arXiv:nucl-th/0411093 v1 23 Nov 2004

J/ψ transport in QGP and p_t distribution at SPS and RHIC

Xianglei Zhu,^1 Pengfei Zhuang,^1 and Nu Xu^2 1Physics Department, Tsinghua University, Beijing 100084, China 2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA (Dated: November 23, 2004)

Combining the hydrodynamic equations for the QGP evolution and the transport equation for the primordially produced J/ψ in the QGP, we investigate the J/ψ transverse momentum distribution as well as its suppression in the √ s=17.3A GeV Pb-Pb collisions at SPS and √ s=200A GeV Au-Au collisions at RHIC. The two sets of equations are connected by the J/ψ anomalous suppression induced by its inelastic scattering with gluons in the QGP. The calculated centrality dependence of J/ψ suppression and average transverse momentum square agree well with the SPS data. From the comparison with the coalescence model where charm quark is fully thermalized, our calculated elliptical flow of the primordially produced J/ψ is much smaller. This may be helpful to differentiate the J/ψ production mechanisms in relativistic heavy ion collisions.

PACS numbers: 25.75.-q, 12.38.Mh, 24.85.+p

I. INTRODUCTION

Many mechanisms are proposed to explain the phenomenon of charmonium suppression[1] in relativistic heavy ion collisions[2]. In models[3, 4, 5, 6, 7, 8, 9, 10, 11], the charmonium is supposed to be created by the hard processes in the initial state, on the way out, it firstly collides inelastically with spectators which leads to the normal suppression[12, 13]. The anomalous suppression[2] is attributed to different mechanisms: collisions with spectators[3], instantly melting in Quark-Gluon Plasma (QGP)[4], collisions with gluons in QGP[5, 6, 7] or collisions with hadronic comovers[8, 9, 10, 11]. Recently, there appeared another kind of models[14, 15] based on the assumption that charmonium is created at QCD hadronization according to statistical law, which is the extrapolation of the well-tested thermal model[16] for light hadrons. There is also a two component model[17] which mixes these two kinds of mechanisms. With some adjustable parameters in each mechanism, almost all models can describe the J/ψ anomalous suppression data at SPS very well. In order to differentiate these models, we need more information such as open charm, χ_c and ψ^′, and transverse momentum (p_t) distribution. In this Letter, we concentrate on the observables related to the p_t distribution of J/ψ, the average transverse momentum ⟨ p^2_t ⟩ and the anisotropic asymmetry parameter (v_2) of J/ψ as well as the p_t integrated anomalous suppression in the heavy ion collisions at SPS and RHIC.

We follow the method in Refs. [5, 6, 7] to treat the anomalous suppression. We neglect the formation time and assume that the charmonium is created instantaneously after the binary collisions. On the way out, it collides firstly with spectators and then with gluons in the QGP. The former and the later are, respectively, the origin of normal and anomalous suppression in our approach. The QGP evolution is calculated with a 2 + 1 dimensional boost invariant relativistic hydrodynamics[19]. Since J/ψ is heavy enough, a classical Boltzmann-type transport equation in the transverse phase space[18] is used to describe the evolution of its transverse distribution function. We assume that the local equilibrium is reached at a proper time τ_0 when the normal suppression has ceased and the anomalous suppression starts. Therefore, the initial condition of the transport equation is determined by the normal suppression. We neglect the elastic collisions between charmonium and particles in the medium, for the much larger charmonium mass than the typical temperature of the medium.

The paper is organized as follows. We describe the evolution of the medium in Section 2, give the details of the cross sections between charmonium and particles in Section 3, discuss the transverse transport equation in Section 4, and show the numerical results in Section 5. Finally we conclude in Section 6.

II. MEDIUM EVOLUTION

As in Ref.[20], we assume that the produced medium reaches local equilibrium at a proper time τ_0 = 0.8 fm/c for √ s = 17.3A GeV Pb-Pb collisions at SPS and 0.6 fm/c for √ s = 200A GeV Au-Au collisions at RHIC.

The consequent evolution is described with relativistic hydrodynamics,

∂_μT^{μν} = 0, ∂_μN^μ = 0, (1)

where T^{μν} = (ϵ + p)u^μu^ν − g^{μν} p is the energymomentum tensor and N^μ = nu^μ the baryon current with four-velocity u^μ of the fluid cell, energy density ϵ, pressure p and baryon density n. In our calculation, we use Bjorken’s hydrodynamical model[19]. With the Hubble-like longitudinal expansion and boost invariant initial condition, the hydrodynamical quantities are functions of the proper time τ = √ t^2 − z^2 and transverse coordinates only, and the equations can be simplified as ∂_τ E + ▽ · ⃗M = −(E + p)/τ , ∂_τ M_x + ▽ · (M_x⃗v) = −M_x/τ − ∂_xp , ∂_τ M_y + ▽ · (M_y⃗v) = −M_y/τ − ∂_yp , ∂_τ R + ▽ · (R⃗v) = −R/τ (2) with the definitions E = (ϵ + p)γ^2 − p, ⃗M = (ϵ + p)γ^2⃗v and R = γn, where γ is the Lorentz factor.

To close the hydrodynamical equations we need to know the equation of state of the medium. We follow Ref.[21] where the deconfined phase at high temperature is an ideal gas of massless u, d quarks, 150 MeV massed s quarks and gluons, and the hadron phase at low temperature is an ideal gas of all known hadrons and resonences with mass up to 2 GeV[22]. There is a first order phase transition between these two phases. In the mixed phase, the Maxwell construction is used. The mean field repulsion parameter and the bag parameter are chosen as K=450 MeV fm^3[21] and B^{1/4}=236 MeV to obtain the critical temperature T_c = 165 MeV at vanishing baryon number density.

We assume that the medium maintains chemical and thermal equilibrium until the energy density of the system drops to a value of 60 MeV/fm^3, when the hadrons decouple and their momentum distributions are fixed. We have tested that a slight modification on the freezeout condition will not change our conclusions.

At SPS energy, we follow Ref.[23] to set the initial energy density and baryon number density with the wounded nucleon number density, n_{wn}(⃗b, ⃗x_t) = T_A(⃗x_t)(1 − e^{−σNN TB(⃗xt−⃗b)}) + T_B (⃗x_t − ⃗b)(1 − e^{−σNN TA(⃗xt)}) , (3) where T_{A(B)}(⃗x_t) = ∫_∞ −∞ dz ρ_{A(B)}(⃗x_t, z) is the thickness function of nuclear A(B) with nuclear density profile ρ_{A(B)}. We choose Woods-Saxon profile, ρ(r) =

ρ_0 e^{(r−R)/ξ} +1 . The parameters R and ξ for

208P b and 197Au are from Ref.[24]. At RHIC energy, we follow Refs.[25, 26] and assign 75% of the entropy density to soft contribution which is proportional to the wounded nucleon number density and 25% to hard contribution which is proportional to the binary collision number density n_{bc}(⃗b, ⃗x_t) = T_A(⃗x_t)T_B (⃗x_t −⃗b)σ_{NN} . The baryon density is obtained by adjusting the entropy per baryon to 250[26]. The nucleon-nucleon inelastic cross section σ_{NN} is 32 mb at SPS and increases to 41 mb at RHIC.

In peripheral collisions or in the peripheral region of central collisions, the system can not reach thermalization even if the energy density is larger than the critical value for phase transition. In order to describe this effect, we incorporated a cut in the initial condition. We assume that the medium will hadronize and decouple at the initial time if the local entropy density is less than a critical value s_c. This critical value will be an adjustable parameter of our approach, and will be fixed by fitting the J/ψ anomalous suppression data at SPS. The same value will be used in the calculation of the hydrodynamics at RHIC energy.

We use the well tested RHLLE algorithm[27, 28] to solve the hydrodynamical equations numerically. The simple first order operator splitting method is used to extrapolate the original one dimensional RHLLE algorithm to two dimensions.

III. DISSOCIATION CROSS-SECTIONS

In the QGP phase, we consider gluon dissociation process (g + Ψ → c + c̄) only. We will use Ψ as the shorthand notation of charmonium in this Letter. The gluon-J/ψ dissociation cross section can be obtained from the perturbative calculation with non-relativistic and Coulomb potential approximation for the cc̄ system in the vacuum[29],

σ^ψ_g (ω) = A_0

(ω/ϵ_ψ − 1)^{3/2} (ω/ϵ_ψ)^5 (4) with A_0 = (2^{11}π/27)(m^3_c ϵ_ψ)^{−1/2}, where ω = p^μ_Ψp_{gμ}/m_Ψ = (s − m^2_Ψ)/(2m_Ψ) is the gluon energy in the rest frame of Ψ, ϵ_Ψ = 2m_D − m_Ψ the binding energy of Ψ, m_c = m_D = 1.87GeV and m_ψ = 3.1GeV are, respectively, the charm quark mass and J/ψ mass. In a similar way, the gluon dissociation cross section for ψ^′[30] and χ_c[6] are

σ^{ψ′}_g (ω) = 16A_0

(ω/ϵ_ψ′ − 1)^{3/2}(ω/ϵ_ψ′ − 3)^2 (ω/ϵ_ψ′ )^7 , σ^{χc}_g (ω) = 4A_0(ω/ϵ_{χc} − 1)^{1/2} × ( 9(ω/ϵ_{χc} )^2 − 20(ω/ϵ_{χc} ) + 12 ) (ω/ϵ_{χc} )^7 , (5)

The masses of ψ^′ and χ_c are 3.7 GeV and 3.5 GeV, respectively. The J/ψ from the feed-down of ψ^′ is about 10% of the total final J/ψ’s in pp collisions. For simplicity, we neglect the contribution of ψ^′ to J/ψ in our calculation. Therefore, 40% of the final state J/ψ’s are from the feed-down of χ_c and others are created directly[6].

We have neglected the medium effect on the dissociation cross sections. In relativistic heavy ion collisions, the medium produced is quite finite and evolves very fast, perhaps the medium effect is not so important as that in a static and infinite medium.

In the hadron phase, the most populated hadrons are pions. There are many effective models that can calculate the inelastic cross sections between charmonium and hadrons[31]. For J/ψ, the dissociation cross section is about a few mb which is comparable to the gluon dissociation cross section. If the QGP is created in relativistic heavy ion collisions, the thermalized hadron phase is at the later time of the evolution, and at that time the number density of hadrons is very small compared with the number density of gluons at the early time. Although the hadron dissociation may be important to the consideration of χ_c and ψ^′ suppression, we neglect the contribution of hadrons in the calculation for J/ψ.

IV. CHARMONIUM TRANSPORT

We define the full phase space distribution function of charmonium at a global time t as f_Ψ(⃗x, ⃗p, t). The transport equation describing the evolution of f_Ψ is p^μ∂_μ f_Ψ(⃗x, ⃗p, t) = −C^Ψ_D (⃗x, ⃗p, t) f_Ψ(⃗x, ⃗p, t) . (6) The l.h.s is the drift term and the r.h.s is the dissociation term due to the inelastic collisions between charmonium and constituents of the medium. The coefficient C^Ψ_D of the dissociation term in Eq. (6) is C^Ψ_D(⃗x, ⃗p, t) = 1 2 ∫ d^3⃗k (2π)^32E_k σ^Ψ_D(s)4F_{gΨ}f_g(⃗x, ⃗k, t) (7)

3 with E_k = √ m^2_g + k^2 and flux factor F_{gΨ} = √ (p^μ_Ψp_{gμ})^2 − m^2_Ψm^2_g , where f_g is the Lorentz invariant

distribution function of the constituents, and σ^Ψ_D(s) is the dissociation cross section for the charmonium in the medium. It is obvious that C^Ψ_D is Lorentz invariant.

Considering the boost invariant initial condition at the proper time τ_0, it is convenient to use momentum rapidity y = 1/2 ln ((E + p_z )/(E − p_z)) and space-time rapidity η = 1/2 ln ((t + z)/(t − z)) as longitudinal variables. With the assumption that the charmonium is produced at the point t = 0 and z = 0 due to the large Lorentz contraction of nucleus and short duration time of the initial hard processes in high energy heavy ion collisions, the charmonium momentum rapidity is equal to its space-time rapidity, y = η. The distribution function can then be rewritten as f_Ψ( ⃗x_t, η, ⃗p_t, y, τ ) = τ_0 τ f_Ψ( ⃗x_t, ⃗p_t, y, τ )δ(η − y) . (8) After integration over η, the l.h.s. of the transport equation (6) is simplified as

τ_0 τ (m_t ∂ ∂τ + ⃗p_t · ∂ ∂ ⃗x_t )f_Ψ( ⃗x_t, ⃗p_t, y, τ ) , (9) and the r.h.s becomes − τ_0 τ C^Ψ_D( ⃗x_t, y, ⃗p_t, y, τ )f_Ψ( ⃗x_t, ⃗p_t, y, τ ) . (10) In Bjorken’s hydrodynamics, the longitudinal rapidity of medium flow equals its space-time rapidity. Therefore, Ψ’s rapidity is zero in the longitudinal rest frame of the medium flow. Due to the Lorentz invariance of C^Ψ_D, we can calculate it in this rest frame. Furthermore, we assume that the temperature and baryon chemical potential in the rest frame is η independent, since the rapidity region of the detected Ψ’s is very narrow and near the central rapidity region. With this assumption, C^Ψ_D becomes independent of the Ψ rapidity, the transport equation can then be simplified as (m_t ∂ ∂τ + ⃗p_t · ∂ ∂ ⃗x_t )f_Ψ( ⃗x_t, ⃗p_t, y, τ ) = −C^Ψ_D ( ⃗x_t, ⃗p_t, τ )f_Ψ( ⃗x_t, ⃗p_t, y, τ ) . (11) After integration over the rapidity y, it is reduced to (m_t ∂ ∂τ + ⃗p_t · ∂ ∂ ⃗x_t )f_Ψ( ⃗x_t, ⃗p_t, τ ) = −C^Ψ_D( ⃗x_t, ⃗p_t, τ )f_Ψ( ⃗x_t, ⃗p_t, τ ) . (12)

With Cooper-Frye formula[32], the number of Ψ’s at proper time τ is

N_Ψ(τ ) = 1 (2π)^3 ∫ d^2 ⃗p_t d^2 ⃗x_t dy dη τ m_t cosh(y − η) f_Ψ( ⃗x_t, η, ⃗p_t, y, τ ) = 1 (2π)^3 ∫ d^2 ⃗p_t d^2 ⃗x_t τ_0 m_tf_Ψ( ⃗x_t, ⃗p_t, τ ) . (13)

Since the normal suppression of Ψ has ceased before the starting time of the medium evolution, the number of Ψ’s at τ_0 is

N_Ψ(τ_0) = ∫ f_N ( ⃗x_t, ⃗p_t|⃗b) d^2 ⃗x_td^2 ⃗p_t , (14) where f_N is the Ψ transverse distribution function at impact parameter ⃗b after the normal suppression[18], f_N ( ⃗x_t, ⃗p_t|⃗b) = σ^Ψ_{NN} π ∫ dz_Adz_Bρ_A( ⃗x_t, z_A)ρ_B ( ⃗x_t − ⃗b, z_B) × e^{−σabs}(^{TA( ⃗xt,zA,+∞)+TB ( ⃗xt−⃗b,−∞,zB)}) × 1 ⟨p^2_t ⟩ e^{−p2t /}⟨^{p2t} ⟩ (15) with averaged transverse momentum square[35] ⟨ p^2_t ⟩ (⃗b, ⃗x_t, z_A, z_B) = ⟨ p^2_t ⟩ NN + (16)

a_{gN} ρ^{−1}_0 ( T_A( ⃗x_t, −∞, z_A) + T_B ( ⃗x_t − ⃗b, z_B, ∞) ) , where the thickness function T is defined as T ( ⃗x_t, z_1, z_2) = ∫_{z2} z_1 dz ρ( ⃗xt, z). The constant σabs is usu-

ally adjusted to the data from pA collisions where Ψ’s experience only normal suppression. From Ref.[33], we get the latest value, σ_{abs}=4.3 mb for J/ψ and χ_c at SPS energy. At RHIC energy, the d-Au experiments show that there is litte normal suppression[34], we take σ_{abs} = 0 in our calculation. The p_t broadening[35] effect induced by gluon-nucleon elastic scattering in the initial state is reflected in the second term on the r.h.s of Eq. (16). The latest estimate of the constant a_{gN} is 0.076 GeV^2/c^2fm^{−1} at SPS energy[36], we assume that the value is not changed at RHIC energy and the same for J/ψ and χ_c. The averaged transverse momentum square ⟨ p^2_t ⟩ NN in nucleon-nucleon collisions is 1.15 GeV^2/c^2[36] at SPS and about 2.70 GeV^2/c^2[34] at RHIC. Again we use the same value for J/ψ and χ_c.

After the comparison of Eq. (13) with Eq. (14), we get the initial condition at τ_0 for Eq. (12),

f_Ψ( ⃗x_t, ⃗p_t, τ_0) = (2π)^3f_N ( ⃗x_t, ⃗p_t|⃗b)/(τ_0 m_t) . (17)

The transverse transport equation (12) can be solved analytically with the result[18] f_Ψ( ⃗x_t, ⃗p_t, τ ) = e^− ∫_τ τ0 dτ^′ C^ψ_D ( ⃗x_t− ⃗v_t(τ−τ^′ ), ⃗p_t,τ^′ )/m_t × f_Ψ( ⃗x_t − ⃗v_t(τ − τ_0), ⃗p_t, τ_0) . (18)

It should be noted that the leakage term, that is the second term on the l.h.s. of Eq. (12), has been shown in Ref.[18] to be important in the consideration of charmonium p_t distribution.

When we know the time evolution of the produced medium and the Ψ dissociation cross section in the medium, we can calculate the number of Ψ and its p_t distribution at freeze-out time τ_f with Eq. (13).

V. NUMERICAL RESULTS

We first fix the parameter s_c in the initialization of hydrodynamics by fitting the J/ψ suppression data from SPS. The best fit is achieved with s_c = 31.7 fm^{−3}. Fig.1 (A) is our calculation compared with the NA50 data[33]. The thin dashed and solid lines indicate, respectively, the theoretical calculation of normal suppression with Drell-Yan cross section rescaled to MRS 43 and GRV LO parton distribution function[33]. The

FIG. 1: The J/ψ suppression and ⟨ p^2_t ⟩ as functions of centrality at SPS energy.

thick dashed and solid lines are the corresponding results with anomalous suppression. The transverse energy E_t = 0.274N_p(b) GeV[37] is the measure of centrality with N_p(b) being the average number of participants in the collisions with impact parameter b. In very peripheral collisions with E_t < 23 GeV, the maximal initial entropy density is less than the critical value s_c, the medium will decouple at the initial time, and there is only normal suppression. It is obvious that due to the missing of E_t fluctuation in our calculation, the anomalous suppression starts suddenly at E_t = 23 GeV. With increasing centrality, the volume and the life-time of the produced QGP will increase, and the anomalous suppression becomes more and more important. A good fit with the suppression data has been achieved in the whole E_t range except in most central collisions where the fluctuations was shown to be important[37].

After fitting the parameter s_c, we can calculate observables related to the p_t broadening effect. In Fig.1 (B), we show the ⟨ p^2_t ⟩ as a function of E_t. The dashed and solid lines are, respectively, J/ψ ⟨ p^2_t ⟩ calculated without and with anomalous suppression. The later agrees well with the experimental results from NA50[36]. With increasing centrality, ⟨ p^2_t ⟩ increases steadily till E_t = 90 GeV. After that, ⟨ p^2_t ⟩ becomes saturated and finally drops slightly in most central collisions. There are two competing mechanisms that af- fect J/ψ ⟨ p^2_t ⟩ : The J/ψ with large p_t is mostly produced in central collisions according to the Cronin effect. Since the matter produced in central collisions is denser and hotter than that in peripheral collisions, the J/ψ with large p_t has more chance to be absorbed by

FIG. 2: The J/ψ suppression and ⟨ p^2_t ⟩ as functions of centrality at RHIC energy.

the QGP; On the other hand, the J/ψ with large p_t has more chance to escape the anomalous suppression region, when its duration time in the QGP is shorter than the anomalous suppression time. This is the leakage effect initially indicated by Matsui and Satz[1] and studied in detail in the transport approach in [18]. The former mechanism suppresses the ⟨ p^2_t ⟩ , while the later enhances the ⟨ p^2_t ⟩ . With the fixed parameter s_c, we calculate now the J/ψ suppression and ⟨ p^2_t ⟩ at RHIC energy. Fig.2 (A) shows that our result on J/ψ suppression agrees with the low statistical data from PHENIX[38]. The suppression at RHIC is much stronger than that at SPS, but does not approach zero. Since there is still no transverse momentum data from RHIC, we displayed only the theoretical results in Fig.2 (B). The behavior of the ⟨ p^2_t ⟩ at RHIC is similar to the corresponding result at SPS energy. However, it is obvious that the leakage effect prevails even in very central collisions, and there is no clear decrease of ⟨ p^2_t ⟩ , very different from the predictions[39, 40] calculated with p_t independent dissociations and without considering the leakage effect.

Finally we consider the elliptical flow defined by

v_2 = ⟨ p^2_x − p^2_y p^2_x + p^2_y ⟩ . (19)

In high-energy nuclear collisions, the initial spatial anisotropy is transferred to final momentum anisotropy via partonic and/or hadronic interactions. Interesting information about the early stage of the hot and dense medium may be obtained from the study of this azimuthal anisotropy [41, 42, 43, 44, 45]. The measured

FIG. 3: The elliptical flow v2 of J/ψ as a function of centrality at SPS and RHIC.

values of anisotropy v_2 of hadrons with light quarks (u,d,s) at RHIC are positive and large compared with lower energy results, and show a clear hadron mass dependence in the low transverse momentum region, p_t ≤ 2 − 3 GeV/c [46, 47]. Hydrodynamic calculations have been used to explain the observed collective expansion behavior [45]. The intrinsic charm mass is large compared with the initial temperature that might be reached at RHIC [48]. Therefore, any collective motion of charmed hadrons will be a useful tool for studying: (i) charm production mechanism in nuclear collisions: via direct early pQCD-type creation [49] or via later coalescence [50, 51, 52, 53]; (ii) early thermalization of light flavors (u,d,s) in the high-energy nuclear collisions. In the case of thermalization, if coalescence is the dominant process for charmed hadron production, v_2 could be large[51], while it is predicated that the direct pQCD produced charmed hadrons carry small or zero v_2. However, the leakage effect, discussed above, will lead to finite v_2 for J/ψ in non-central collisions[6, 54]. This can be understood transparently: The anormalous suppression of the J/ψ depends on the length that the particle travels throught the medium. Hence more suppression is expected in the out-of-plane direction (y-direction) which leads to finte value of v_2 with positive sign.

In Fig.3 the solid and dashed lines are our results of J/ψ v_2 at fixed transverse momentum p_t = 3 Gev/c at SPS and RHIC. It is clear that v_2 is not zero but finite in mid-central collisions. For very central and very peripheral collisions v_2 approaches to zero due to symmetric anomalous absorption and no anomalous absorption, respectively. The values of v_2 at RHIC are found to be larger than that at SPS due to the fact that the colored medium created at RHIC has larger volume and longer life-time which lead to the stronger leakage effect. If the J/ψ’s are created at hadronization, their minimum-bias v_2 has been evaluated in coalescence model with the assumption of complete thermalization of charm quark with the medium and the assumption of the same maximum v_2 (about 9%) for charm and light quarks[51]. The result is shown in Fig. 4 as a function of p_t and compared with our calculation at fixed impact parameter b = 7.8 fm, at which the v_2 is found to have the maximum. The minimum-bias v_2 which is the average of v_2 over the impact parameter should be less than the maximum. It is clear to see that the maximal v_2 calcu-

FIG. 4: The elliptical flow of J/ψ as a function of pt at RHIC energy. The solid line is the maximal v2 with impact parameter b=7.8 fm calculated in the frame of J/ψ transport, and the dashed line is the minimum-bias v2 (scaled by a factor of 0.1) of the coalescence model with the assumption of complete charm quark thermalization.

lated in the frame of J/ψ transport is less than 10% of that calculated in the approach with full charm quark thermalization [51].

VI. CONCLUSIONS

By combining the hydrodynamic equations for the QGP evolution and the transport equation for the primordially produced J/ψ in the QGP, and considering the anomalous charmonium suppression induced by the gluon dissociation process, we calculated the J/ψ suppression, averaged transverse momentum square, and elliptic flow at SPS and RHIC energies. It is found that the leakage effect reflected in the transport equation and the p_t dependence of the charmonium dissociation cross sections play an important rule in explaining the experimental p_t broadening effect at SPS.

In our transport approach, the main driving force of the elliptic flow is the leakage effect, the J/ψ’s moving in the direction of the long axis of the anisotropic medium are strongly suppressed, but those moving in the direction of the short axis are easy to escape the medium. The inelastic interaction with the medium will transfer collective flow to the charmonium, but the effect is small. Since the primordially produced J/ψ is not thermalized in our transport approach, the calculated v_2 is the low limit of the J/ψ elliptic flow. Any calculation with partial or full charm quark or charmonium thermalization should be larger than this low limit. From the comparison of theoretical calculations in different models with the experimental data, the elliptic flow may be a useful tool to determine which mechanism is the dominant one of J/ψ production, initial pQCD production, coalescence at hadronization, or the mixture of the both.

The possible gain term on the right hand side of the transport equation due to the recombination of c and c̄ in the parton stage will probably enhance the charmonium production at RHIC energy and affect ⟨ p^2_t ⟩ and elliptic flow. These effects are now under consideration.

Acknowledgments: We are grateful to Larry

McLerran and Bin Zhang for the helpful discussions. The work is supported by the grants NSFC10135030,

G2000077407 and the U.S. Department of Energy under Contract No. DE-AC03-76SF00098.

[1] T. Matsui, H. Satz, Phys. Lett. B 178, 416 (1986). [2] M.C. Abreu et al., NA50 Collaboration, Nucl. Phys. A 610, 404c (1996).

[3] J.-W. Qiu, J.P. Vary and X.-F. Zhang, Nucl. Phys. A 698, 571c (2002); Phys. Rev. Lett. 88, 232301 (2002); A.K. Chaudhuri, Phys. Rev. Lett. 88, 232302 (2002).

[4] J.-P. Blaizot and J.-Y. Ollitrault, Phys. Rev. Lett. 77, 1703 (1996).

[5] X.-M. Xu, D. Kharzeev, H. Satz and X.-N. Wang, Phys.

Rev. C 53, 3051 (1996);

[6] X.-N. Wang and F. Yuan, Phys. Lett. B 540, 62 (2002). [7] A. Polleri, T. Renk, R. Schneider and W. Weise, nucl-th/0306025.

[8] A. Capella, A. Kaidalov, A. Kouider Akil and C. Gerschel, Phys. Lett. B 393, 431 (1997).

[9] X.-M. Xu, C.-Y. Wong and T. Barnes, Phys. Rev. C 67, 014907 (2003).

[10] C. Spieles et al., J. Phys. G 25, 2351 (1999). [11] E.L. Bratkovskaya, W. Cassing and H. Stöcker, Phys.

Rev. C 67, 054905 (2003).

[12] R. Vogt, Phys. Rept. 310, 197 (1999).

[13] C. Gerschel, J. Hüfner, Annu. Rev. Nucl. Part. Sci. 49, 255 (1999).

[14] P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490, 196 (2000); Nucl. Phys. A 690, 119 (2001).

[15] M. Gazdzicki and M.I. Gorenstein, Phys. Rev. Lett. 83, 4009 (1999); M.I. Gorenstein, A.P. Kostyuk, H. Stöcker and W. Greiner, Plys. Lett. B 509, 277 (2001).

[16] P. Braun-Munzinger, J. Stachel, J.P. Wessels and N.

Xu, Phys. Lett. B 344, 43 (1995); Phys. Lett. B 365, 1 (1996).

[17] L. Grandchamp and R. Rapp, Nucl. Phys. A 709, 415 (2002); L. Grandchamp, R. Rapp and G. E. Brown, Phys. Rev. Lett. 92, 212301 (2004).

[18] J. Hüfner and P. Zhuang, Phys. Lett. B 559, 193 (2003); Phys. Lett. B 515, 115 (2001); P. Zhuang and X. Zhu, Phys. Rev. C 67, 067901 (2003).

[19] J. D. Bjorken, Phys. Rev. D 27, 140 (1983). [20] P.F. Kolb, P. Huovinen, U. Heinz and H. Heiselberg, Phys. Lett. B 500, 232 (2001).

[21] J. Sollfrank, P. Huovinen, M. Kataja, P.V. Ruuskanen, M. Prakash and R. Venugopalan, Phys. Rev. C 55, 392 (1997).

[22] K. Hagiwara et al. Particle Data Group, Phys. Rev. D 66, 010001 (2002).

[23] P.F. Kolb, U. Heinz, P. Huovinen, K.J. Eskola and K.

Tuominen, Nucl. Phys. A 696, 197 (2001).

[24] C.W. de Jager, H. de Vries and C. de Vries, Atomic Data and Nuclear Data Tables 14, 479 (1974).

[25] U. Heinz and P. Kolb, Nucl. Phys. A 702, 269c (2002). [26] P. Kolb and R. Rapp, Phys. Rev. C 67, 044903 (2003). [27] V. Schneider, U. Katscher, D.H. Rischke, B. Waldhauser and J.A. Maruhn, J. Comput. Phys. 105, 92 (1993).

[28] D.H. Rischke, S. Bernard and J.A. Maruhn, Nucl. Phys.

A 595, 346 (1995);

D.H. Rischke, Y. Pürsün and J.A. Maruhn, Nucl. Phys. A 595, 383 (1995).

[29] M.E. Peskin, Nucl. Phys. B 156, 365 (1979); G. Bhanot and M.E. Peskin, Nucl. Phys. B 156, 391 (1979).

[30] F. Arleo et al., Phys. Rev. D 65, 014005 (2002). Y. Oh et al., Phys. Rev. C 65, 067901 (2002).

[31] T. Barnes, E.S. Swanson, C.-Y. Wong and X.-M. Xu, Phys. Rev. C 68, 014903 (2003) and references therein.

[32] F. Cooper and G. Frye, Phys. Rev. D 10, 186 (1974). [33] G. Borges, (NA50 Collaboration), in Proceedings Quark Matter 2004, Oakland, USA, 2004.

[34] R.G. de Cassagnac, (PHENIX collaboration), in Proceedings Quark Matter 2004, Oakland, USA, 2004. [nucl-ex/0403030] [35] J. Hüfner, Y. Kurihara and H. J. Pirner, Phys. Lett. B 215, 218 (1988).

[36] N. Topilskaia, (NA50 Collaboration), in Proceedings Quark Matter 2002, Nantes(France), July 18-24, 2002.

[37] J.P. Blaizot, P.M. Dinh, J.Y. Ollitrault, Phys. Rev.

Lett. 85, 4010 (2000).

[38] PHENIX Collaboration, S.S. Adler et al., Phys. Rev.

C 69, 014901 (2004).

[39] D. Kharzeev, M. Nardi and H. Satz, Phys. Lett. B 405, 14 (1997).

[40] A.K. Chaudhuri, Phys. Rev. C 68, 024906 (2003). [41] H. Sorge, Phys. Lett. B 402, 251 (1997). [42] H. Sorge, Phys. Rev. Lett. 82, 2048 (1999). [43] J.-Y. Ollitrault, Phys. Rev. D 46, 229 (1992). [44] D. Teaney, J. Lauret, and E. Shuryak, Phys. Rev. Lett.

86, 4783 (2001); idbd, nucl-th/0110037.

[45] P. Huovinen, P. Kolb, U. Heinz, P.V. Ruuskanen, and S. Voloshin, Phys. Lett. B 503, 58 (2001).

[46] J. Adams et al., (STAR Collaboration), Phys. Rev.

Lett. 86, 402 (2001).

[47] C. Adler et al., (STAR Collaboration), Phys. Rev. Lett.

89, 132301 (2002); idbd, Phys. Rev. Lett. 92, 052302 (2004).

[48] F. Karsch, J. Phys. G: Nucl. Part. Phys. 30, S887 (2004) and references therein.

[49] K.J. Eskola, V.J. Kolhinen, R. Vogt, J. Phys. G: Nucl.

Part. Phys. 30, S1171 (2004) and references therein. [50] L. Grandchamp, R. Rapp, and G. Brown, J. Phys. G:

Nucl. Part. Phys. 30, S1355 (2004).

[51] V. Greco, C.M. Ko and R. Rapp, Phys. Lett. B 595, 202 (2004).

[52] A. Andronic, P. Braun-Munzinger, K. redlich, and J.

Stachel, Phys. Lett. B 571, 1 (2003).

[53] R.L. Thews, J. Phys. G: Nucl. Part. Phys. 30, S369 (2004).

[54] H. Heiselberg and R. Mattiello, Phys. Rev. C 60, 044902 (1999).