arXiv:hep-th/0209194 v2 26 Sep 2002

ULB-TH/02-25 September 2002 hep-th/0209194

Phases of Braneworlds, Spinning D3-branes and Strongly-Coupled Gauge Theories

J.F. Vázquez-Poritz

Physique Théorique et Mathématique, Université Libre de Bruxelles, Campus Plaine C.P. 231, B-1050 Bruxelles, Belgium

ABSTRACT

A spinning nonextremal D3-brane undergoes a phase transition to a naked singularity which, from the braneworld point of view, corresponds to the apparent graviton speed passing from subluminal to superluminal. We investigate this phase transition from the dual perspectives of braneworld scenarios and holography. We discuss the relevance of the thermodynamic stability domains of a spinning D3-brane to the physics of braneworld scenarios. We also describe various gravitational Lorentz violations which arise from static D3-branes.

jvazquez@ulb.ac.be

1 Introduction

Many of the most interesting solutions of General Relativity contain spacetime singularities, such as black holes and cosmological solutions. Brane solutions of M-theory contain classically singular spacetimes, many of which are classically exact solutions. It is believed that, close to singularities, classical gravity no longer suffices. This remains persistent motivation in the search for a quantum theory of gravitation. A key question is: do spacetime singularities even exist at all within the quantum gravitational regime of M-theory (see [1] for a recent review)?

On the other hand, some singularities can actually be resolved at the classical level, such as by oxidizing to higher dimensions [2], T-dualizing to regular solution, or adding flux corresponding to wrapped branes [3, 4]. Other singularities have been deemed “unphysical” in the first place, which often implies that the gravitational force becomes repulsive near the singularity^1. Thus, rather than being “resolved,” such singularities are “excised” [5, 6, 7]. One conjecture which prohibits unphysical singularities is the cosmic censorship. In its weak form [8], the cosmic censorship conjecture states that singularities are cloaked by event horizons and, in its strong form [9], that even observers falling into black holes cannot observe a singularity.

M-theory implies the existence of extra dimensions, which are hidden either via compactification or the localization of gravity on a brane [10, 11]. In this paper, we focus on the second possibility. In particular, if all observers are confined to a braneworld then it need not be necessary to prohibit a naked singularity in the bulk, so long as there are appropriate boundary conditions for the gravitons at the singularity [6]. That is, no conserved quantities should be lost through the singularity. In fact, a singular bulk geometry might have desirable effects, such as helping to solve the cosmological constant problem [12, 13, 14].

In addition, for some braneworld scenarios with a naked singularity in the bulk, the graviton speed increases further in the bulk [15, 16, 17, 18, 19, 20, 21]. In this case, gravitons may traverse distances on the braneworld by bending in the extra dimension. Since photons remain on the braneworld, gravitons may travel at an average speed that is greater than the speed of light on the braneworld. This may offer a non-inflationary solution to the cosmological horizon problem. On the other hand, if the singularity is hidden within the event horizon of a black hole in the bulk, then the graviton speed decreases in the bulk.

Extremal black holes in an asymptotic AdS_5 spacetime were derived in [22], and their

1An example of such a singular spacetime is the negative-mass Schwarzschild black hole. States with arbitrarily negative energy would be allowed and the vacuum, and therefore the theory, would not be stable.

nonextremal generalization in [23]. Spinning branes were first constructed in [24]. There is a one-to-one correspondence between spinning branes and R-charged AdS-black holes [25] and the non-linear spherical dimensional reduction of supergravities relating various spinning branes with AdS-black holes was given in [26]. In particular, lifting five-dimensional AdSblack holes to ten dimensions as the near-horizon region of spinning D3-branes enables us to explore the proposed complementarity [27] of holography [28] and braneworld scenarios [10, 11] in terms of phase transitions. At the same time, a study of both the gravitational and gauge sectors within this context may lead to a more complete understanding of the nature of these phase transitions. The holographic interpretation of asymmetrically warped spacetimes, for which the bulk singularity is hidden behind an event horizon, was discussed in [29].

This paper is organized as follows. In the next section, we briefly discuss five-dimensional AdS-black holes/singularities, which arise from the dimensional reduction of spinning D3- branes in ten dimensions. The local speed of gravitational propagation is given. In section 3, we consider braneworlds from static distributions of D3-branes. Braneworlds arising from extremal flat D3-brane distributions are briefly reviewed. Next, it is pointed out that apparently-superluminal gravitational propagation arises only for branes with spherical spatial surfaces (k = 1), for which we calculate exactly the apparent graviton speed. For flat nonextremal branes, gravitational Lorentz violations result in a massive graviton on the brane. In section 4, we study how certain phase transitions are manifest in both the braneworld model and the dual gauge theory. We also consider the stability domains for a spinning D3-brane and the ramifications this has to the resulting braneworld models. We summarize our results in section 5.

2 Spinning D3-branes and the speed of gravitons

In the near-horizon decoupling limit, a p-brane spinning in transverse directions dimensionally reduces to a charged black hole in a domain-wall background [25, 26]. The angular momenta of the p-brane are interpreted as the black hole electric charges under a subgroup of the R-symmetry group. For the particular case of the spinning D3-brane, the (nontrivial) S^5-reduction of type IIB supergravity yields an AdS-black hole in five-dimensions, whose metric is [22, 23]

ds^2_5 = −(H_1H_2H_3)^{−2/3}f dt^2 + (H_1H_2H_3)^{1/3}(f^{−1}dr^2 + g^2r^2dx^2_j ), (2.1) where f = k − μ r^2

+ g^2r^2(H_1H_2H_3), H_i = 1 +

R^2_i k r^2 , (2.2) and i, j = 1, 2, 3.

In (five) ten dimensions, the quantities 1/g, R_i and μ are interpreted as the (AdS radius) D3-brane charge, (AdS-black hole charge) angular momenta and (AdS-black hole mass) energy above extremality, respectively. The extremal limit μ = 0 corresponds to a static distribution of D3-branes. k = 1, 0 or −1, corresponding to the foliating surfaces with metric dx^2_j being S^3, T^3 or H^3. For the case k = 0, one does the rescaling R^2_i /k −→ R^2_i before sending k to zero.

The largest value of r for which f = 0 corresponds to an event horizon. For large enough R_i, there is no event horizon– i.e., there is a naked singularity. The values of R_i and μ for which this phase transition ocurrs can be calculated either by setting the horizon radius to zero or by setting the temperature of the system to zero. For a distribution of branes, the geometry is singular near the distribution when μ = 0. This will be the first class of singular braneworld geometries which we will study, in the next section. For a single nonzero R_i, there is an event horizon for μ ≠ 0. For a two nonzero and equal R_i, the phase transition to a singular geometry takes place for g^2R^4 = μ. The braneworld scenario from such a geometry is discussed in section 4.1. Finally, for three equal R_i, the phase transition to a singular geometry is at g^2R^4 =^4_{27} μ, as discussed in section 4.2.

With a coordinate transformation, the metric (2.1) can be expressed as

ds^2_5 = (H_1H_2H_3)^{1/3}g^2r^2 ( − f g^2r^2(H_1H_2H_3) dt^2 + dx^2_i + dz^2 ) , (2.3)

where dz = dr/(r √ f). (2.4) In general, r(z) is the amplitude of a Jacobi elliptic function. However, frequently a less complicated coordinate transformation suffices for our purposes.

The local speed of gravitational propagation is given by v(z) = √ f g^2r^2H_1H_2H_3

. (2.5)

A braneworld may lie at z = 0. While Standard Model particles are restricted to live on the braneworld, gravitons may propagate in the bulk dimension z. In particular, if the speed v(z) increases away from z = 0, then graviton geodesics bend into the bulk, taking the path of least-time, and thereby traverse distances on our braneworld faster than photons.

3 Braneworlds from static D3-branes

3.1 Extremal flat D3-brane distributions As can easily be seen from (2.5), for a braneworld scenario arising from the near-horizon region of a flat (k = 0) and extremal (μ = 0) D3-brane, the speed of gravitons in the bulk is the same as the speed of light on the braneworld. For completion, we will first briefly review such examples. In the extremal limit, the angular momenta R_i become distribution parameters for a static solution. The original RS2 model [11] can be dimensionally-lifted to a stack of D3-branes [30] (all R_i = 0). There is no mass gap between the localized massless graviton and the continuous spectrum of massive modes in the bulk.

Nonzero R_i corresponds to a distribution of D3-branes. From the holographic viewpoint, separating some of the D3-branes in the transverse space moves the dual N = 4 super Yang-Mills theory onto the Coulomb branch [31, 32, 33, 34, 35], for which certain scalar fields have nonzero expectation values. For a braneworld scenario arising from D3-branes distributed uniformly over a disc or three-sphere (R_1 ≠ 0, R_2, R_3 = 0 or R_1 = R_2 ≠ 0, R_3 = 0, respectively) [36], there is a mass gap in the graviton spectrum. In the latter case, the massive graviton spectrum is discrete. The braneworld scenario arising from D3- branes distributed uniformly over a five-sphere (all R_i equal) does not appear to have been previously studied. The geometry is AdS for r > R_i and Minkowski for r < R_i. The resulting braneworld scenario is similar to the previous case, in that there is a mass gap and the massive graviton spectrum is discrete. These are our first examples of braneworld scenarios which arise from singular geometries, since the curvature blows up close to the brane distributions. Although corrections due to higher-derivative terms in the action become important, the large curvature region is small, and so it is not expected that the qualitative picture is altered [36, 37, 38].

3.2 Uniform disc of extremal D3-branes (with unspecified k) For D3-branes distributed uniformly over a disc, with k unspecified, (2.3) and (2.4) yield

ds^2_5 = 1 sinh^2(1 + g|z|)

[1+γ^2sinh^2(1+g|z|)]^{1/3} ( −cosh2(1 + g|z|) 1 + γ^2sinh^2(1 + g|z|) dt^2 +dx^2_i +dz^2 ) , (3.1)

where γ ≡ gR √ k + (gR)^2

. (3.2)

We take dx^2_i = g^{−2}dΩ^2_3, so that g → 0 for the case k = 0. This case corresponds to flat D3-branes uniformly distributed over a disc, for which γ = 1. The resulting braneworld scenario [36] has been discussed briefly in the previous section. γ = 0 corresponds to a D3- brane with k = 1, and the resulting braneworld scenario exhibits a graviton speed which increases further in the bulk and leads to an apparent “superluminal” propagation of gravity [40].

γ is a useful parameter for interpolating between the two aforementioned cases, by varying gR relative to k. As we will see, the graviton wave equation and spectrum is independent of γ, so that the nature of gravitational Lorentz violations can be studied independently of the graviton spectrum and the localization of the massless graviton.

We shall now show that there is a massless graviton mode localized on the braneworld. The fluctuations of the five-dimensional graviton satisfy the equation for a minimallycoupled scalar field given by ∂_M √ −gg^{M N} ∂_N Φ = 0. (3.3) Taking Φ = ϕ(z)M(t, x_i), the radial wave equation for the background metric (3.1) is − sinh^3(1 + g|z|) cosh(1 + g|z|) ∂_z cosh(1 + g|z|) sinh^3(1 + g|z|)

∂_z ϕ = m^2ϕ, (3.4)

where m is defined by (4)M(t, x_i) = m^2M(t, x_i), (3.5) where_{(4)} is the four-dimensional Laplacian.

With the wave function transformation ϕ = ( cosh(1 + g|z|) sinh^3(1 + g|z|) )_{−1/2} ψ, (3.6)

the wave equation (3.4) can be expressed in Schrödinger form,

− ∂^2_z ψ + V (z)ψ = m^2ψ, (3.7)

with V (z) =

4 sinh^4(1 + g|z|) + 20 sinh^2(1 + g|z|) + 15 sinh^2(2(1 + g|z|)) g^2 − α g δ(z), (3.8)

where α = 2(2sinh^2(1)+3)/sinh(2). This is a volcano-type potential. That is, the coefficient of the delta-function term is negative, and the g^2 term is positive at z = 0 and decreases to

V (z → ∞) = g^2. (3.9)

The massless wavefunction solution is given by ψ = N √ cosh(1 + g|z|) sinh^3(1 + g|z|)

, (3.10)

Figure 1: v(z)/v(0) versus gz for a braneworld from a uniform disc of extremal D3-branes with unspecified k. v(z) increases indefinitely for γ = 0 (regular line). For γ > 0, v(z) asymptotes to a maximum of 1/γ, which is shown for γ = .01 (dotted line) and .1 (dashed line)

where N is the normalization constant. Since this wavefunction is square normalizable, it corresponds to a localized massless graviton state. (3.9) indicates that there is a mass gap of M_{gap} = g separating the localized massless state from the massive modes which propagate in the extra dimension.

Notice that the wave equation (3.4), and therefore the graviton spectrum, is independent of γ. However, from (3.1) we see that the speed of gravitons in the bulk depends on γ: v(z) = cosh(1 + g|z|) √ 1 + γ^2sinh^2(1 + g|z|)

. (3.11)

As shown in Figure 1, v(z) increases indefinitely away from the braneworld for γ = 0. For γ > 0, v_{maximum} = 1/γ. Since v(z) increases away from the braneworld, there is an apparent violation of causality.

That is, gravitational disturbances bend into the bulk and arrive at a particular location on the braneworld earlier than does the light from the same source, the latter of which are restricted to the braneworld. Analogous to Fermat’s Principle for the propagation of light, gravitational waves will take the path of least-time, given by the geodesics.

3.3 D3-brane with k = 1 and the apparent speed of gravity The near-horizon region of a single D3-brane with k = 1 is global AdS_5 × S^5. This is the simplest supergravity solution that yields a braneworld exhibiting an apparently “superlu-

Figure 2: Apparent average graviton speed v_{average} versus distance gx_{total} for a braneworld from an extremal D3-brane with k = 1.

minal” speed of gravity. For this solution, one can exactly calculate the apparent average speed of gravity between two points on the braneworld^2. Thus, this example serves to illustrate characteristics which carry over to the more complicated braneworlds that exhibit apparently “superluminal” speeds of gravity, which will be discussed in section 4.

The geodesics can be deduced from the Lagrangian corresponding to the background metric (3.1), L = 1 2 g_{M N}ẋ^Mẋ^N = 1 sinh^2(1 + g|z|) ( − cosh^2(1 + g|z|) ṫ^2 + ẋ^2_i + ż^2 ) , (3.12)

where the dot represents differentiation with respect to an affine parameter. The equations of motion for t and x_i yield

ṫ = E tanh^2(1 + g|z|), ẋ_i = p_i sinh^2(1 + g|z|), (3.13)

where E and p_i are constants of integration. Together with the requirement that the Lagrangian (3.12) vanishes for lightlike geodesics, this yields

ż^2 + sinh^4(1 + g|z|) ( p^2_i −

E^2 cosh^2(1 + g|z|) ) = 0. (3.14)

The turning point z_T of gravitons in the bulk is at ż = 0: E^2 = p^2_i cosh^2(1 + g|z_T |). τ divides out of the ratio ẋ/ż, and the remaining expression can be integrated to obtain x(z).

2The apparent graviton speed is exactly calculable for the solution of general γ from the previous section but we restrict ourselves to γ = 0 for simplicity.

Figure 3: v(z)/v(0) versus gz for a braneworld from a nonextremal D3-brane

The distance on the brane after which a geodesic returns to the brane is given by

x_{total} = 2 ∫_{zT} 0 dz √_{cosh2(1+g|z} T |) cosh^2(1+g|z|) − 1

. (3.15)

Likewise, the corresponding time interval can be expressed as

t_{total} = 2 ∫_{zT} 0 cosh(1 + g|z_t|) dz cosh^2(1 + g|z|)

√_{cosh2 (1+g|z} T |) cosh^2(1+g|z|) − 1

. (3.16)

The apparent average speed with which gravitons propagate a given distance along the braneworld is given by v_{average} = x_{total} t_{total} = gx_{total} π − 2 arctan (√ sinh^2(1) +^{cosh2(1)}

tan^2 (gx_{total}/2)

) , (3.17)

which is plotted in Figure 2.

3.4 Nonextremal D3-branes The case of μ ≠ 0 and vanishing R_i corresponds to a nonextremal D3-brane. From (2.4) we find that r(z) can be written in terms of Jacobi polynomials. However, for our purposes it suffices to use a less complicated coordinate^3

r = e + e 1 + g|z^′| , (3.18)

3For typographical simplicity, we will drop the^′ in the remainder of this paper.

where e ≡ (μ/g^2)^{1/4}. The event horizon is located where f = 0, at r_h = e. The graviton speed is given by v(z) = √ 1 − ( 1 + 1 1 + g|z| )_{−4} . (3.19)

As can be seen from Figure 3, v(z) decreases away from z = 0. Thus, gravitons do not appear to travel faster than the speed of light. On the contrary, graviton geodesics bend towards the braneworld. A consequence of this is that the effective four-dimensional graviton is a quasi-localized massive state, whose mass increases when further from extremality. A braneworld scenario with such charactistics which is tractable with semi-analytical methods arises from a non-extremal 5-brane in ten dimensions [39, 40].

While moving away from extremality induces a mass in the gravitational bound state from the braneworld viewpoint, from the holographic viewpoint it corresponds to giving a finite temperature to the dual gauge theory.

4 Braneworlds from spinning D3-branes: phase transitions and “superluminal” gravitons

We now consider a nonextremal, spinning D3-brane. Above certain values of angular momenta, the Hawking temperature vanishes and there is no longer an event horizon hiding the singularity. There is evidence suggesting that this point in the parameter space marks the transition from the deconfined high-density phase of the dual field theory to the Coulomb phase at finite density [41]. For the case of one non-zero angular momentum, this phase transition occurs at μ = 0. The braneworld scenario arising from this point in parameter space was briefly reviewed in section 3.1.

4.1 Phase transition for two angular momenta We now consider a nonextremal, spinning D3-brane with two angular momenta with the value R. For g^2R^4_{transition} = μ, there is no longer an event horizon, since f = g^2(2R^2 + r^2) is non-singular. In this case, (2.3) and (2.4) simplify to

ds^2_5 =

(1 + cosh^2(1 + g|z|))^{2/3} sinh^2(1 + g|z|) ( − cosh^2(1 + g|z|) (1 + cosh^2(1 + g|z|))^2 dt^2 + dx^2_i + dz^2 ) , (4.1)

where r = √ 2R sinh(1 + g|z|)

. (4.2)

Figure 4: v(z)/v(0) versus gz for a braneworld from a nonextremal spinning D3-brane with all three R_i equal. R = R_{transition} corresponds to the graviton speed going to zero at some point in the bulk and then rising greater than the speed-of-light on the brane (regular line). For R > R_{transition}, the graviton speed reaches a non-zero minimum before rising greater than the speed-of-light on the brane, which is shown for g^2R^4 = .17 μ (dashed line).

The fluctuations of the five-dimensional graviton satisfy the equation for a minimallycoupled scalar field given by (3.3), which leads to the wave equation (3.6). Therefore, there is a localized massless graviton state separated from the massive modes by a mass gap of M_{gap} = g. In the previous section we mentioned that, for a static D3-brane, going further from extremality by increasing μ serves to increase the mass of the quasi-localized graviton. If we consider that μ is then kept fixed while two angular momenta R are increased from zero to the phase transition value R_{transition}, we find from the above that the effect has been to render the localized graviton massless once again. This is because, as R is increased, the graviton speed does not decrease as much in the bulk.

4.2 Phase transition for three angular momenta We will now consider the case of three equal R_i = R. For R < R_{transition}, where g^2R^4_{transition} = 4 27 μ, there is an event horizon around the singularity. This corresponds to an AdS-Reissner- Nordström black hole from the five-dimensional viewpoint. This has been interpreted as the high density and high temperature deconfined phase of the dual N gauge theory.

R > R_{transition} corresponds to a naked singularity. These backgrounds have been used in previous studies of gravitational Lorentz violations in braneworld scenarios [18, 19, 20, 21]. There is evidence that suggests this to be dual to the Coulomb phase at finite density of

Figure 5: v(z)/v(0) versus gz for a braneworld from a nonextremal spinning D3-brane with all three R_i given by g^2R^4 = 2.4 μ.

the gauge theory [41].

From (2.4) we find that r(z) can in general be written in terms of Jacobi polynomials. However, for our purposes it suffices to use the less complicated coordinate given by (3.18). The graviton speed is then given by

v(z) = 1 − ( 1 +^1_{1+g|z|}

)_2 [( 1 +^1_{1+g|z|}

)_2 + (R/e)^2

]_3 . (4.3)

For R < R_{transition}, v(z) decreases away from z = 0, as in the case of the static nonextremal D3-brane studied in section 3.3. At R = R_{transition}, for which the bulk singularity becomes naked, v(z) goes to zero at some point in the bulk and then rises to a speed which is greater than v(0), the speed-of-light on the brane. For R > R_{transition}, the graviton speed reaches a non-zero minimum before rising greater than v(0). This behavior is shown in Figure 4. As R increases further, the change in v(z) with respect to z is lessened, as shown in Figure 5. Note that the minimum of v(z) in the bulk is too small to be seen in this plot.

While causality is not actually violated from the higher-dimensional vantage point, the apparently “superluminal” gravitons imply the presence of a tachyon in the dual gauge theory. Indeed, at zero temperature (R = R_{transition}) a spurious gauge field vev produces a negative mass scalar term which destabilizes the moduli space of the theory^4 [42]. On the supergravity side, this corresponds to radial motion of the spinning D3-branes.

One consequence of the v(z) minimum, shown in Figure 4, is that graviton geodesics

4The author thanks Paolo Creminelli for pointing out this connection.

Figure 6: Stability domains for a five-dimensional AdS-black hole with three equal charges R. Dashed lines mark the Hawking-Page phase transition between a charged AdS black hole (b.h.) and pure AdS. Above the regular line, the AdS black hole is unstable. Above the bold line, there is a naked singularity. For braneworld scenarios, this may be the most interesting region, since here the graviton speed increases in the bulk.

close to the braneworld will actually bend towards the braneworld. This means that there is a quasi-localized massive state, as in the case of the static nonextremal D3-brane discussed in section 3.4. As R increases, the mass of the quasi-bound graviton decreases.

As the energy scale increases, gravity on the braneworld probes less of the bulk. That is, the geodesics connecting two points on the braneworld do not have time to stretch as far into the bulk when the distance between the points is decreased. Therefore, the minimum in v(z) means that there is a maximum energy for which gravity propagates at apparently “superluminal” speeds. This is clearly desirable, since otherwise the gravitational loops which transmit Lorentz violations would not be suppressed at the energy scale where gravity becomes strongly interacting.

4.3 Stability domains We shall now consider the thermodynamical stability domains for a spinning D3-brane [25, 43, 44, 45, 46, 47, 48, 49, 50, 51]. We restrict ourselves to the case of three equal angular momenta R. There is evidence that the grand-canonical ensemble, rather than the canonical ensemble, is relevant when the D-brane world-volume is large. Therefore, we shall work with the former. The Hawking-Page phase transition (dashed lines in Figure 6) between a five-dimensional charged AdS black hole and pure AdS is obtained by setting the

Gibbs Euclidean action to zero, as given in [25, 49]. This gives

(R/e)^2 = (ge)^{2/3} − (ge)^2, (4.4)

where e is defined by g^2e^4 ≡ μ. From the braneworld perspective, the black hole region of parameter space corresponds to a quasi-localized massive graviton, whereas the pure AdS region corresponds to the original Randall-Sundrum model with a localized massless graviton.

Thermodynamic stability is formally equivalent to the sub-additivity of the entropy function, which for D3-branes amounts to the condition [25, 49]:

2 − 3(R/r_h)^2 + (R/r_h)^6 ≥ 0. (4.5)

Numerically, this yields R/e ≈ .595 (regular line in Figure 6). It has been conjectured that, above this threshold, the D3-branes split apart into fragments which move out in the radial direction carrying away some of the spin. The resulting geometry may be neither stationary nor static [44]. One can conjecture that the corresponding braneworld has a mass gap separating a quasi-localized massive graviton from a discrete graviton spectrum.

The region above R = R_{transition} (bold line in Figure 6) corresponds to a naked singularity. The singularity may ultimately be smoothed out by the true short-distance theory of gravity. Thus, without understanding the physics of the singularity, we cannot determine yet whether it significantly affects the interactions of the four-dimensional modes. Nevertheless, this may be the most interesting region from the braneworld perspective, since it seems to exhibit apparently “superluminal” gravitons.

However, it should be noted that contributions from higher-derivative gravity [52, 53], as well as logarithmic corrections in black hole thermodynamics [54], may have a significant effect on the previously-mentioned phase structure.

5 Discussion

We have considered various types of braneworlds which may arise from a D3-brane solution. Gravitons which appear to travel faster than the speed-of-light result if the D3-brane is spatially spherical. We calculated exactly the apparent graviton speed for this case. For a flat D3-brane, “superluminal” gravitons only result if the D3-brane is both nonextremal and has three nonzero spins that are above a critical value, for which case there is a naked singularity in the bulk. It has been conjectured, from the holographic viewpoint, that the naked singularity marks the transition to the finite-density Coulomb phase of the dual gauge theory. Lastly, we discussed how the thermodynamic stability domains of the spinning D3- brane affect the physics of braneworld scenarios.

Acknowledgments

I am very grateful to Malcolm Fairbairn for extensive discussions throughout the course of this work. Research is supported in full by the Francqui Foundation (Belgium), the Actions de Recherche Concertées of the Direction de la Recherche Scientifique - Communauté Francaise de Belgique, IISN-Belgium (convention 4.4505.86).

References

[1] M. Natsuume, The singularity problem in string theory, based on various lectures, gr-qc/0108059.

[2] G.W. Gibbons, G.T. Horowitz and P.K. Townsend, Higher dimensional resolution of dilatonic black hole singularities, Class. Quant. Grav. 12 (1995) 297, hep-th/9410073.

[3] I.R. Klebanov and M.J. Strassler, Supergravity and a confining gauge theory: duality cascades and χSB-resolution of naked singularities, JHEP 0008:052 (2000), hepth/0007191.

[4] M. Cvetič, H. Lü and C.N. Pope, Brane resolution through transgression, Nucl. Phys.

B600 (2001)103-132, hep-th/0011023.

[5] G.T. Horowitz and R. Myers, The value of singularities, Gen. Rel. Grav. 27 (1995) 915, gr-qc/9503062.

[6] S.S. Gubser, Curvature singularities: the good, the bad, and the naked, Adv. Theor.

Math. Phys. 4 (2002) 679-745, hep-th/0002160.

[7] J. Maldacena and C. Nunez, Supergravity description of field theories on curved manifolds and a no-go theorem, Int. J. Mod. Phys. A16 (2001) 822, hep-th/0007018.

[8] R. Penrose, Gravitational collapse: the role of general relativity, Riv. Nuovo Cim. 1 (1969) 252.

[9] R. Penrose, Singularities and time asymmetry, In General relativity: an Einstein centenary survey, eds. S.W. Hawking and W. Israel (Cambridge Univ. Press, 1979).

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

[11] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690-4693, hep-th/9906064.

[12] E. Verlinde and H. Verlinde, RG-flow, gravity and the cosmological constant, JHEP 0005 (2000) 034, hep-th/9912018.

[13] N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and R. Sundrum, A small cosmological constant from a large extra dimension, Phys. Lett. B480 (2000) 193-199, hepth/0001197.

[14] S. Kachru, M. Schulz and E. Silverstein, Self-tuning flat domaon walls in 5d gravity and string theory, Phys. Rev. D62 (2000) 045021, hep-th/0001206.

[15] G. Kalbermann, Communication through an extra dimension, Int. J. Mod. Phys. A 15 (2000) 3197, gr-qc/9910063.

[16] D. J. Chung and K. Freese, Can geodesics in extra dimensions solve the cosmological horizon problem?, Phys. Rev. D 62 (2000) 063513, hep-ph/9910235.

[17] H. Ishihara, Causality of the brane universe, Phys. Rev. Lett. 86 (2001) 381, grqc/0007070.

[18] D.J.H. Chung, E.W. Kolb and A. Riotto, Extra dimensions present a new flatness problem, Phys. Rev. D65 (2002) 083516, hep-ph/0008126.

[19] C. Csaki, J. Erlich and C. Grojean, Gravitational Lorentz violations and adjustment of the cosmological constant in asymmetrically warped spacetimes, Nucl. Phys. B604 (2001) 312-342, hep-th/0012143.

[20] C. Csaki, J. Erlich and C. Grojean, The cosmological constant problem in braneworlds and gravitational Lorentz violations, Gen. Rel. Grav. 33 (2001) 1921-1928, grqc/0105114.

[21] C. Csaki, Asymmetrically warped spacetimes, Proceedings of the EPS 2001 International Europhysics Conference on HEP, Budapest July 2001, hep-th/0110269.

[22] K. Behrndt, Ali H. Chamseddine and W.A. Sabra, BPS black holes in N=2 fivedimensional AdS supergravity, Phys. Lett. B442 (1998) 97-101, hep-th/9807187.

[23] K. Behrndt, M. Cvetič and W.A. Sabra, Nonextreme black holes of five-dimensional N=2 AdS supergravity, Nucl. Phys. B553 (1999) 317-332, hep-th/9810227.

[24] M. Cvetič and D. Youm, Rotating intersecting M-branes, Nucl. Phys. B499 (1997) 253-282, hep-th/9612229.

[25] M. Cvetič and S.S. Gubser, Phases of R-charged black holes, spinning branes and strongly coupled gauge theories, JHEP 9904 (1999) 024, hep-th/9902195.

[26] M. Cvetič, M.J. Duff, P. Hoxha, James T. Liu, H. Lü, J.X. Lu, R. Martinez-Acosta, C.N. Pope, H. Sati and T.A. Tran, Embedding AdS black holes in ten and eleven dimensions, Nucl. Phys. B558 (1999) 96-126, hep-th/9903214.

[27] M.J. Duff and J.T. Liu, Complementarity of the Maldacena and Randall-Sundrum pictures, Phys. Rev. Lett. 85 (2000) 2052-2055; Class. Quant. Grav. 18 (2001) 3207- 3214, hep-th/0003237.

[28] J.M. Maldacena, The large N limit of superconformal field theories and supergravity, Adv. Theor. Math. Phys. 2 (1998) 231-252; Int. J. Theor. Phys. 38 (1999) 1113-1133, hep-th/9711200.

[29] P. Creminelli, Holography of asymmetrically warped space-times, Phys. Lett. B532 (2002) 284-290, hep-th/0111107.

[30] M. Cvetič, H. Lü and C.N. Pope, Domain walls with localised gravity and domainwall/QFT correspondence, Phys. Rev. D63 (2001) 086004, hep-th/0007209.

[31] M. Douglas and W. Taylor, Branes in the bulk of Anti-de Sitter space, hep-th/9807225.

[32] A. Bilal and C-S. Chu, D3-brane(s) in AdS_5 × S^5 and n = 4, n = 2, n = 1 SYM, Nucl.

Phys. B547 (1999) 179-200, hep-th/9810195.

[33] Y-Y. Wu, A note on AdS/SYM correspondence on the Coulomb branch, hepth/9809055.

[34] A. Tseytlin and S. Yankielowicz, Free energy of N = 4 super Yang-Mills in Higgs phase and nonextremal D3-brane interactions, Nucl. Phys. B541 (1999) 145-162, hepth/9809032.

[35] P. Kraus, F. Larsen and S.P. Trivedi, The Coulomb branch of gauge theory from rotating branes, JHEP 9903 (1999) 003, hep-th/9811120.

[36] A. Brandhuber and K. Sfetsos, Non-standard compactifications with mass gaps and Newton’s law, JHEP 9910 (1999) 013, hep-th/9908116.

[37] D.Z. Freedman, S.S. Gubser, K. Pilch and N.P. Warner, Continuous distributions of D3-branes and gauged supergravity, JHEP 0007 (2000) 038, hep-th/9906194.

[38] A. Brandhuber and K. Sfetsos, Wilson loops from multicentre and rotating branes, mass gaps and phase structure in gauge theories, Adv. Theor. Math. Phys. 3 (1999) 851-887, hep-th/9906201.

[39] J.F. Vázquez-Poritz, Massive gravity on a non-extremal brane, JHEP 0112 (2001) 030, hep-th/0110299.

[40] X. Bekaert, N. Boulanger and J.F. Vázquez-Poritz, Gravitational Lorentz violations from M-theory, hep-th/0206050.

[41] N. Evans and J. Hockings, N = 4 Super Yang Mills at finite density: the naked truth, hep-th/0205082.

[42] N. Evans and M. Petrini, Superfluidity in the AdS/CFT correspondence, JHEP 0111 (2001) 043, hep-th/0108052.

[43] C. Csaki, Y. Oz, J. Russo and J. Terning, Large N QCD from rotating branes, Phys.

Rev. D59 (1999) 065012, hep-th/9810186.

[44] S.S. Gubser, Thermodynamics of spinning D3-branes, Nucl. Phys. B551 (1999) 667-684, hep-th/9810225.

[45] R.-G. Cai and K.-S. Soh, Critical behavior in the rotating D-branes, Mod. Phys. Lett.

A14 (1999) 1895-1908, hep-th/9812121.

[46] J.G. Russo and K. Sfetsos, Rotating D3-branes and QCD in three dimensions, Adv.

Theor. Math. Phys. 3 (1999) 131-146, hep-th/9901056.

[47] C. Csaki, J. Russo, K. Sfetsos and J. Terning, Supergravity models for 3+1 dimensional QCD, Phys. Rev. D60 (1999) 044001, hep-th/9902067.

[48] A. Chamblin, R. Emparan, C. Johnson and R.C. Myers, Charged AdS black holes and catastrophic holography, Phys. Rev. D60 (1999) 064018, hep-th/9902170.

[49] M. Cvetič and S.S. Gubser, Thermodynamic stability and phases of general spinning branes, JHEP 9907 (1999) 010, hep-th/9903132.

[50] A. Chamblin, R. Emparan, C. Johnson and R.C. Myers, Holography, thermodynamics and fluctuations of charged AdS black holes, Phys. Rev. D60 (1999) 104026, hepth/9904197.

[51] T. Harmark and N.A. Obers, Thermodynamics of spinning branes and their dual field theories, JHEP 0001 (2000) 008, hep-th/9910036.

[52] S. Nojiri and S.D. Odintsov, Anti-de Sitter black hole thermodynamics in higher derivative gravity and new confining-deconfining phases in dual CFT, Phys. Lett. B521 (2001) 87-95; Erratum-ibid. B542 (2002) 301, hep-th/0109122.

[53] M. Cvetič, S. Nojiri and S.D. Odintsov, Black hole thermodynamics and negative entropy in de Sitter and Anti-de Sitter Einstein-Gauss-Bonnet gravity, Nucl. Phys. B628 (2002) 295-330, hep-th/0112045.

[54] J.E. Lidsey, S. Nojiri, S.D. Odintsov and S. Ogushi, The AdS/CFT correspondence and logarithmic corrections to braneworld cosmology and the Cardy-Verlinde formula, hep-th/0207009.