arXiv:hep-ph/0505245 v1 29 May 2005

Mach shocks induced by partonic jets in expanding quark–gluon plasma

L.M. Satarov,^{1, 2, 3} H. Stöcker,^{1, 2} and I.N. Mishustin^{1, 3} 1Frankfurt Institute for Advanced Studies, J.W. Goethe Universität, Max-von-Laue-Str. 1, D–60438 Frankfurt am Main, Germany 2Institute für Theoretische Physik, J.W. Goethe Universität, Max-von-Laue-Str. 1, D–60438 Frankfurt am Main, Germany 3The Kurchatov Institute, Russian Research Center, 123182 Moscow, Russia

Abstract

We study Mach shocks generated by fast partonic jets propagating through a deconfined strongly–interacting matter. Our main goal is to take into account different types of collective motion during the formation and evolution of this matter. We predict a significant deformation of Mach shocks in central Au+Au collisions at RHIC and LHC energies as compared to the case of jet propagation in a static medium. The observed broadening of the near–side two–particle correlations in pseudorapidity space is explained by the Bjorken–like longitudinal expansion. Three–particle correlation measurements are proposed for a more detailed study of the Mach shock waves.

PACS numbers: 25.75.-q, 25.75.Ld, 47.40.-x

I. INTRODUCTION

Sideward peaks have been recently observed [1, 2, 3, 4] in azimuthal distributions of secondaries associated with the high p_T hadrons in central Au+Au collisions at √ s_{N N} = 200 GeV. In Ref. [5] such peaks were predicted as a signature of Mach shocks created by partonic jets propagating through a quark–gluon plasma (QGP) formed in a heavy–ion collision. Analogous Mach shock waves were studied previously in a cold hadronic matter [6, 7, 8, 9, 10] as well as in nuclear Fermi liquids [11, 12]. The Mach– shock induced electron emission from metal surfaces have been predicted [13] and then observed experimentally in Ref. [14]. Recently, Mach shocks from jets in the QGP have been studied in Ref. [15] by using a linearized fluid–dynamical approach. It has been argued in Refs. [5, 16] that Mach–like motions of quark–gluon matter can appear via the excitation of collective plasmon waves by the moving color charge associated with the leading jet.

Most of these studies were dealing with the idealized case of homogeneous, static matter. On the other hand, collective expansion effects are known to be strong in relativistic collisions of heavy nuclei [17]. For example, thermal fits of RHIC data give for most central events the radial flow velocities v_f ∼ 0.6c . The flow effects accompanying jet propagation through the expanding QGP have been considered within different approaches in Refs. [18, 19, 20]. Numerical solutions of fluid–dynamical equations with an additional external source have been studied in Ref. [21].

It is well known [22] that a point–like perturbation (a small body, a hadron or parton etc.) moving with a supersonic speed in the spatially homogeneous ideal fluid produces the so–called Mach region of the perturbed matter. In the fluid rest frame (FRF) the Mach region has a conical shape with an opening angle with respect to the direction of particle propagation given by the expression[27] ~θ_M = sin^{−1} (c_s ~v ) , (1) where c_s denotes the sound velocity of the unperturbed (upstream) fluid and ~v is the particle velocity with respect to the fluid. In the FRF, trajectories of fluid elements (perpendicular to the surface of the Mach cone) are inclined at the angle Δθ = π/2 − ~θ_M with respect to ~v . Strictly speaking, formula (1) is applicable only for weak, sound–like perturbations. It is certainly not valid for space–time regions close to a leading particle. Nevertheless, we shall use this simple expression for a qualitative analysis of flow effects. Following Refs. [5, 15] one can estimate the angle of preferential emission of secondaries associated with a fast jet in the QGP. Substituting [28] ~v = 1, c_s = 1/ √ 3 into Eq. (1) gives the value Δθ ≃ 0.96 . This agrees well with positions of maxima of the away–side two–particle distributions observed in central Au+Au collisions at RHIC energies.

In this paper we study influence of flow effects on the properties of Mach shocks created by a high–energy parton in expanding QGP. In Sect. II we apply simple kinematic considerations to study weak Mach shocks propagating in transverse and collinear direction with respect to the flow velocity. In Sect. III we use the method of characteristics to calculate the width of the perturbed region in the rapidity space. Finally, in Sect. IV we summarize our results and give outlook for future studies.

II. DEFORMATION OF MACH SHOCKS DUE TO RADIAL FLOW

Let us consider first the case when the away–side jet propagates with velocity v parallel to the matter flow velocity u . Assuming that u does not change with space and time, and performing the Lorentz boost to the FRF, one can see that a weak Mach shock has a conical shape with the axis along v . In this reference frame, the shock front angle ~θ_M is given by Eq. (1). Transformation from the FRF to the c.m. frame (CMF) shows that the Mach region remains conical, but the Mach angle becomes smaller in the CMF:

tan θ_M = 1 γ_u tan ~θ_M , (2)

where γ_u ≡ (1 − u^2)^{−1/2} is the Lorentz factor corresponding to the flow velocity u . Eqs. (1)–(2) give the resulting expression for the Mach angle in the CMF

θ_M = tan^{−1} ( c_s √ 1 − u^2 ~v^2 − c^2_s ) , (3)

where ~v = v ∓ u 1 ∓ v u , (4)

FIG. 1: Mach cone angles for jet propagating collinearly to the matter flow as a function of fluid velocity u . Different curves correspond to different values of sound velocity c_s .

and upper (lower) sign corresponds to the jet’s motion in (or opposite to) the direction of collective flow. For ultrarelativistic jets (v → 1) one can take ~v ≃ 1 which leads to a simpler expression

θ_M ≃ tan^{−1} ( c_sγ_s γ_u ) = sin^{−1} ( c_s √ 1 − u^2 1 − u^2 c^2_s ) , (5)

where γ_s = (1 − c^2_s )^{−1/2} . According to Eq. (5), in the ultrarelativistic limit θ_M does not depend on the direction of flow with respect to the jet. The Mach cone becomes more narrow as compared to jet propagation in static matter. This narrowing effect has a purely relativistic origin. Indeed, the difference between θ_M from Eq. (5) and the Mach angle in absence of flow (lim_{u→0} θ_M = sin^{−1} c_s) is of the second order in the collective velocity u . The Mach angle calculated from Eq. (5) is shown in Fig. 1 as a function of u for different sound velocities c_s . Following Ref. [15], the value c^2_s = 1/5 is identified with the hadronic matter and c^2_s = 1/3 with ideal QGP composed of massless quarks and gluons. The value c^2_s = 2/3 is chosen to represent a strongly coupled QGP [23].

The case of a jet propagating at nonzero angle with respect to the flow velocity is more complicated. As will be shown later, Mach shocks become nonconical for non–collinear flows. For simplicity, below we study only the case when the jet and flow velocities are orthogonal to each other, v ⊥ u . Let axes OX and OY be directed along u and v , respectively. As before, we first make transition to the FRF by performing the Lorentz boost along the OX axis. The components of the jet velocity ~v in the new reference frame are equal to ~v_x = −u , ~v_y = v √ 1 − u^2 . (6) The angle ~φ between vectors ~v and v (see Fig. 2) can be found from the relations

tan ~φ = − ~v_x ~v_y = γ_uu v^{−→v→1} γ_uu . (7)

Let us now consider the situation when the jet propagates along the path OA = ~v~t during the time interval ~t in the FRF, as illustrated in Fig. 2. At the same time the wave front from a point–like perturbation (created at point O) reaches a spherical surface with radius OB = OC = c_s~t . Two tangent lines AB and AC show boundaries of the Mach region[29] with the symmetry axis OA . This region has a conical shape with opening angles ~θ determined by the expressions (cf. Eq. (1))

sin ~θ = OC OA = c_s ~v ≃ c_s . (8)

Performing inverse transformation from FRF to CMF, it is easy to show that the Mach region is modified in two ways. First, it is no longer symmetrical with respect to the jet trajectory in the CMF. The insert in Fig. 2 shows that the boundaries of Mach wave have different angles, θ_+ ≠ θ_−, with respect to v in this reference frame. One can interpret this effect as a consequence of transverse flow which acts like a ”wind” deforming the Mach cone along the direction OX. On the other hand, the angles of the Mach front with respect to the beam (OZ) axis are not changed under the transformation to CMF. We conclude, that due to effects of transverse flow, the Mach region in the CMF should have a shape of a deformed cone with an elliptic base.

FIG. 2: Mach region created by jet moving with velocity v orthogonal to the fluid velocity u . Main plot and insert correspond to FRF and CMF, respectively. It is assumed that jet moves from O to A in FRF. Dotted circle represents the front of sound wave generated at point O.

To find the Mach angles θ_± it is useful to introduce the angles ~ψ_± of the boundary lines AB and AC with respect to the OX axis in the FRF (see Fig. 2). Under the Lorentz boost to CMF, ~ψ_± are transformed to angles ψ_± which can be found by using the relations

cot ψ_± = γ_u cot ~ψ_± = γ_u tan (~θ ± ~φ) . (9)

The final expressions for Mach angles θ_± = π/2 − ψ_± take the form

tan θ_± = cot ψ_± ≃ γ_u γ_s c_s ± γ_u u 1 ∓ γ_s c_sγ_u u

. (10)

The last equality gives the approximate formula in the ultrarelativistic case v ≃ 1[30]. According to Eq. (10), θ_− becomes negative for supersonic flows, i.e. at u > c_s . For such strong flows, the jet trajectory lies outside the Mach region. One can see that the difference of the Mach angles θ_± in moving and static matter is approximately linear in u .

FIG. 3: Angles of Mach region created by a jet moving transversely (solid and dashed curves) and collinearly (dashed–dotted line) to the fluid velocity u in the CMF. All curves correspond to the case c^2_s = 1/3 . Arrow marks the value u = c_s .

Figure 3 shows the numerical values of the Mach angles for an ultrarelativistic jet moving through the QGP transversely or collinearly to its flow velocity. The solid and dashed curves are calculated by using Eq. (10) with c_s = 1/ √ 3 . We point out a much stronger sensitivity of the Mach angles θ_± to the transverse flow velocity as compared with the collinear flow.

To discuss possible observable effects, in Fig. 4 we schematically show events with different di–jet axes A_iB_i (i = 1, 2, 3) with respect to the center of a fireball [31]. In the 2 − 2^′ event, the away–side jet ’2’ propagates along the diameter A_2B_2 , i.e. collinearly with respect to the collective flow. In the two other cases, the di–jet axes are oriented along the chords, A_1B_1 and A_3B_3 , respectively. In such events, the fluid velocity has both transverse and collinear components with respect to the jet axis. In Fig. 4 we also show how the Mach fronts will be deformed in expanding matter. It is easy to see that

FIG. 4: Schematic picture of Mach shocks from jets 1, 2, 3 propagating through the fireball matter (shaded circle) created in a central heavy–ion collision. Dotted arrows represent local velocities of fireball expansion. Thick downward arrows show associated trigger jets. The Mach shock boundaries are shown by solid lines. Short–dashed lines give positions of shock fronts in the case of static fireball.

the radial expansion of the fireball should cause broadening of the sideward peaks in the Δϕ–distributions of associated hadrons. Due to the radial expansion, the peaks will acquire an additional width of the order of < θ_+ − θ_− > . Here θ_± are local values of the Mach angles in individual events. The angular brackets mean averaging over the jet trajectory in a given event as well as over all events with different positions of di–jet axes. Assuming that particle emission is perpendicular to the surface of Mach cone and taking < u >∼ 0.4, c_s ≃ 1/ √ 3 , we estimate the angular spread of emitted hadrons in the range 30^∘ − 50^∘ . This is comparable with the half distance between the away–side peaks of the Δϕ distribution observed by the STAR and PHENIX Collaborations [1, 2, 3, 4].

On the basis of this analysis we conclude that in individual events the sideward maxima should be asymmetric and more narrow than in an ensemble of different events. Due to a stronger absorption of particles emitted from the inner part of the shock (events 1, 3 in Fig. 4), the two peaks may have different amplitudes. We think that these effects can be observed by measuring three–particle correlations (see next section).

There is one more reason for broadening of the Δϕ–distributions which one should keep in mind when comparing with experimental data: due to the momentum spread of the initial parton distributions, Δp_∗ ≲ 1 GeV, the di–jet system has a nonzero total momentum with respect to the global c.m. frame. As a consequence, the angle θ_∗ between the trigger– and the away–side jet is generally–speaking not equal to π , as was assumed above. Taking typical momenta of initial partons as p_0 , with p_0 > 4 − 6 GeV [1, 2, 3, 4], we estimate the angular spread as |π − θ_∗| ∼ Δp_∗/p_0 ≲ 0.1 . Therefore, the considered broadening should be much less than the typical shift of the Mach angles due to the collective flow.

III. INFLUENCE OF LONGITUDINAL EXPANSION OF QGP

In the preceding section, only effects of transverse flow have been considered. On the other hand, experimental data on the jet–induced pseudorapidity correlations in central Au+Au collisions at RHIC energies have appeared recently [25]. According to these data, ”near–side” hadrons (emitted in the forward hemisphere, Δϕ < π/2 , with respect to the trigger jet) exhibit much broader distributions in the relative pseudorapidity, Δη , as compared with pp and d+Au interactions. The widths of the Δη distributions increase with decreasing p_T of secondary hadrons, reaching values of Δη ∼ 1 for p_T → 0 .

This broadening can be naturally explained as a consequence of the longitudinal expansion of fireball matter created at early stages of a heavy–ion collision. Let us consider a trigger jet emitted at the initial stage of the reaction (t ≃ 0) with the c.m. pseudorapidity η ≃ 0 , i.e. in the transverse plane z ≃ 0 , where z is the beam axis. Below we consider the Bjorken–type scenario of nuclear collisions [24] and assuming that a cylindrical, longitudinally expanding volume of QGP with radius R is formed at proper time τ ≡ √ t^2 − z^2 = τ_0 , where τ_0 ≃ 0.4 − 0.6 fm/c. In the following discussion we disregard the radial expansion of the fireball, assuming that the near–side correlations are formed during a comparatively short time, τ − τ_0 < R/c_s ,which is needed for the trigger jet to leave the fireball.

Weak, sound–like, perturbations of fireball matter propagate in z–direction with velocities (u ± c_s)/(1 ± uc_s) , where u and c_s are, respectively, the collective longitudinal velocity and the sound speed at a given space–time point (t, z) . To find the trajectory of a sound wave front z = z_+(t) , one should solve the equation for the C_+ characteristics [22]: dz_+ dt = u + c_s 1 + uc_s | | | |_{z=z+ (t)} . (11)

Assuming the scaling law, u = z/t = tanh η , for the longitudinal expansion of the fireball, one can solve Eq. (11) analytically, even in the case when c_s is a function of τ . Indeed, changing the variables from (t, z) to (τ, η) , one gets the following equation for the pseudorapidity η_+ of the sound front τ dη_+ dτ = c_s(τ ) . (12)

Assuming that the sound wave is excited at t = τ_0 , z = 0 , we get

η_+(τ ) = τ∫ τ_0 dτ τ c_s(τ ) . (13)

The expression for the C_− characteristics, η = η_−(τ ) , is given by the r.h.s. of (13) with an additional negative sign. From this derivation we conclude that at fixed proper time τ > τ_0 a primary jet, created at τ ≃ 0, η = 0 , disturbs the fireball matter in the pseudorapidity region η_− < η < η_+ . In the case c_s = const one obtains a simple expression

η_± = ±c_s log ( τ τ_0 ) . (14)

Within this approach one may expect nonzero correlations of secondaries within the interval of relative pseudorapidities η_− ⩽ Δη ⩽ η_+ . Substituting τ_0 = 0.5 fm/c, τ = 5 fm/c, c_s = 1/ √ 3 we get an estimate |Δη|_{max} ≃ 1.3 . This agrees quite well with the experimental data of Refs. [2, 25] (after subtraction of the ”background” pp peak from the experimental Δϕ − Δη distribution). As one can see from Eq. (13), the width of the Δη distribution is sensitive to the QGP formation time τ_0 and, therefore, measurements of these distributions in different p_T intervals can be used as a clock for the thermalization process. More detailed information about the Δη − Δϕ asymmetry can be extracted from 3–particle correlations. In particular, one can use such correlations to select events where the trigger and two associated hadrons have momenta in the axial plane (containing the beam axis). If the pseudorapidity of the trigger jet is small, both associated hadrons will probe the longitudinal flow of the QGP.

In the case of a strong shock we expect that the matter in the inner part of the Mach region will be swept to its surface[32]. This will result in a local depletion of parton density inside the Mach cone. Such a behavior should be observed as a dip in pseudorapidity density of the associated hadrons around η = 0 . It seems that the experimental data on near–side production [2] indeed show such a dip for soft secondaries.

IV. CONCLUSION

In this paper we have investigated properties of Mach shock waves induced by high– energy partons propagating through dense quark–gluon matter created in heavy–ion collisions. By using simple kinematic and hydrodynamic relations we have analyzed deformations of these shocks due to the radial and longitudinal expansion of QGP. Taking typical flow parameters expected in central collisions of nuclei at RHIC and LHC energies we show that the shape and orientation of Mach regions are strongly modified as compared to the case of static (nonexpanding) medium. This may obscure observable signatures of Mach collective waves.

In the future we are going to take into account several additional effects, in particular, bending of the leading parton’s trajectory due to the friction force from moving medium. In principle, this bending may also produce isolated peaks in the away–side Δϕ distributions. On the contrary, the Mach waves should generate ring–like maxima around the jet axis. We believe that measurements of three–particle correlations with a broad coverage of angular space can be used to differentiate between these two possibilities. We are also planning to investigate properties of strong Mach shocks, in particular, their sensitivity to the equation of state of QGP and to effects of collective expansion.

Acknowledgments

The authors thank A. Dumitru, M.I. Gorenstein, D.H. Rischke and E.V. Shuryak for useful discussions. This work has been supported by the GSI, the DFG grant 436 RUS 113/711/0-2 (Germany), the RFBR Grant 03–02–04007, and the MIS Grant NSH– 1885.2003.2 (Russia).

[1] C. Adler et al. (STAR Collab.), Phys. Rev. Lett. 90 (2003) 082302. [2] C. Adler et al. (STAR Collab.), Phys. Rev. Lett. 91 (2003) 072304; hep–ph/0501016. [3] Fuqiang Wang (STAR Collab.), J. Phys. G 30 (2004) 2004.

[4] B. Jacak (PHENIX Collab), talk at Int. Conf. on Physic and Astrophysics of Quark Gluon Plasma, Kolkata, India, 2005.

[5] H. Stöcker, Nucl. Phys. A 750 (2005) 121; nucl–th/0406018.

[6] J. Hofmann, H. Stöcker, W. Scheid, and W. Greiner, in report of Int. Workshop on BeV/nucleon Collisions of Heavy Ions: How and Why, Bear Mountain, NY, 1974 (report BNL–AUI, 1975);

H.G. Baumgardt, J.U. Schott, Y. Sakamoto, E. Schopper, H. Stöcker, J. Hofmann, W. Scheid, and W. Greiner, Z. Phys. A 273 (1975) 359;

J. Hofmann, H. Stöcker, U. Heinz, W. Scheid, and W. Greiner, Phys. Rev. Lett. 36 (1976) 88.

[7] H. Stöcker, J. Hofmann, J.A. Maruhn, and W. Greiner, Prog. Part. Nucl. Phys. 4 (1980) 133. [8] H. Stöcker and W. Greiner, Phys. Rep. 137 (1986) 277. [9] G.F. Chapline and A. Granik, Nucl. Phys. A 459 (1986) 681. [10] D.H. Rischke, H. Stöcker, and W. Greiner, Phys. Rev. D 42 (1990) 2283. [11] A.E. Glassgold, W. Heckrotte, and K.M. Watson, Ann. Phys. 6 (1959) 1.

[12] V.A. Khodel, N.N. Kurilkin, and I.N. Mishustin, Phys. Lett. B 90 (1980) 37. [13] W. Schäfer, H. Stöcker, B. Müller, and W. Greiner, Z. Phys. A 288 (1978) 349. [14] H.J. Frischkorn et al., Phys. Lett. 76A (1980) 155;

H.J. Frischkorn et al., Phys. Rev. Lett. 58 (1987) 1773.

[15] J. Casalderrey–Solana, E.V. Shuryak, and D. Teaney, hep–ph/0411315. [16] J. Ruppert and B. Müller, hep–ph/0503158. [17] Nu Xu, Prog. Part. Nucl. Phys. 53 (2004) 165.

[18] N. Armesto, C.A. Salgado, and U.A. Wiedemann, Phys. Rev. Lett. 93 (2004) 242301. [19] W. Cassing, K. Gallmeister, and C. Greiner, J. Phys. G 30 (2004) S801. [20] K. Gallmeister and W. Cassing, Nucl. Phys. A 748 (2005) 241. [21] A.K. Chaudhuri, nucl–th/0503028.

[22] L.D. Landau and E.M. Lifshitz, Fluid Mechanics, Pergamon Press, NY, 1959. [23] E.V. Shuryak and I. Zahed, Phys. Rev. C 70 (2004) 021901. [24] J.D. Bjorken, Phys.Rev.D27 (1983) 140.

[25] D. Magestro (STAR Collab.), talk at Int. Conf. on Hard and Electromagnetic Probes in High Energy Nuclear Collisions, Ericeira, Portugal, 2004.

[26] A. Dumitru, K. Paech, H. Stöcker, and D. Rischke, talk at RHIKEN–BNL Workshop on Jet Correlations at RHIC Agenda, Brookhaven, 2005.

[27] Here and below the quantities in the FRF are marked by tilde. [28] Units with c = 1 are chosen throughout the paper.

[29] Such region exists only if ~v > c_s . The latter condition is fulfilled if v > c_s or u > c_s hold. [30] This formula is not accurate if either u or c_s are close to unity.

[31] For simplicity we consider the case when both trigger (i^′) and away–side (i) jets have zero pseudorapidities in CMF.

[32] Strong shocks produced by a localized, high energy initial perturbation in the QGP have been studied by using the 3D fluid–dynamical model in Ref. [26]. Clear deviations from Mach cone shape have been predicted.