arXiv:hep-th/0606134 v2 1 Dec 2006

On Drag Forces and Jet Quenching in Strongly-Coupled Plasmas

Elena Cáceres^{†1} and Alberto Güijosa^{∗ 2}

† Facultad de Ciencias, Universidad de Colima, Bernal Díaz del Castillo 340, Colima, Colima, México

∗ Departamento de Física de Altas Energías, Instituto de Ciencias Nucleares, Universidad Autónoma de México, Apdo. Postal 70-543, México D.F.04510, México

ABSTRACT: We compute the drag force experienced by a heavy quark that moves through plasma in a gauge theory whose dual description involves arbitrary metric and dilaton fields. As a concrete application, we consider the cascading gauge theory at temperatures high above the deconfining scale, where we obtain a drag force with a non-trivial velocity dependence. We compare our results with the jet-quenching parameter for the same theory, and find qualitative agreement between the two approaches. Conversely, we calculate the jetquenching parameter for N = 4 super-Yang-Mills with an R-charge density (or equivalently, a chemical potential), and compare our result with the corresponding drag force.

UTTG-08-06 ICN-UNAM-06/06G

1elenac@ucol.mx 2alberto@nucleares.unam.mx

1 Introduction and Summary

Recently there has been a surge of interest in the possibility of employing the gauge/gravity duality [1, 2] to determine the rate of energy loss in finite-temperature strongly-coupled gauge theories. The ultimate aim of this program would be to make contact with current [3] and future [4] experimental studies of quark-gluon plasma (QGP), but at this point the gravity dual of QCD is not yet available, so one must still be cautious when attempting to draw inferences in this direction.

In the AdS/CFT context, the issue of energy loss has been approached from three different perspectives. The authors of [5] proposed a model-independent, non-perturbative definition of the jet-quenching parameter (which in the QGP case codifies the suppression of hadrons with high transverse momenta) in terms of a light-like Wilson loop, which they then computed in N = 4 super-Yang-Mills (SYM) using the recipe of [6]. Their computation was generalized in [7] to the cascading gauge theory [8, 9] at finite temperature [10], and in [11] to certain marginal deformations of the N = 4 theory. Related work may be found in [12, 13].

A second approach was pursued in [14, 15], where the drag force experienced by a heavy quark that moves through N = 4 SYM plasma was determined by considering a string in the dual AdS-Schwarzschild geometry. This calculation was extended to all asymptotically AdS geometries in [16], including the case dual to N = 4 SYM with a non-zero chemical potential, a case that was studied simultaneously in [17] from a different perspective: whereas [17] worked directly with the ten-dimensional spinning D3-brane background, [16] employed instead the five-dimensional charged black hole solution of N = 8 gauged supergravity [18] obtained upon Kaluza-Klein reduction on the S^5 [19], thereby arriving at different results. A more detailed picture of the energy-loss process was painted in [20], which studied the wake left by the quark as it ploughs through the plasma, using the methods of [21, 22]. The connection between the rate of energy loss found in [14, 15] and magnetic confinement was explored very recently in [23].

A third approach [24] extracted the diffusion coefficient for a heavy quark in the N = 4 plasma from an analysis of small fluctuations of a Wilson line that follows the Schwinger- Keldysh contour. On the AdS side of the duality, this involved a study of fluctuations that propagate along a string; similar calculations were carried out in [14].

It is important to explore the relation between these three approaches. As a step in this direction, in this paper we compare the drag forces and jet-quenching parameters for two different gauge theories. We begin in Section 2 by generalizing the drag force calculation of [14, 15, 16] to backgrounds with arbitrary metric and dilaton fields, finding the general result (2.12). In Section 3 we then specialize to the cascading gauge theory, where the resulting drag force (3.4) is found to display a highly non-trivial velocity dependence. We compare this force with the jet-quenching parameter^1 (3.9) determined in [7], finding agreement in

1To be more precise, we find that the directly comparable quantities are the jet-quenching parameter q̂

functional form, and numerical agreement (up to an overall constant) in the region of large velocities. In Section 4 we proceed in the opposite direction, computing the jet-quenching parameter for the N = 4 plasma with an R-charge density, and comparing the result with the drag force determined in [17]. This comparison is interesting because in this case the quantities to be compared are not just numbers but functions of the charge density J. For small values of J, our result (4.15) is again in qualitative agreement with the drag force (4.16) obtained in [17], but for arbitrary charges, the results (4.12) and (4.19) disagree.

The general lesson appears to be that the parameter q̂ defined by [5] and the dissipative force extracted from the procedure pioneered in [14, 15] represent closely related but not identical measures of the rate of energy dissipation in a given non-Abelian plasma. Our results underline the interest in exploring the connection between the various approaches to energy loss from a more general viewpoint, by attempting to extrapolate from one to the other directly at the level of the corresponding AdS/CFT calculations.^2

2 Drag Force in Gauge Theories with Holographic Duals

Consider a background dilaton field ϕ(x) and stationary Einstein frame metric

ds^2_E = G_{μν} (x)dx^μdx^ν (2.1)

that holographically encode the dynamics of a strongly-coupled gauge theory. Since we are interested in studying this gauge theory at a finite temperature T , we assume the geometry (4.1) includes a black hole [28]. In this setup one can introduce an external quark in the gauge theory by considering a string that has a single endpoint at the boundary and extends all the way down to the horizon [6] (the gauge theory is therefore non-confining at the given temperature).

The relevant string dynamics are captured by the Nambu-Goto action S = − 1 2πα^′ ∫ dτdσe^{ϕ/2} √ −detg_{αβ} , (2.2)

with g_{αβ} = G_{μν} ∂_αX^μ∂_βX^ν . Letting z denote the radial coordinate of the black hole geometry and t, x^i (i = 1, 2, 3) label the directions along the boundary at spatial infinity, we make the static gauge choice σ = z, τ = t, and, following [14, 15], focus attention on the configuration

X^1(z, t) = vt + ρ(z) , X^2 = 0 = X^3 . (2.3)

and the ratio μ/T , where μ is the friction coefficient that determines the drag force through dp/dt = −μp.

2After the first version of this paper had appeared on the arXiv, the relation between the drag force [14, 15] and jet-quenching [5] approaches was discussed in the context of a study of mesons moving through the plasma [25, 26]. Related work may be found in [27].

For the appropriate sign of ρ^′, this describes the string trailing behind its boundary endpoint as it moves at constant speed v in the x^1 direction, a configuration dual to the external quark traversing the plasma.

Using (2.3) in (4.5), we find the Lagrangian L ≡ e^{ϕ/2} √ −detg = e^{ϕ/2} √ −G_{zz}G_{tt} − G_{zz}G_{xx}v^2 − G_{xx}G_{tt}ρ^{′2} , (2.4) which results in an equation of motion for ρ implying that

π_X = ∂L ∂ρ^′ = e^{ϕ/2} G_{xx}G_{tt} √ −g ρ^′ (2.5)

is a constant. Inverting this relation we obtain

(ρ^′)^2 = −π^2_ρ

G_{zz}(G_{tt} + G_{xx}v^2) G_{xx}G_{tt}(e^ϕG_{xx}G_{tt} + π^2_X )

. (2.6)

Just like in the N = 4 case analyzed in [14, 15], for v^2 > 0 the numerator in this expression changes sign at a radius z = z_v defined by

(G_{tt} + G_{xx}v^2)|_{z=zv} = 0 , (2.7)

and so the string will not be able to extend all the way down to the horizon at z = z_H unless the denominator also changes sign at z_v. This condition fixes

π^2_X = −e^ϕG_{xx}G_{tt}|_{z=zv} = v^2e^ϕG^2_{xx}|_{z=zv} . (2.8)

With (2.6) we can then compute the current density for momentum along x^1,

P^z_x = − 1 2πl^2_s e^{ϕ/2}G_{xν} g^{zα}∂_αX^ν (2.9) = − 1 2πl^2_s e^{ϕ/2} G_{xx}G_{tt} detg ρ^′ , (2.10)

and use it to compute the drag force experienced by the string/quark, dp_1 dt = √ −detgP^z_x = − 1 2πl^2_s e^{ϕ/2} G_{xx}G_{tt} √ −detg ρ^′ , (2.11)

which after some algebra is easily seen to simplify to dp_1 dt = − π_X 2πl^2_s = − v 2πl^2_s e^{ϕ/2}G_{xx}|_{z=zv} . (2.12) This generalizes the result obtained in [16] to backgrounds with an arbitrary dilaton profile.

3 Drag Force in the Cascading Plasma

Let us now apply the results of the previous section to an interesting concrete example: the Klebanov-Strassler cascading gauge theory [8, 9], whose dual geometry at temperatures high above the deconfining transition was constructed in [10] (see also [33, 32]) and is given by

ds^2 = √ 8a/K_∗ √ z e^{2P 2η} ( −(1 − z)dt^2 + d ⃗X^2 ) + √ K_∗ 32 e^{−2P 2(η−5ξ)} dz^2 z^2(1 − z)

(3.1) + √ K_∗ 2 e^{−2P 2(η−ξ)} [ e^{−8P 2ω}e^2_ψ + e^{2P 2ω}(e^2_{θ1} + e^2_{ϕ1} + e^2_{θ2} + e^2_{ϕ2} ) ] , ξ = 2z + [−2z + (z − 2) log(1 − z)] log z + (z − 2)Li_2(z) 40K_∗z , η = z − 2 16K_∗z [log z log(1 − z) + Li_2(z)] , ϕ = P^2 K_∗ ( − π^2 24 + 1 4 Li_2(1 − z) ) , where the radial coordinate z runs from the horizon at z = 1 to the boundary at z → 0.

Using (3.1) in (2.8) one finds that z_v = 1 − v^2 and π_X = −v ( e^{ϕ/2}G_{xx} ) z=z_v = − √ 8a K_∗ v ( e^{2P 2η}e^{ϕ/2} √ z ) z=1−v^2 , (3.2)

or, more explicitly,

π_X = − √ 8a K_∗ v √ 1 − v^2 exp { P^2 K_∗ f(v) } , (3.3) f(v) ≡ 1 2 [ − π^2 24 + 1 4 Li_2v^2 −

(1 + v^2) 4(1 − v^2) ( log(1 − v^2) log v^2 + Li_2(1 − v^2) ) ] . The drag force is then given by (2.12) as dp dt KT = − 1 2πl^2_s √ 8a K_∗ v √ 1 − v^2 [ 1 + f(v)

P^2 K_∗ + O ( P^4 K^2_∗ )] , (3.4)

where we have kept only the first two terms in an expansion in powers of P^2/K_∗ ≪ 1, because the solution (3.1) itself is only valid to this order. The velocity-dependence seen in the first term is just the p/m factor present already in N = 4 SYM [14, 15]. The second term has an additional non-trivial dependence codified in the function f(v) defined in (3.3), which approaches the value −π^2/24 ≃ −0.411 for v → 0, and has a logarithmic divergence in the ultrarelativistic region v → 1. As seen in Fig. 1, away from this region f(v) is nearly constant.

f(v) v

Figure 1: The function defined in (3.3), which codifies the dependence of the drag force (3.4) on the velocity beyond the expected relativistic dependence v/ √ 1 − v^2 found already in N = 4 SYM.

As in [7], it is instructive to compare the result (3.4) for the cascading plasma against the drag force in N = 4 SYM [14, 15], dp dt N =4 = − π √ g^2_{Y M} N 2 T^2 v √ 1 − v^2

, (3.5)

by considering the ratio dp dt KT dp dt N =4 = 1 π^2l^2_s √ 8a K_∗ 1 T^2 1 √ g^2_{Y M} N [ 1 + P^2 K_∗ f(v) + O ( P^4 K^2_∗ )] . (3.6)

Employing the relation 8a = T^4K^2_∗ /4 [10], this reads dp dt KT dp dt N =4 = 1 2π^2l^2_s √ K_∗ g^2_{Y M} N [ 1 + P^2 K_∗ f(v) + O ( P^4 K^2_∗ )] . (3.7)

Upon synchronizing the rank of the N = 4 theory with the effective rank of the cascading gauge theory at the given temperature by setting K_∗ = √ 2/πL^4_P N = √ 4κ^2πN = 2^4π^3g_sl^4_s N, and using g^2_{Y M} = 4πg_s, we are left with the final result dp dt KT dp dt N =4 = 1 + f(v)

P^2 K_∗ + O ( P^4 K^2_∗ ) . (3.8)

This ratio has the same qualitative form as the one computed for the corresponding jetquenching parameter calculated in [7], q̂_{cascade} q̂_{N =4}

= 1 + χ

P^2 K_∗ + O ( P^4 K^2_∗ ) , (3.9) with χ ≃ −1.388. In both cases the temperature-dependence arises only from the dependence of the effective rank K_∗ on T , the precise form of which is K_∗/2P^2 ≃ log(T/Λ) [10]. In addition, f(v) is negative for any value of v (see Fig. 1), which implies that, just like the jet-quenching parameter, the drag force increases with increasing temperature. It also seems worth pointing out that precise numerical agreement between f(v) and χ is achieved at a rather large value of the velocity, v ∼ .994, which appears to be related to the fact that the jet-quenching calculation focuses on ultra-relativistic quarks.

Before closing this section we should note that it has recently been argued [34] that (3.1) cannot be trusted all the way down to the boundary at z = 0, because the perturbative expansion in P^2/K_∗ ≪ 1 through which it was derived [10] breaks down at a critical radius z_c = e^{−2K∗/P 2} , which is non-perturbatively small but non-zero. Since the drag force (3.4) is determined by the value of the metric and dilaton at z_v = 1 − v^2, this does not affect our result as long as z_v ≫ z_c, which means that we can consider ultra-relativistic velocities except for a region parametrically close to v = 1, defined by the condition ln γ ≥ K_∗/P^2. As an example, validity of (3.4) at the velocity v = 0.994 considered in the preceding paragraph merely requires that P^2/K_∗ ≪ 0.45. The problem of obtaining a solution valid all the way down to z = 0 has been addressed numerically in [34]. In any case, our main goal in this section has been to obtain a drag force comparable to the jet-quenching parameter (3.9), which was derived in [7] using the background (3.1).

4 Jet-Quenching Parameter in a Charged N = 4 Plasma

The near-horizon metric for rotating D3-branes at finite temperature and with one angular momentum turned on is [30, 29, 31]

ds^2 = 1 √ H [ (1 − h) 2 ((dx^+)^2 + (dx^−)^2) − (1 + h)dx^+dx^− + dx^2 + dx^2_3 ] + (4.1) √ H [ dr^2 h̃ − 2lr^2_0 R^2 sin^2 θdtdϕ + r^2(Δdθ^2 + Δ̃ sin^2 θdϕ^2 + cos^2 θdΩ^2_3) ] , where

x^± = 1 √ 2 (x^0 ± x^1) , H = R^4 r^4Δ , Δ = 1 + l^2 cos^2 θ

r^2 , Δ̃ = 1 + l^2

r^2 , h = 1 − r^4_0 r^4Δ , h̃ = 1 Δ ( 1 + l^2 r^2 − r^4_0 r^4 ) , R^4 = 4πNg_sl^4_s . (4.2)

This background is dual to N = 4 SYM theory with an R-charge density, or equivalently, a chemical potential. The geometry has an event horizon at the positive root of h̃(r_H ) = 0,

r^2_H = 1 2 (√ l^4 + 4r^4_0 − l^2 ) , (4.3)

and an associated Hawking temperature, angular momentum density, and angular velocity at the horizon T = r_H 2πR^2r^2_0 √ l^4 + 4r^4_0 , J = lr^2_0R^2 64π^4g^2_s l^8_s

, Ω = lr^2_H r^2_0R^2

, (4.4)

which translate respectively into the temperature, R-charge density and R-charge chemical potential in the gauge theory.

In this section we will calculate the jet-quenching parameter q̂_J following [5], and compare with the drag force result of [17]. For this we must consider a string whose endpoints lie at r → ∞ in the spacetime (4.1) and trace a rectangular light-like Wilson loop of length L along x^2 ≡ y and L^− along x^− [5] . Making the static gauge choice σ = y, τ = x^−, the relevant configuration is r(y, x^−) = r(y), with all other embedding fields constant, and with boundary conditions r(±L/2) = ∞. The Nambu-Goto action reduces to

S = √ 2L^− 2πα^′ ∫_{L/2} 0 dy √( 1 H + (r^′)^2 h̃ ) (1 − h) . (4.5)

Notice that, just like in [5, 7, 11], we are working in Lorentzian signature and have omitted a factor of i in (4.5).

Regarding y as ‘time’, the fact that the Lagrangian is time-independent implies that the ‘energy’ is conserved, a statement that is easily seen to lead to

(r^′)^2 = h̃ H ( γ(1 − h) H − 1 ) = h̃ H ( γr^4_0 R^4 − 1 ) , (4.6)

with γ ≥ R^4/r^4_0 an integration constant. It follows from this equation that the minimum value of r(y), which by symmetry must lie at y = 0, occurs at the radius where h̃ = 0, i.e., at the horizon r_H .

Integrating (4.6) we find a relation between γ and the width L of the Wilson loop, L 2 = 1 √ (γr^4_0 /R^4 − 1) ∫_∞ r_H dr √ H h̃ =

R^2I r_H √ (γr^4_0/R^4 − 1)

, (4.7)

where we have defined I = ∫_∞ 1 dρ √ ρ^4 + (l^2/r^2_H )ρ^2 − r^4_0/r^4_H = ∫_1 0 dζ √ 1 + (l^2/r^2_H )ζ^2 − r^4_0/r^4_H ζ^4

. (4.8)

Also, using (4.6) in (4.5) we are left with a trivial integral that yields S = L^−L 2 √ 2πα^′ √ γ . (4.9)

According to the recipe of [6], to compute the Wilson loop we must subtract from S the self-interaction of the isolated quark and the isolated antiquark, which in the AdS side corresponds to the Nambu-Goto action evaluated for strings that extend from (to) r → ∞ to (from) r = r_H at fixed y,

S_0 = √ 2L^− 2πα^′ ∫_∞ r_h dr √ 1 − h h̃ = √ 2r^2_0L^−I 2πα^′r_H . (4.10)

It is clear from (4.7) that small L corresponds to large γ. In this regime, the leading term in (4.7) implies √ γ ∝ 1/L, which when substituted in (4.9) gives an L-independent result that is precisely cancelled by (4.10). The quantity we are after comes from the next-to-leading term in (4.7) for large γ, which yields

S_I = S − S_0 = r^2_0r_H L^−L^2 8 √ 2πα^′R^4I . (4.11)

Using the definition of [5], the jet-quenching parameter then follows as^3 q̂_J ≡ 2S_I L^−L^2/4 √ 2 = r^2_0r_H πα^′R^4I . (4.12)

3We employ here the final normalization of q̂ given in v3 of [5]; the original definition was a factor of √ 2 smaller.

The final step would be to express the result (4.12) in terms of gauge theory quantities. This can be done analytically in the l ≪ r_0 regime, where up to O(l^4/r^4_0) corrections the relations (4.3) and (4.4) imply

r_H ≃ r_0 ( 1 − l^2 4r^2_0 ) = r_0 ( 1 − 4J^2 π^2N^4T^6 ) , r_0 ≃ πR^2T ( 1 + 4J^2 π^2N^4T^6 ) , (4.13)

and the integral (4.8) can be seen to give I ≃ √ πΓ(5/4) Γ(3/4) + l^2 4r^2_0

(E(−1) − 2K(−1)) ≡ a − l^2 4r^2_0 b , (4.14)

where E and K respectively denote complete elliptic integrals of the second and first kind. The numerical value of the coefficients defined above is a ≃ 1.311, b ≃ 0.7120. Putting this all together, and remembering that the ’t Hooft coupling is given by λ ≡ g^2_{Y M} N = R^4/α^′, we are finally left with

q̂_J = π^2 √ λT^3 a [ 1 + 4J^2 π^2N^4T^6

(2 + b/a) + O(

J^4 T^{12} ) ] . (4.15)

As a (rather mild) check, note that the leading term, q̂_{J=0}, reproduces the result of [5]. The next-to-leading term is a new result.

Again, it is natural to compare (4.15) against the drag force calculated in [17] (see also [16]), ( dp_1 dt ) J = − π 2 p_1 m √ λT^2 [ 1 + 8J^2 π^2N^4T^6

+ O(J^4/T^{12}) ] . (4.16)

The comparison is especially interesting because the quantities to be compared are now functions of the additional parameter J. The leading term in (4.16) is of course the result computed in [14, 15] at zero chemical potential. As in the cascading gauge theory case analyzed in the previous section, we find that the subleading terms in the jet-quenching ratio q̂_J q̂_0

= 1 +

8J^2 π^2N^4T^6

(1 + b/2a) + O(

J^4 T^{12}

) (4.17)

and the drag force ratio, (dp_1/dt)_J (dp_1/dt)_0 = 1 +

8J^2 π^2N^4T^6

+ O(J^4/T^{12}) (4.18)

have the same qualitative form.The numerical coefficients are also in rough agreement: they are both positive, implying that both the drag force and the jet-quenching parameter increase with increasing charge density, and they are of the same order of magnitude.

It is important to note, however, that this agreement cannot persist at arbitrarily high order in the expansion in powers of l/r_0, because the full result (4.12) for the jet-quenching parameter evidently has a different functional dependence on r_0 and l than the full drag force result [17] ( dp_1 dt ) J = − r^2_0/R^2 2πl^2_s p_1 m . (4.19)

This appears to imply that, in the general case, the drag force and jet-quenching parameter codify somewhat different information on the process of energy loss in a plasma.

After the first version of this paper had been posted on the arXiv, three other calculations of q̂ in a charged N = 4 SYM plasma appeared [35, 36, 37]. The first of these is not directly comparable to ours, because the authors of [35] employed a five-dimensional supergravity perspective instead of the ten-dimensional string theory viewpoint adopted here (for a discussion on the relation between these two approaches, see [17]). Our full result (4.12) for the singly-charged plasma agrees with the one obtained by the authors of [36] (who also determined q̂ for two equal non-zero charges) and [37] (who addressed the general three-charge case). This result was plotted in [36] and shown to be non-monotonic beyond the small-charge region explored in (4.15), which motivated the authors of [17] to generate a comparable plot of their drag force result (4.19). As expected from the discussion above, the two graphs are different but qualitatively similar, so again the general lesson seems to be that the parameter q̂ defined by [5] and the dissipative force extracted from the procedure pioneered in [14, 15] represent closely related but not identical measures of energy dissipation in a given non-Abelian plasma. Evidently, more work will be required to completely elucidate the relation between these two approaches.

5 Acknowledgments

It is a pleasure to thank Mariano Chernicoff and José Antonio García for useful conversations. Elena Cáceres thanks the Theory Group at the University of Texas at Austin for hospitality during the completion of this work. Her research is supported in part by the National Science Foundation under Grant No. PHY-0071512 and PHY-0455649; by Mexico’s National Council for Science and Technology under grant CONACYT No50760 and by the University of Colima under grant FRABA No.447/06. The research of Alberto Güijosa is supported in part by Mexico’s National Council for Science and Technology grants CONA- CyT 40754-F, CONACyT SEP-2004-C01-47211 and CONACyT/NSF J200.315/2004, as well as by DGAPA-UNAM grant IN104503-3.

References

[1] J. M. Maldacena, “The large N limit of superconformal field theories and supergravity,” Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 (1999)] [arXiv:hepth/9711200].

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

[3] K. Adcox et al. [PHENIX Collaboration], “Formation of dense partonic matter in relativistic nucleus nucleus collisions at RHIC: Experimental evaluation by the PHENIX collaboration,” Nucl. Phys. A 757, 184 (2005) [arXiv:nucl-ex/0410003]; I. Arsene et al. [BRAHMS Collaboration], “Quark gluon plasma and color glass condensate at RHIC? The perspective from the BRAHMS experiment,” Nucl. Phys. A 757 (2005) 1 [arXiv:nucl-ex/0410020];

B. B. Back et al., “The PHOBOS perspective on discoveries at RHIC,” Nucl. Phys. A 757 (2005) 28 [arXiv:nucl-ex/0410022];

J. Adams et al. [STAR Collaboration], “Experimental and theoretical challenges in the search for the quark gluon plasma: The STAR collaboration’s critical assessment of the evidence from RHIC collisions,” Nucl. Phys. A 757, 102 (2005) [arXiv:nucl-ex/0501009].

[4] F. Carminati et al. [ALICE Collaboration], “ALICE: Physics performance report, volume I,” J. Phys. G 30 (2004) 1517;

A. Morsch [ALICE Collaboration], “Jet quenching studies with the ALICE detector,” Czech. J. Phys. 55 (2005) B333.

[5] H. Liu, K. Rajagopal and U. A. Wiedemann, “Calculating the jet quenching parameter from AdS/CFT,” Phys. Rev. Lett. 97, 182301 (2006) [arXiv:hep-ph/0605178].

[6] J. M. Maldacena, “Wilson loops in large N field theories,” Phys. Rev. Lett. 80 (1998) 4859 [arXiv:hep-th/9803002];

S. J. Rey and J. T. Yee, “Macroscopic strings as heavy quarks in large N gauge theory and anti-de Sitter supergravity,” Eur. Phys. J. C 22 (2001) 379 [arXiv:hep-th/9803001].

[7] A. Buchel, “On jet quenching parameters in strongly coupled non-conformal gauge theories,” arXiv:hep-th/0605178.

[8] I. R. Klebanov and M. J. Strassler, “Supergravity and a confining gauge theory: Duality cascades and chiSB-resolution of naked singularities,” JHEP 0008, 052 (2000) [arXiv:hep-th/0007191].

[9] I. R. Klebanov and A. A. Tseytlin, “Gravity duals of supersymmetric SU(N) x SU(N+M) gauge theories,” Nucl. Phys. B 578 (2000) 123 [arXiv:hep-th/0002159].

[10] S. S. Gubser, C. P. Herzog, I. R. Klebanov and A. A. Tseytlin, “Restoration of chiral symmetry: A supergravity perspective,” JHEP 0105 (2001) 028 [arXiv:hepth/0102172].

[11] J. F. Vazquez-Poritz, “Enhancing the jet quenching parameter from marginal deformations,” arXiv:hep-th/0605296.

[12] S. J. Sin and I. Zahed, “Holography of radiation and jet quenching,” Phys. Lett. B 608 (2005) 265 [arXiv:hep-th/0407215]

[13] E. Shuryak, S. J. Sin and I. Zahed, “A gravity dual of RHIC collisions,” arXiv:hepth/0511199.

[14] C. P. Herzog, A. Karch, P. Kovtun, C. Kozcaz and L. G. Yaffe, “Energy loss of a heavy quark moving through N = 4 supersymmetric Yang-Mills plasma,” JHEP 0607, 013 (2006) [arXiv:hep-th/0605158].

[15] S. S. Gubser, “Drag force in AdS/CFT,” arXiv:hep-th/0605182.

[16] C. P. Herzog, “Energy loss of heavy quarks from asymptotically AdS geometries,” JHEP 0609, 032 (2006) [arXiv:hep-th/0605191].

[17] E. Cáceres and A. Güijosa, “Drag Force in a Charged N = 4 SYM Plasma,” JHEP 0611, 077 (2006) [hep-th/0605235].

[18] K. Behrndt, M. Cvetic and W. A. Sabra, “Non-extreme black holes of five dimensional N = 2 AdS supergravity,” Nucl. Phys. B 553 (1999) 317 [arXiv:hep-th/9810227].

[19] M. Cvetic and S. S. Gubser, “Phases of R-charged black holes, spinning branes and strongly coupled gauge theories,” JHEP 9904, 024 (1999) [arXiv:hep-th/9902195].

[20] J. J. Friess, S. S. Gubser and G. Michalogiorgakis, “Dissipation from a heavy quark moving through N = 4 super-Yang-Mills plasma,” arXiv:hep-th/0605292.

[21] U. H. Danielsson, E. Keski-Vakkuri and M. Kruczenski, “Vacua, propagators, and holographic probes in AdS/CFT,” JHEP 9901, 002 (1999) [arXiv:hep-th/9812007].

[22] C. G. Callan and A. Güijosa, “Undulating strings and gauge theory waves,” Nucl. Phys.

B 565, 157 (2000) [arXiv:hep-th/9906153].

[23] S. J. Sin and I. Zahed, “Ampere’s law and energy loss in AdS/CFT duality,” arXiv:hepph/0606049.

[24] J. Casalderrey-Solana and D. Teaney, “Heavy quark diffusion in strongly coupled N = 4 Yang Mills,” Phys. Rev. D 74, 085012 (2006) [arXiv:hep-ph/0605199].

[25] H. Liu, K. Rajagopal and U. A. Wiedemann, “An AdS/CFT calculation of screening in a hot wind,” arXiv:hep-ph/0607062.

[26] M. Chernicoff, J. A. García and A. Güijosa, “The energy of a moving quark-antiquark pair in an N = 4 SYM plasma,” JHEP 0609, 068 (2006) [arXiv:hep-th/0607089].

[27] K. Peeters, J. Sonnenschein and M. Zamaklar, “Holographic melting and related properties of mesons in a quark gluon plasma,” Phys. Rev. D 74, 106008 (2006) [arXiv:hepth/0606195];

E. Caceres, M. Natsuume and T. Okamura, “Screening length in plasma winds,” JHEP 0610, 011 (2006) [arXiv:hep-th/0607233];

P. C. Argyres, M. Edalati and J. F. Vázquez-Poritz, “No-drag string configurations for steadily moving quark-antiquark pairs in a thermal bath,” arXiv:hep-th/0608118; S. D. Avramis, K. Sfetsos and D. Zoakos, “On the velocity and chemical-potential dependence of the heavy-quark interaction in N = 4 SYM plasmas,” arXiv:hep-th/0609079; J. J. Friess, S. S. Gubser, G. Michalogiorgakis and S. S. Pufu, “Stability of strings binding heavy-quark mesons,” arXiv:hep-th/0609137.

[28] E. Witten, “Anti-de Sitter space, thermal phase transition, and confinement in gauge theories,” Adv. Theor. Math. Phys. 2, 505 (1998) [arXiv:hep-th/9803131].

[29] J. G. Russo, “New compactifications of supergravities and large N QCD,” Nucl. Phys.

B 543 (1999) 183 [arXiv:hep-th/9808117].

[30] S. S. Gubser, “Thermodynamics of spinning D3-branes,” Nucl. Phys. B 551, 667 (1999) [arXiv:hep-th/9810225].

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

[32] A. Buchel, C. P. Herzog, I. R. Klebanov, L. A. Pando Zayas and A. A. Tseytlin, “Nonextremal gravity duals for fractional D3-branes on the conifold,” JHEP 0104 (2001) 033 [arXiv:hep-th/0102105].

[33] A. Buchel, “Finite temperature resolution of the Klebanov-Tseytlin singularity,” Nucl.

Phys. B 600, 219 (2001) [arXiv:hep-th/0011146].

[34] L. A. Pando Zayas and C. A. Terrero-Escalante, “Black holes with varying flux: A numerical approach,” JHEP 0609, 051 (2006) [arXiv:hep-th/0605170].

[35] F. L. Lin and T. Matsuo, “Jet quenching parameter in medium with chemical potential from AdS/CFT,” Phys. Lett. B 641, 45 (2006) [arXiv:hep-th/0606136].

[36] S. D. Avramis and K. Sfetsos, “Supergravity and the jet quenching parameter in the presence of R-charge densities,” arXiv:hep-th/0606190.

[37] N. Armesto, J. D. Edelstein and J. Mas, “Jet quenching at finite ’t Hooft coupling and chemical potential from AdS/CFT,” JHEP 0609 (2006) 039 [arXiv:hep-ph/0606245].