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Space-momentum correlations in 8 AGeV

Au+Au collisions *
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Abstract Within the RQMD model, space-momentum correlations, i.e. the correlations between final mo-

mentum anisotropy and initial eccentricity, are studied for 8 AGeV Au+Au events classified according to

the multi-particle azimuthal correlations. The results show that the final elliptic flow fluctuations depend on

the initial collision geometry. There are clear space-momentum correlations for nucleons during the whole

dynamical evolution of the collisions.
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1 Introduction

One of the main goals of relativistic heavy-ion col-

lision experiments is to study nuclear matter under

the extreme conditions of high densities and high tem-

peratures, i.e. to learn more about the nuclear equa-

tion of state (EoS) [1–3]. Anisotropic flow is a motion

characterized by space-momentum correlations [4].

There is theoretical evidence that anisotropic flow is

very sensitive to the maximal compression reached in

the early phase of a heavy ion reaction and hence can

provide an important probe for the EoS [5]. However,

the anisotropic flow in the final state represents a time

integral from the initial condition in the overlap zone

to subsequent evolution of the hot matter created in

nucleus-nucleus collisions and one cannot get the EoS

from the flow directly [6]. Recently, event-by-event

elliptic flow fluctuations at RHIC energies have been

found to be correlated with the initial shape of the

system formed in the early stage of the reaction [7–

9]. At low energy, due to the finite number of parti-

cles in an event, one can reconstruct a large event by

putting many events together for the flow analysis.

However, much important information may be lost in

the averaging process.

Sorge has argued that a combination of differ-

ent types of transverse flow observables may allow a

more differentiated investigation of the EoS [5]. Fur-

thermore, anisotropic flow is a collective effect, and

multi-particle azimuthal correlations can reveal new

insights on the space-time evolution of the collec-

tive system [10–12]. In this paper, we will study the

space-momentum correlations in events classified ac-

cording to the multi-particle azimuthal correlations in

8 AGeV Au+Au collisions within the RQMD model

(v2.4, a soft momentum-dependent (SM) mean field

code). A detailed description of the RQMD model

can be found elsewhere [13].

2 Multi-particle azimuthal correla-

tions

Anisotropic flow is commonly characterized by the

Fourier coefficients [14]:

vn = 〈cosn(φ−ψr)〉 , (1)

where φ is the azimuthal angle of the emitted parti-

cles in the laboratory coordinate system, and ψr is

the azimuthal angle of the reaction plane. The angu-

lar bracket denotes an average over all particles in a

given phase space region and over many events. The

first and second coefficients, v1 and v2, characterize

the directed and elliptic flow, respectively.
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One can reconstruct flow vectors ~Qn =

Qn cosnψn~ex+Qn sinnψn~ey using the anisotropic flow

itself for each event in a certain system [11, 12, 15–

17], where the azimuthal angle is in the range of

0 6 nψn < 2π. The observable β = ψ2−ψ1 is the az-

imuthal angle between the elliptic and directed flow

in each event, and the azimuthal correlation function

C(β) can be expressed as [12, 16],

C(β) =A0[1+A12 cos2(β+β0)], (2)

where β0 characterizes the relative direction of the

directed and elliptic flow. The value of β0 is close to

zero, β0 ∼ 0, meaning that the elliptic flow is parallel

to the directed flow which corresponds to the positive

elliptic flow, while β0 ∼π/2 means the negative ellip-

tic flow. The coefficient A12 quantifies the strength of

the azimuthal correlations between the directed and

elliptic flow, and A0 is a normalization factor.

Figure 1 shows the azimuthal correlation function

C(β) for nucleons (protons and neutrons) in 8 AGeV

Au+Au collisions calculated with the RQMD model

at impact parameter b = 6 fm. In this analysis, we

use 50000 simulated events. The vectors ~Q1 and ~Q2

were calculated within the normalized rapidity re-

gions of |(y/ybeam)
c.m.

|> 0.3 and |(y/ybeam)
c.m.

|< 0.3,

respectively. The solid line in Fig. 1 is a fit with

Eq. (2). The fitted results are A12 = 0.185±0.008 and

β0 = 0.016±0.022. This corresponds to the positive

elliptic flow. The fact that the curve in Fig. 1 is

not flat confirms the multi-particle azimuthal corre-

lations between the two components of the transverse

collective motion. It can be seen that the probability

of β ∼ π/2 is not zero in 8 AGeV Au+Au collisions.

Fig. 1. The azimuthal correlation functions

C(β) for nucleons from RQMD calculations in

8 AGeV Au+Au collisions at b = 6 fm. The

solid line is a fit with Eq. (2).

Fig. 1 reveals that there exist azimuthal angle fluctu-

ations in the collisions [12, 16].

3 Elliptic flow fluctuations and initial

spatial eccentricity

In order to gain more insight into the azimuthal

angle fluctuations, we divide the events into different

groups according to the multi-particle azimuthal cor-

relations. The azimuthal correlation function C(β)

is symmetric about β ∼ π/2 between 0 and π, and

the range of 0 to π/2 is divided into six equal in-

tervals. The number of the particles in an event is

finite, so we put the events in the same group to-

gether to reconstruct six large events for the flow

analysis. The elliptic flow v2 for nucleons at mid-

rapidity (|(y/ybeam)
c.m.

|< 0.3) calculated from Eq.(1)

in 8 AGeV Au+Au collisions as a function of the az-

imuthal angle β is shown in Fig. 2. The errors are

statistical only and they are smaller than the symbol

size. For all events, the average value of the elliptic

flow for nucleons at mid-rapidity can be calculated as

follows:

〈v2〉=

∫
π

0

C(β)v2(β)dβ . (3)

The average value of the elliptic flow (〈v2〉= 0.015±

0.001) is positive, which is consistent with experimen-

tal data and theoretical research [18, 19]. The inci-

dent energy, the impact parameter and the EoS are

the same in all events; however, the elliptic flow in

the final state is very different in the six groups and

it is even negative for three groups with β >π/4.

Fig. 2. Elliptic flow for nucleons at mid-

rapidity as a function of the azimuthal angle

β in 8 AGeV Au+Au collisions at b = 6 fm.
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Recent analyses have shown that the final mo-

mentum distribution of particles is imprinted by the

initial geometrical configuration at RHIC energies,

event-by-event, which can be characterized by its spa-

tial eccentricity [7–9]

ε=
〈y2−x2〉

〈y2 +x2〉
, (4)

where x and y are the projections of the participant

particle coordinate in and perpendicular to the re-

action plane, respectively. In the RQMD model the

initial nucleon position in each colliding nuclei is gen-

erated according to a Woods-Saxon distribution [20].

Figure 3 shows the distributions of the event-by-

event initial spatial eccentricity ε for events in (a)

group (0 6 β < π/12) and (b) group (5π/12 6 β <

π/2). N denotes the number of events in the cor-

responding event group. In the calculation of the

initial spatial eccentricity, only those nucleons which

will collide with other particles more than one time

and the rapidity |(y/ybeam)
c.m.

|< 0.75 when they are

frozen out are included [21]. The solid curves in

Fig. 3 are the Gaussian fits. The average values of

the initial spatial eccentricity 〈ε〉 are 0.098±0.001 and

0.066±0.001 for the (a) and (b) group, respectively.

The widths σ of the distributions are 0.088±0.001 and

0.089±0.001 for the (a) and (b) group, respectively.

Fig. 3 shows that the average values are different, and

large event-by-event fluctuations exist for initial spa-

tial eccentricity in both the (a) and (b) groups.

Fig. 3. The distributions of ε for initial partici-

pant nucleons (open squares: (a) group; open

triangles: (b) group) in 8 AGeV Au+Au col-

lisions at b = 6 fm. The solid curves are the

Gaussian fits.

Figure 4 shows the average initial spatial eccen-

tricity 〈ε〉 as a function of the azimuthal angle β in

8 AGeV Au+Au collisions at b = 6 fm. The positive

average values of the initial spatial eccentricity im-

ply that the initial participant zone in the different

β groups is approximately an ellipse, and the spa-

tial density gradients are larger along the short side

(x axis) of the ellipse than along the long side (y

axis), which gives rise to pressure gradients stronger

in-plane than out-of-plane. Furthermore, the average

values of the initial spatial eccentricity in the groups

with β ∼ 0 are larger than those in the groups with

β ∼ π/2, which means that the pressure gradient ra-

tio of in-plane to out-of-plane in the β∼ 0 groups will

be larger than that in the β∼π/2 groups.

Fig. 4. The average initial spatial eccentricity

〈ε〉 as a function of the azimuthal angle β in

8 AGeV Au+Au collisions at b = 6 fm.

4 Time evolution of the space-

momentum correlations

Figure 5 shows the time evolution of the spatial

eccentricity ε for the participant nucleons and the el-

liptic flow v2 for mid-rapidity nucleons in 8 AGeV

Au+Au collisions (b = 6 fm). Here the spatial ec-

centricity is calculated from the coordinates of the

nucleons which participate in the collisions at time t.

The nucleons move on a straight line trajectory af-

ter the last collision. The open circles represent the

results calculated for all events, the open squares for

the (a) group (0 6 β < π/12) and the open triangles

for the (b) group (5π/12 6 β < π/2). Note that only

the statistical errors are given.

From Fig. 5 one observe that the spatial eccentric-

ity ε first increases and then decreases with time. The

dense and hot participant region is gradually formed

from the beginning of the reaction to the maximum

overlap of the projectile and target nucleus. The spa-
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tial eccentricity of the (a) group is slightly larger than

that of the (b) group from the beginning of the reac-

tion during the compression stage, so the expansion

of the (a) group will be a little faster than that of the

(b) group in the subsequent dynamical evolution of

collisions. The transverse expansion will lead to a de-

crease in the system spatial anisotropy and therefore

to an increase in the elliptic flow signal.

Fig. 5. Time evolution of the spatial anisotropy

ε for the participant nucleons and the el-

liptic flow v2 for nucleons at mid-rapidity

(| (y/ybeam)c.m.
|< 0.3) calculated with RQMD

in 8 AGeV Au+Au collisions (b = 6 fm).

The open circles represent all events, the open

squares (a) group and the open triangles (b)

group.

During the compression stage, the longitudinal

kinetic energy is converted into thermal and poten-

tial compression energy. Since the pressure gradients

in the in-plane direction are the largest, there are

more particles preferentially emitted in the reaction

plane than out-of-plane; however, the spectators will

shadow its emission. For all events, there is no visi-

ble elliptic flow from the beginning of the reactions,

and subsequently the elliptic flow reaches saturation

at around 15 fm/c. The time dependence of the el-

liptic flow in the (a) and (b) groups is quite different.

The sign of the elliptic flow generated in the (a) group

is always positive, which corresponds to more parti-

cles in-plane than out-of-plane, and the average spa-

tial eccentricity decreases quickly with time. On the

other hand, the sign of the elliptic flow generated in

the (b) group remains negative, which is associated

with preferential particle emission perpendicular to

the reaction plane, and the average spatial eccentric-

ity decreases slowly with time. There are clear space-

momentum correlations during the collective expan-

sion of the system.

5 Conclusion

In this paper we have investigated the space-

momentum correlations in events classified accord-

ing to the multi-particle azimuthal correlations be-

tween the directed and elliptic flow for Au+Au col-

lisions at 8 AGeV within the RQMD model (v2.4,

SM mean field code). The results show that the el-

liptic flow fluctuations depend on the initial geomet-

rical configuration. On average, the sign of elliptic

flow for nucleons is positive in 8 AGeV Au+Au colli-

sions; however, it remains negative in the (b) group of

events during the whole dynamical evolution of col-

lisions. The initial spatial eccentricity and the col-

lective transverse expansion of the system affect the

particle azimuthal distribution in momentum space,

and space-momentum correlations develop.
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