ‘near-horizon’ limit of the D6-brane.

2This was originally obtained as an S^3 reduction of D=11 supergravity [12], but it can be viewed as an S^2 compactification of IIA supergravity in which the RR 2-form field strength is proportional to the volume of the 2-sphere.

The term ‘near-horizon’ is placed in quotes in the above paragraph because what is essential for the argument is not the existence of a horizon but rather of a second asymptotic region near the core of the brane into which spacelike geodesics can be continued indefinitely. This is a feature of the NS-5-brane in string-frame because in this frame the singularity at the core is pushed out to infinity. It is not a feature of the D6-brane in either the string frame or the Einstein frame but there is a frame, the ‘dual’ frame, in which the singularity is again pushed out to infinity, and in this frame one finds a ‘vacuum’ solution of IIA supergravity with an adS_8 × S^2 10- metric [10, 13]. The ‘dual’ frame can be defined for general p as the one for which the tension of the dual (6 − p)-brane is independent of the dilaton. This implies that in the effective action the function of the dilaton multiplying the Einstein term is the same as the function multiplying the dual of the (p + 2)-form field strength. It is a general property of p-brane solutions, except when p = 5, that the dual frame metric is the product of an adS space with a sphere [14, 10, 13]. When p = 5 one finds that the adS space is replaced by a Minkowski spacetime, so this case requires a separate discussion. In all cases, however, there is an ‘internal’ infinity in the dual metric, and hence a second asymptotic region near the p-brane core. The importance of this is that the effective supergravity in this asymptotic region must, to the extent to which the supergravity approximation remains valid, describe the ‘internal’ dynamics on the brane.^3

One thus arrives at the (tentative) conclusion that the QFT describing the ‘internal’ dynamics of N coincident branes is equivalent to the supergravity theory in the ‘near-horizon’ region of the corresponding supergravity brane solution (but in a given region of the parameter space there is only one weakly coupled theory). This is essentially the argument of [1] in support of the adS/CF T correspondence, for which an extension to non-conformal cases was considered in [15]. One purpose of this paper is to show how the dual frame allows a uniform discussion of both the conformal and non-conformal cases. The conformal cases are those for which the dual frame is self-dual. In all cases an essential ingredient of the correspondence between the supergravity theory and the QFT is that the conserved currents of the QFT couple to the bulk supergravity fields. One therefore needs to specify some embedding of the brane worldvolume in the bulk spacetime. In other words, where do we put the branes?

In the adS/CF T correspondence, it is natural to place the CFT at the adS boundary because this hypersurface is a fixed surface under the action of the conformal group on the adS spacetime. The only other hypersurface with this property is the horizon. However, one can define a Minkowski space QFT with non-linearly realized conformal invariance on any horosphere [16]. The adS_{p+2} metric in horospherical

3As against the ‘external’ dynamics of the brane’s motion in the D=10 or D=11 spacetime, which is described by the Born-Infeld type brane actions for the Goldstone modes of broken supertranslations.

coordinates is ds^2 = u^2ds^2 ( E^{(p,1)} ) + u^{−2}du^2 , (1.1) and the horospheres are the hypersurfaces of constant u. A typical horosphere is shown on the Carter-Penrose diagram of adS_{p+2} in the figure below.

The horospheres form a one-parameter class of Minkowski

Figure 1: Carter- Penrose diagram of anti-de Sitter spacetime. The diagonal lines are Killing horizons. The curved line is a horosphere.

hypersurfaces interpolating between the Killing horizon and the adS boundary, the parameter being the radial adS coordinate. A scale transformation shifts the value of this radius, i.e. it takes a QFT in one vacuum to a QFT in another vacuum. In the IR or UV limit one is driven to the adS horizon or its boundary, respectively, these being the two fixed points in the space of vacua. Almost the same picture carries over to the domain-wall/QFT correspondence with the difference that the choice of horosphere for the Minkowski vacuum now corresponds not to a choice of the vacuum of a QFT with nonlinearly realized conformal symmetry but rather to a choice of coupling constant of a non-conformal QFT. Thus, in the non-conformal case the interpolation between the adS Killing horizon and its boundary corresponds to an interpolation between strong and weak coupling (or vice-versa, depending on the case). Since the coupling constant is dimensionful this is again equivalent to a choice of scale.

In the adS/CF T correspondence, operators of the CFT couple to fields of the KK supergravity about the adS background, and correlation functions of these operators are related to classical solutions of the KK supergravity equations with boundary conditions specified at the adS boundary. We expect the same to be true in the domain-wall/QFT correspondence but the graviton in this background no longer belongs to the graviton supermultiplet of an adS-supergravity. Rather, it must belong to the graviton supermultiplet of a class of gauged supergravity theories for which the vacuum is instead a 1/2 supersymmetric domain wall spacetime. We further expect the QFT on the worldvolume of coincident Dp-branes to be encoded in a KK supergravity theory with a 1/2 supersymmetric domain wall vacuum and another purpose of this paper is to identify the relevant lower-dimensional gauged supergravity theory in each case. We shall see that, in each case, the gauge group of the supergravity theory coincides with the R-symmetry group of the equivalent QFT.

2. ‘Near-horizon’ limit in the dual frame

We shall be interested in a limit of (IIA, IIB, or N=1) superstring theory for which the dynamics is well-approximated by an effective supergravity action. The part of this action relevant to the Dp-brane contains the metric, dilaton and a Ramond-Ramond field strength, which can be either a (p+2)-form (in which case the Dp-brane solution is ‘electric’) or a (8 − p)-form (in which case the Dp-brane solution is ‘magnetic’). For the latter choice, and in the string frame, the action is S = 1 α^{′4} ∫ d^{10}x √ −g [ e^{−2ϕ} ( R + 4(∂ϕ)^2 ) − 1 2(8 − p)! |F_{8−p}|^2 ] . (2.1)

The validity of the supergravity approximation requires that we take the limits

α^′ → 0 g_s → 0 , (2.2)

where α^′ is the inverse string tension and g_s = e^{ϕ∞} is the string coupling constant (with ϕ_∞ the asymptotic value of the dilaton field ϕ).

The equations of motion of the above action have the solution

ds^2_{st} = H^{−1/2}ds^2(E^{(p,1)}) + H^{1/2}ds^2(E^{(9−p)}) , e^ϕ = g_sH^{(3−p)/4} , F_{8−p} = g^{−1}_s ⋆ dH , (2.3)

where ⋆ is the Hodge dual of E^{(9−p)} and H is harmonic on E^{(9−p)}. Let r be the distance from the origin of E^{(9−p)}. The choice

H = 1 + g_sN ( √ α^′ r )_{(7−p)} , (2.4)

then yields the long-range fields of N infinite parallel planar Dp-branes near the origin.

We now consider the low energy limit[1, 15], α^′ → 0, keeping fixed the mass of stretched strings, U = r/α^′ (so r → 0), and all (other than r) coordinates that appear in (2.3). In addition, we hold fixed the ’t Hooft coupling constant,

g^2_{Y M} N = fixed , (2.5)

where g^2_{Y M} = g_s(α^′)^{(p−3)/2} . (2.6)

This means that we must have g_sN → 0 for p < 3 and g_sN → ∞ for p > 3. For p < 3 this requirement is satisfied for any N because we take g_s → 0. For p > 3 it can be satisfied only if we also take the limit N → ∞. For N finite, (2.5) is equivalent to keeping energies finite on the worldvolume while taking the low-energy limit. The N → ∞ limit is the ’t Hooft limit[17]. In either case, we now have

H = 1 + g^2_{Y M} N (α^′)^2U^{(7−p)}

→ g^2_{Y M} N(α^′)^{−2}U^{(p−7)} . (2.7)

The string metric of (2.3) is singular at U = 0, so it is not yet clear whether the above ‘near-horizon’ limit yields a limiting supergravity solution in the way that it does in the D3-brane case [6]. We can circumvent this problem by considering the ‘dual frame’ metric g_{dual} = (e^ϕN)^{2p−7} g_{st} . (2.8) In this frame the action (2.1) is S = N^2 α^{′4} ∫ d^{10}x √ −g(Ne^ϕ)^γ [ R + 4(p − 1)(p − 4) (7 − p)^2

(∂ϕ)^2 − 1 2(8 − p)! 1 N^2 |F_{8−p}|^2 ] , (2.9) where γ = 2(p−3)/(7−p) . (2.10) Note that the dual field strength couples to the dilaton in the same way as the metric; hence the terminology ‘dual frame’. For p = 3 the dual frame coincides with the Einstein frame up to a power of N. The Dp-brane dual frame metric is ds^2_{dual} = (g_sN)^{2/(p−7)} [ H^{(5−p)/(p−7)}ds^2(E^{(p,1)}) + H^{2/(7−p)}ds^2(E^{(9−p)}) ] , (2.11) for which the singularity at U = 0 is now just a coordinate singularity. The full ‘near-horizon’ solution is ds^2_{dual} = α^′ [( g^2_{Y M} N )_{−1} U^{5−p}ds^2 ( E^{(p,1)} ) + U^{−2}dU^2 + dΩ^2_{(8−p)} ] , e^ϕ = 1 N [( g^2_{Y M} N ) U^{p−3} ]_{(7−p)/4} , F_{8−p} = (7 − p)N(α^′)^{(7−p)/2}vol ( S^{8−p} ) . (2.12)

The near-horizon metric is adS_{p+2} × S^{8−p} when p ≠ 5. When p = 5 it is E^{(6,1)} × S^3, so we exclude this case in what now follows. We will return to the p = 5 case later.

It is important to notice that all factors of α^′ cancel out at the end: in the string worldsheet action the overall α^′ in the metric cancels against the α^′ in the string tension, and in the effective supergravity action the factors of α^′ coming from the factors of α^′ in (2.12) cancel against the α^′ in Newton’s constant. This cancellation allows us to now set α^′ = 1 in what follows.

The adS metric can be put in a standard form by the introduction of a new radial coordinate u defined by

u^2 = R^2 ( g^2_{Y M} N )_{−1} U^{5−p} , [R = 2/(5 − p)] . (2.13) Since both U and g^2_{Y M} N remain finite in the near-horizon limit, so too does u. We now have ds^2_{dual} = u^2 R^2 ds^2 ( E^{(p,1)} ) + R^2 du^2 u^2

+ dΩ^2_{(8−p)} ,

e^ϕ = 1 N ( g^2_{Y M} N )_{(7−p)/2(5−p)} (u/R)^{(p−7)(p−3)/2(p−5)} , F_{8−p} = (7 − p)N vol ( S^{8−p} ) . (2.14)

We see from this form of the metric that R is the adS radius of curvature. The hypersurface u = 0 is a non-singular Killing horizon while the boundary of the adS space is at u = ∞.

There is an UV/IR connection between the bulk and the boundary theory. Specifically, it was shown in [18] that the holographic energy scale of the boundary QFT is E ∼ U^{(5−p)/2} g_{Y M} N^{1/2}

. (2.15)

This energy-distance relation leads to a holographic result for the number of states of string theory in adS space [19, 18]. From (2.13) we see that it is equivalent to

E ∼ u . (2.16)

In other words, the scale u introduced by the requirement that the adS metric in the dual frame take the same form for all p (including the conformal p = 3 case) is the holographic energy scale of the boundary QFT! Thus, one may argue that the dual-frame is the “holographic” frame describing supergravity probes (the string frame being associated with D-brane probes).

The gauge theory description is valid provided that the effective dimensionless YM coupling constant (at the energy scale of interest)

g_{eff} = g_{Y M} N^{1/2}E^{(p−3)/2} , (2.17)

is small. Using (2.16)-(2.15) we see that this requires [ g^2_{Y M} NU^{p−3} ]_{(5−p)} ≪ 1 . (2.18)

On the other hand, string perturbation theory is valid when the dilaton (2.14) is small. This is always true in the large N limit, except near u = 0 for p < 3 and p = 6 or u = ∞ for p = 4. Depending on the rate with which we approach these points SYM or supergravity will be valid in some region of the parameter space, but eventually the string coupling grows large and we have to pass to the strong string-coupling dual.

The validity of the supergravity solution requires that the effective string tension times the characteristic spacetime length is large. The latter can be read-off from (2.14) and is of order 1. Therefore, we get the condition

T_{dual} = (Ne^ϕ)^{2/(7−p)} ≫ 1 , (2.19)

which implies g^2_{Y M} NU^{p−3} ≫ 1 , (2.20) for the validity of the supergravity description of the D-brane dynamics. This is the same as the condition found in [15, 18] by requiring the curvatures in the string frame to remain small.

The above conditions and their implications have been discussed in detail in [15, 18]. We provide a brief summary here for p = 0, 1, 2, 4, 6, as this will be helpful for the discussion to follow of the associated supergravity domain wall spacetimes. The p = 0, 1, 2 cases are similar in that the region close to the boundary (corresponding to the UV of the SYM) is described in terms of perturbative SYM since the effective coupling constant is small there. The IR limit of the SYM theory, which corresponds (in the dual frame) to the region near the horizon at u = 0, is a strong coupling limit because g_{eff} is large there. The effective string coupling constant e^ϕ is also large in this region, so the horizon limit is the strong string coupling limit. This means that to resolve the singularity in e^ϕ at the horizon one must pass to the strong coupling dual theory. For p = 0, 2 this is M-theory while for p = 1 it is the dual IIB theory. In the latter case, after S-duality the D-string supergravity solution becomes the fundamental string solution. The dilaton is then small near u = 0 but there is now a curvature singularity there which is resolved in the DVV matrix string theory [20]. In the p = 4 case the region close to the boundary again corresponds to the UV of the SYM theory but this theory is now strongly coupled there. The D = 10 supergravity description is valid for sufficiently large N at any given distance from the boundary but for any N, no matter how large, the string coupling blows up as the adS boundary is approached. The D = 10 supergravity description therefore fails in the latter limit but a description in terms of D = 11 supergravity may be valid because the singularity of the dilaton at the boundary is resolved by the interpretation of adS_6 with a ‘linear’ dilaton as adS_7 [14]. Near the adS horizon the supergravity description fails but the SYM description is valid because the effective gauge coupling is small.

The p = 6 case is rather different because the supergravity description is apparently valid in the same near-horizon region in which the SYM theory is weakly coupled. This would seem to lead to a contradiction, but the issue of decoupling gravity in the case of D6 branes is rather intricate [21, 22].

3. Gauged supergravities and domain-walls

The dual frame formulation is natural from the supergravity point of view because the factorization of the geometry leads to an immediate identification of the lower dimensional gauged supergravity that the graviton is part of.

From the solution (2.14) we see that there is an S^{8−p} compactification of the D=10 theory to an effective gauged (p + 2)-dimensional supergravity with action of the form

S = N^2 ∫ d^{p+2}x √ −g ( Ne^ϕ )_γ [ R + 4(p − 1)(p − 4) (7 − p)^2

(∂ϕ)^2 + 1 2 (9 − p)(7 − p) ] . (3.1) where γ is the constant given in (2.10). We also deduce that the field equations of this action admit an adS_{p+2} vacuum with ‘linear’ dilaton (as explained in [14], the dilaton can be invariantly characterized in terms of a conformal Killing potential).

On passing to the Einstein frame (for p ≠ 0) we find the action

S = N^2 ∫ d^{p+2}x √ −g [ R − 1 2 (∂ϕ)^2 + 1 2 (9 − p)(7 − p)N^be^{aϕ} ] , (3.2)

where a = − √ 2(p − 3) √ p(9 − p) , b = 4(p − 3) p(p − 7) . (3.3)

In this frame the adS_{p+2} linear dilaton vacuum is equivalent to the domain wall solution studied in [23, 24, 8]. The parameter Δ used in [8] to characterize various kinds of domain wall solutions is in our case (D = p + 2),

Δ ≡ a^2 −

2(D − 1) D − 2 = −4(7 − p) 9 − p , (3.4)

with Δ_{adS} =^{−2(D−1)}_{D−2} the value corresponding to the effective Lagrangian which admits anti-de Sitter spacetime as a solution. As expected, Δ = Δ_{adS} only for p = 3. For all other p the domain wall is in the category Δ_{adS} < Δ < 0 [8]. We now turn to an application of the above analysis to Type II D-p-branes. The values of p to which the above analysis is applicable are p = 0, 1, 2, 4, 6. We exclude p = 3 as the domain wall vacuum is then the well-known supersymmetric adS vacuum. We shall consider the p = 5 case later.

3.1 p-branes, p ≠ 5

From the p = 0 near-horizon limit we see that there is an S^8 compactification of IIA supergravity to a D=2 SO(9) gauged maximal supergravity theory. The R-symmetry group of the corresponding D=1 QFT is expected to be the largest subgroup of SO(16) with a 16-dimensional spinor representation [25]; this is precisely SO(9). Since very little is known about gauged supergravity theories in D=2 we turn now to p = 1. For p = 1 we see that there is an S^7 compactification of, for example, IIA supergravity to a D=3 SO(8) gauged maximal supergravity. This is obviously the S^1 reduction of the de Wit-Nicolai SO(8) gauged N=8 supergravity in D=4; as shown in [8], the adS_4 vacuum of the latter will descend to a domain wall solution in D=3. In the IIB case the interpretation of the SO(8)-gauged D=3 supergravity as a reduction of the de Wit-Nicolai theory is not available, and it may well be a different theory; gauged D=3 supergravities have not yet been systematically explored. Furthermore, from the type I fundamental string solution we expect that there should be a truncation of maximal SO(8)-gauged D=3 supergravity to a half-maximal one with the same gauge group. In all of these cases the corresponding D=2 QFT has the expected SO(8) R-symmetry group (identifying the left and right SO(8) groups).

We now turn to p = 2. In this case we find an S^6 compactification of IIA supergravity which we can also view as an S^6 ×S^1 compactification of D=11 supergravity.^4 The effective gauged D=4 supergravity must be one of those found by Hull as these have recently been shown to be complete [27]. Since the isometry group of S^6 is SO(7) we might expect the gauge group to be SO(7) (which is also the R-symmetry group of the D2-brane). The obvious candidate is the ISO(7) gauged supergravity [28] because only the SO(7) subgroup can be linearly realized. Moreover, this theory has a potential [29] of the right form to admit a 1/2 supersymmetric domain wall solution. The correctness of this identification follows from the observations [30] that the non-compact gauged N=8 supergravity theories can be obtained by ‘compactification’ of D=11 supergravity on hyperboloids of constant negative curvature, and that the contracted versions, such as ISO(7), correspond to a limit in which the hyperboloid degenerates to an infinite cylinder. The ISO(7) theory thus corresponds to a ‘compactification’ on the cylinder S^6 × E^1, but we may replace this by S^6 × S^1. The reason that the near-horizon limit of the D2-brane differs from that of the M2-brane (for which the effective D=4 theory is the SO(8) gauged de Wit- Nicolai theory) is that the M2-brane harmonic function is harmonic on E^8 whereas the D2-brane harmonic function is harmonic on E^7. Further dimensional reduction will lead to functions that are harmonic on E^{8−k} and hence to new ‘near-horizon’ limits, for which the effective D=4 theory is a CSO(8 − k, k) gauged supergravity (in the notation of [31]).^5

Passing over p = 3 we come to p = 4. In this case we find an S^4 compactification of IIA supergravity. As mentioned earlier, this is just the S^4 compactification of D=11 supergravity in disguise. This is consistent with the fact that the SO(5) gauged maximal D=6 supergravity is just the reduction on S^1 of the SO(5) gauged maximal D=7 supergravity [32]. It is also consistent with the fact that the R-symmetry group of the D4-brane is SO(5).

Passing over p = 5 we come to p = 6. Despite the problematic features of the correspondence in this case, consideration of the ‘near-horizon’ limit of the D6-brane dual-frame solution still allows us to deduce the existence of an S^2 compactification of IIA supergravity to an SU(2) gauged D=8 supergravity (note that SU(2) is also the R-symmetry group of the D6-brane). We shall now argue that this theory is the one found by Salam and Sezgin [12] from a generalized Scherk-Schwarz reduction on an SU(2) group manifold of D=11 supergravity.

In the S^2 compactification of IIA supergravity there is a 2-form field strength proportional to the volume form on S^2. But this 2-form is also the field strength of the KK gauge field arising in the S^1 compactification of D=11 supergravity. It follows

4This is not included in a previous classification [26] of compactifying solutions of D=11 supergravity to D=4 because the D=4 spacetime is a domain wall spacetime rather than adS.

5The linearly realized gauge group in this case is SO(8 − k); one would therefore expect the (non-conformal) interactions of the associated D=3 QFT to break SO(8) to SO(8 − k).

that the S^2 compactification of IIA supergravity is equivalent to a compactification of D=11 supergravity on a U(1) bundle over S^2. For unit charge this is just the Hopf fibration of S^3. As confirmation of the equivalence of the two compactifications we now observe that the gravity/dilaton sector of the effective gauged D=8 supergravity arising from an S^2 compactification of IIA supergravity is, according to (3.2), S = ∫ d^8x √ −g [ R − 1 2 (∂ϕ)^2 + 3 2 N^{−2}e^{−ϕ} ] . (3.5)

This has exactly the same dilaton potential as the Salam-Sezgin action if all the other scalar fields appearing in the latter are set to zero, and if one identifies the SU(2) coupling constant g with 2N^{−2}.

The domain wall solution of the field equations of (3.5) is

ds^2 = e^{12 ρ}ds^2 ( E^{(6,1)} ) + N^{−2}e^{32 ρ}dρ^2 , ϕ = 3 2 ρ , (3.6)

where we use a coordinate ρ for which the dilaton is linear. This is the domain wall solution of [8] for D = 8 and Δ = −^4_3 . It is easily shown to be a 1/2 supersymmetric solution of the SU(2) gauged D=8 supergravity by using the supersymmetry transformation rules given in [12]. On the other hand, the same solution can be found from the near-horizon limit (2.12) of the D6 brane solution by splitting off the (compact) internal part and passing to the Einstein frame.

3.2 Fivebranes

Returning to (2.12) for p = 5, defining

ρ = log ( g_{Y M} N^{1/2} U ) , (3.7)

and rescaling the worldvolume coordinates by g_{Y M} N^{1/2} we have the ‘near-horizon’ solution ds^2_{dual} = α^′ [ ds^2 ( E^{(5,1)} ) + dρ^2 + dΩ^2_3 ] ϕ = ρ − log N F_3 = 2Nα^′ vol(S^3) (3.8)

This is E^{(6,1)} × S^3 with a linear dilaton. Minkowski space does not have a boundary, so the issue of holography for fivebranes is more intricate [15, 33, 18]. Nevertheless, we deduce, as in the previous cases, that there is an S^3 compactification to D=7 [6]. In the context of N=1 D=10 supergravity the resulting D=7 supergravity theory has been identified as the SU(2) gauged theory of [11], coupled to an SU(2) SYM theory, with the D=7 vacuum being the domain wall solution found in [24].

The same S^3 compactification is a solution of IIA and IIB supergravity, now arising as the ‘near-horizon’ limit of the IIA or IIB NS-5-brane. Let us first consider the IIA case, which can be viewed as an S^3 × S^1 compactification of D=11 supergravity. From our analysis of the S^6 × S^1 compactification in the previous section we would expect the effective D=7 theory to be an ISO(4) gauged D=7 maximal supergravity. No such theory is currently known but there is an SO(4, 1) gauged D=7 maximal supergravity [34]. There is also an SO(3, 2) theory. The known list cannot be complete, however, because it does not include the SU(2) gauged theory found by S^1 reduction of the SU(2) gauged D=8 theory; the former is probably a contraction of the SO(3, 2) D=7 theory. It therefore seems possible that there is an ISO(4) theory awaiting construction, and that this theory is the effective D=7 theory for the KK compactification of IIA supergravity provided by the near-horizon limit of the NS-5-brane.^6

In the IIB case the effective D=7 theory may well be a different (as yet unknown) SO(4)-gauged D=7 maximal supergravity theory. Note that the SO(4) gauge group is expected not only from the fact that this is the isometry group of S^3 but also from the fact that the R-symmetry group of the IIB NS-5-brane is SO(4). Of course the same analysis applies to the D5-brane, in which case it is clear that the QFT in the domain-wall/QFT correspondence should be a D=6 SU(N) SYM theory on a hypersurface of constant ϕ in the domain-wall spacetime. As ρ varies from −∞ to ∞ the effective coupling constant varies from zero (weak coupling) to infinity (strong coupling). In contrast to the p ≠ 5 cases discussed previously, there is now no asymmetry between the weak and strong coupling limits. Unlike the p ≠ 5 cases, there is now an ρ → −ρ isometry of the near-horizon spacetime.

As a final observation concerning fivebranes we note that there is a generalization of the S^3 compactification of D=10 supergravity theories to an S^3 × S^3 compactification which can be interpreted [9] as the near-horizon limit of intersecting 5-branes. In the context of N=1 supergravity (or the heterotic string theory) the S^3 × S^3 compactification yields the SO(4) gauged Freedman-Schwarz model [35, 36]. The same solution can be used to compactify either IIA or IIB supergravity, and one may then wonder what the effective D=4 theory is in these cases. The only obvious candidate is the SO(4, 4) gauged D=4 maximal supergravity of [31]. Unlike the SO(8) theory, it can be truncated to the FS model. The SO(4, 4) theory has a (nonsupersymmetric) de Sitter vacuum that has been interpreted as a ‘compactification’ of D=11 supergravity on a hyperboloid [30], but this does not preclude the possibility of other solutions of the same theory having quite different higher-dimensional interpretations.

6On the other hand, the R-symmetry group of the IIA 5-brane is SO(5), which is larger than the linearly realized SO(4) subgroup of ISO(4).

4. Comments

We have proposed that superstring or M-theory in certain domain wall spacetimes is equivalent to a quantum field theory describing the internal dynamics on N coincident branes. The near-horizon limit of the corresponding brane supergravity solution yields a compactification to the domain wall spacetime of the proposed equivalence. This proposal extends the usual adS/CF T correspondence by viewing the adS spacetime as a special case of a domain wall spacetime.

In the course of formulating this proposal we have added to the list of gauged supergravity theories that can be interpreted as ‘near-horizon’ limits of brane, or intersecting brane solutions of M-theory or superstring theories (in this paper we considered single brane solutions, but we expect that a similar analysis can be performed for intersecting branes as well). Notably, we have found a role for the SU(2)- gauged maximal D=8 supergravity, and the ISO(7) gauged N=8 theory in D=4. As observed earlier, the last case is just one in the CSO(8 − k, k) series of gauged N=8 D=4 supergravity theories that can be found as near-horizon limits of the T^k reduction of the M2-brane. Toroidal reductions of other branes can be expected to lead to similar series of non-compact gaugings in other dimensions. For example, T^k reductions of the M5-brane and the IIB 3-brane are expected to be related to new CSO(5 − k, k) gauged D=7 supergravity theories and CSO(6 − k, k) gauged D=5 supergravities respectively (the known non-compact gaugings of maximal D=5 supergravity can be found in [37]). Several of these supergravities are expected to be related to each other by dimensional reduction since the corresponding brane configurations are related by T-dualities. As yet there is no known brane interpretation of the non-contracted versions of these non-compact gauge groups.

One intriguing aspect of our results is the association of the dual frame metric with the holographic energy scale in the boundary QFT. The fact that the dual brane has dilaton independent tension in this frame indicates that elementary (6−p) branes may play a role. This possibility was ruled out for toroidal compactifications in [38] but spherical compactifications might lead to a different conclusion.

A prerequisite of any domain-wall/QFT correspondence is that the R-symmetry of the supersymmetric QFT on the domain wall worldvolume match the gauge group of the equivalent gauged supergravity. In this paper we have seen evidence this requirement is met by all p-branes with p ≤ 6, the restriction on p arising from the fact that for p > 7 the harmonic functions are not bounded at infinity. Nevertheless, the fact that branes with p > 7 are connected via dualities to p < 7 branes suggests that a similar story should hold for p ≥ 7. For example, the worldvolume field theory of a 7-brane has an SO(2) R-symmetry, which suggests the existence of an SO(2)-gauged D = 9 maximal supergravity admitting a 1/2 supersymmetric domain wall vacuum. The D=9 duality group is Gl(2; R), which is just big enough to allow for an SO(2) gauging. The construction of this model will be described in a future publication [39]. The remaining two cases, p = 8 and p = 9, also fit the pattern. In the p = 8 case the domain wall is the D-8-brane of the massive IIA supergravity. The R-symmetry group of the field theory on the domain wall is trivial as is the gauge group of the bulk IIA supergravity. In the p = 9 case the domain wall is the ‘M-boundary’ of the Hořava-Witten theory [40]. The R-symmetry group is again trivial, as is the gauge group of the bulk D=11 supergravity theory.

Acknowledgments

KS would like to thank the organizers of the Amsterdam summer workshop on “String theory and black holes” for hospitality while this work was being completed. We would like to thank Bas Peeters for collaboration during initial stages of this work. PKT is grateful to N. Warner and KS to J. Barbon for helpful conversations.

References

[1] J. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231 [hep-th/9711200];

S.S. Gubser, I.R. Klebanov and A.M. Polyakov, Gauge theory correlators from noncritical string theory, Phys. Lett. B 428 (1998) 105 [hep-th/9802109]; E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. 2 (1998) 253 [hep-th/9802150].

[2] I.R. Klebanov, World volume approach to absorption by non-dilatonic branes, Nucl.

Phys. B 496 (1997) 231 [hep-th/9702076];

S.S. Gubser, I.R. Klebanov and A.A. Tseytlin, String theory and classical absorption by threebranes, Nucl. Phys. B 499 (1997) 217 [hep-th/9703040]; S.S. Gubser and I.R. Klebanov, Absorption by branes and Schwinger terms in the world volume theory, Phys. Lett. B 413 (1997) 41 [hep-th/9708005].

[3] K. Sfetsos and K. Skenderis, Microscopic derivation of the Bekenstein-Hawking entropy formula for non-extremal black holes, Nucl. Phys. B 517 (1998) 179 [hep-th/9711138].

[4] M. Flato and C. Fronsdal, One massless particle equals two Dirac sinletons: elementary particles in a curved space. 6, Lett. Math. Phys. 2 (1978) 421; C. Fronsdal, The Dirac supermultiplet, Phys. Rev. D 26 (1982) 1988.

[5] E. Bergshoeff, M.J. Duff, C.N. Pope and E. Sezgin, Supersymmetric supermembrane vacua and singletons, Phys. Lett. B 199 (1987) 69;

E. Bergshoeff, A. Salam, E. Sezgin and Y. Tanii, Singletons, higher-spin massless states and the supermembrane, Phys. Lett. B 205 (1988) 237.

[6] G.W. Gibbons and P.K. Townsend, Vacuum interpolation in supergravity via super p-branes, Phys. Rev. Lett. 71 (1993) 3754 [hep-th/9307049].

[7] G. ’t Hooft, Dimensional reduction in quantum gravity, in Salamfest 1993, p. 284,

gr-qc/9310026;

L. Susskind, The world as a hologram, J. Math. Phys. 36 (1995) 6377 [hep-th/9409089].

[8] H. Lü, C.N. Pope and P.K. Townsend, Domain walls from anti-de Sitter spacetime, Phys. Lett. B 391 (1997) 39 [hep-th/9607164].

[9] P. Cowdall and P.K. Townsend, Gauged supergravity vacua from intersecting branes, Phys. Lett. B 434 (1998) 458 [hep-th/9801165].

[10] H.J. Boonstra, B. Peeters and K. Skenderis, Dualities and asymptotic geometries, Phys. Lett. B 411B (1997) 59 [hep-th/9706192].

[11] P.K. Townsend and P. van Nieuwenhuizen, Gauged seven-dimensional supergravity, Phys. Lett. B 125 (1983) 41;

L. Mezincescu, P.K. Townsend and P. van Nieuwenhuizen, Stability of gauged d=7 supergravity and the definition of masslessness in (adS)_7, Phys. Lett. B 143 (1984) 384.

[12] A. Salam and E. Sezgin, D=8 supergravity, Nucl. Phys. B 258 (1985) 284.

[13] H.J. Boonstra, B. Peeters and K. Skenderis, Brane intersections, anti-de Sitter Spacetimes and dual superconformal theories, to appear in Nucl. Phys. B 533 (1998) 127 [hep-th/9803231].

[14] M.J. Duff, G.W. Gibbons and P.K. Townsend, Macroscopic superstrings as interpolating solitons, Phys. Lett. B 332 (1994) 321 [hep-th/9405124].

[15] N. Itzhaki, J. Maldacena, J. Sonnenschein and S. Yankielowicz, Supergravity and the large N limit of theories with sixteen supercharges, Phys. Rev. D 58 (1998) 046004 [hep-th/9802042].

[16] P. Claus, R. Kallosh, J. Kumar, P.K. Townsend and A. Van Proeyen, Conformal theory of M2, D3, M5 and ‘D1+D5’ branes, J. High Energy Phys. 06 (1998) 004 [hep-th/9801206].

[17] G. ’t Hooft, A planar diagram theory for strong interactions, Nucl. Phys. B 72 (1974) 461.

[18] A.W. Peet and J. Polchinski, UV/IR relations in AdS dynamics, hep-th/9809022.

[19] L. Susskind and E. Witten, The Holographic bound in anti-de Sitter space,

hep-th/9805114.

[20] R. Dijkgraaf, E. Verlinde and H. Verlinde, Matrix String Theory, Nucl. Phys. B 500 (1997) 43 [hep-th/9703030].

[21] A. Sen, D0-Branes on T^n and Matrix theory, Adv. Theor. Math. Phys. 2 (1998) 51 [hep-th/9709220].

[22] N. Seiberg, Why is the Matrix theory correct?, Phys. Rev. Lett. 79 (1997) 3577 [hep-th/9710009].

[23] H. Lü, C.N. Pope, E. Sezgin and K.S. Stelle, Stainless super p-branes, Nucl. Phys. B 456 (1995) 669 [hep-th/9508042].

[24] H. Lü, C.N. Pope, E. Sezgin and K.S. Stelle, Dilatonic p-brane solitons, Phys. Lett.

B 371 (1996) 46 [hep-th/9511203].

[25] E. Bergshoeff, J. Gomis and P.K. Townsend, M-brane intersections from worldvolume superalgebras, Phys. Lett. B 421 (1998) 109 [hep-th/9711043].

[26] L. Castellani, L.J. Romans and N.P. Warner, A classification of compactifying solutions for d=11 supergravity, Nucl. Phys. B 241 (1984) 429.

[27] F. Cordaro, P. Fré, L. Gualtieri, P. Termonia and M. Trigiante, N=8 gaugings revisited:

an exhaustive classification, Nucl. Phys. B 532 (1998) 245 [hep-th/9804056].

[28] C.M. Hull, New gauging of N=8 supergravity, Phys. Rev. D 30 (1984) 760;

Non-compact gaugings of N=8 supergravity, Phys. Lett. B 142 (1984) 39.

[29] C.M. Hull and N.P. Warner, The potentials of the gauged N=8 supergravity theories, Nucl. Phys. B 253 (1985) 675.

[30] C.M. Hull and N.P. Warner, Non-compact gaugings from higher dimensions, Class.

and Quant. Grav. 5 (1988) 1517.

[31] C.M. Hull, More gaugings of N=8 supergravity, Phys. Lett. B 148 (1984) 297.

[32] P.M. Cowdall, On gauged maximal supergravity in six dimensions, hep-th/9810041.

[33] O. Aharony, M. Berkooz, D. Kutasov and N. Seiberg, Linear Dilatons, NS fivebranes and holography, J. High Energy Phys. 10 (1998) 004 [hep-th/9808149].

[34] M. Pernici, K. Pilch, P. van Nieuwenhuizen and N.P. Warner, Non-compact gaugings and critical points of maximal supergravity in seven dimensions, Nucl. Phys. B 249 (1985) 381.

[35] I. Antoniadis, C. Bachas and A. Sagnotti, Gauged supergravity vacua in string theory, Phys. Lett. B 235 (1990) 255.

[36] A. Chamseddine and M.S. Volkov, Non-abelian solitons in N=4 gauged supergravity and leading order string theory, Phys. Rev. D 57 (1998) 6242 [hep-th/9711181].

[37] M. Günaydin, L. Romans and N. Warner, Compact and non-compact gauged supergravity theories in five dimensions, Nucl. Phys. B 272 (1986) 598.

[38] C.M. Hull, String dynamics at strong coupling, Nucl. Phys. B 468 (1996) 113 [hep-th/9512181].

[39] H.J. Boonstra and K. Skenderis, to appear.

[40] P. Hořava and E. Witten, Heterotic and Type I string dynamics from eleven dimensions, Nucl. Phys. B 460 (1996) 506 [hep-th/9510209];

Eleven-dimensional supergravity on a manifold with boundary, Nucl. Phys. B 475 (1996) 94 [hep-th/9603142].