−

∗

∗

[ ]

41 ∞

−

2

2

Y eq Y

Abstract.

Georg Wolschin

EUROPHYSICS LETTERS

∂ R Y , t

∂ t τ

∂

∂ Y

Y Y R Y , t D

∂

∂ Y

R Y , t .

Eur ophys. L ett.

Universit¨ at Heidelb er g, D-69120 Heidelb er g, Germany

P ACS. 25.75 q – Relativi sti c heavy-ion colli si ons.

P ACS. 24.60.Ky – Fluctuatio n phenomena.

P ACS. 24.10.Jv – Relativi sti c mo dels.

– Rapidi ty sp ectra for protons at SIS-, AGS- and SPS-energies are analyzed within a

Relativi sti c Diffusi on Mo del. At low b eam energies of 1.06 A GeV rapidity diffusi on co efficients

are related to the corresp ondi ng relaxation times via a weak-couplin g dissip ati on-flu ctuati on

theorem. At higher energies progressivel y larger deviatio ns are found, rising to ab out an order

of magnitude at SPS-energies.

( ) Email: georg.wolschin @urz.uni -hei del b er g.de

Typ eset using EURO-T

E

X

April 1999

, (6), pp. 1- (1999)

( )

(received 18 August 1998; accepted )

In relativistic heavy-ion collisions the observed particle rapidity sp ectra are significantly

broader than isotropic thermal distributions [1]. The discrepancy increases from SIS via AGS

to SPS energies. The origin of the broad distributions has often b een attributed to collective

expansion of an equilibrated source. However, it has b een suggested [2] that thermal equilib-

rium may not b e attained during the short interaction time, and that the broad distributions

could essentially b e due to the nonequilibrium prop erties of the relativistic system.

Since phase-transition scenarios to a deconfined quark-gluon phase are based on the im-

plicit assumption that at least a substantial part of the system thermalizes, it should b e

investigated carefully if this is actually the case, or whether the av ailable data can b e un-

dersto o d consistently with the help of nonequilibrium pro cesses . In this work, the v alidity

of a dissipation-fluctuation theorem in relativistic collisions is tested. Such a theorem is an

imp ortant ingredient of a nonequilibrium- statistical description.

A very general description of relaxation pro cesse s in nonequilibrium systems is provided by

the F okker-Planck equation (FPE) [3]. In particular, it has b een shown that proton rapidity

distributions can b e suitably describ ed on the basis of a linear F okker-Planck equation as

outlined in the Relativistic Diffusion Mo del (RDM) [2]

( )

=

1

( ) ( ) + ( ) (1)

∼

−

−

∞

−∞

∞

−∞

−

[ ( )]

( )

∫

[

∫

( )

( )

]

EUROPHYSICS LETTERS

2 2

2

+

1 1

1

2

+

2

1

1

Y Y

int Y

int Y

p

Y p Y

eq th

th

Y

Y

T

p p p p

p p

p p

p

Y p

T

p

th p

th

cm

T

p

p p

T T

T

T p

p

p τ D

τ /τ

τ D

T

D T /τ

R R

D

π τ c m T

T

m

T

m m

T

.

τ m c

R T

R Y d Y

Y y /y y

c y

m T χ y χ y

χ y dy

χ y

T

m y

.

y

T

δ

The relaxation time and the rapidity diffusion co efficient determine the time evolution

of the rapidity distribution. Rapidity sp ectra calculated from eq.(1) dep end on with

the interaction time , and . The interaction time may b e taken from analyses of

the data or from theoretical - preferably dynamical - mo dels. Here I use impact-parameter

dep endent v alues from [4] which are prop ortional to the numb er of participants and have

provided consistent descriptions of transverse energy distributions. These v alues are larger

than freezeout-times from other analyses [1], but definite results are not yet av ailable. However,

future precise determinations of interaction times will simply lead to a rescaling of the transp ort

co efficients. Hence, time rescaling do es not affect the v alidity of the present analysis.

In a weak-coupling situation (where the duration of a single interaction is smaller than the

time b eween two subsequent collisions), the transp ort co efficients are related to each other

through the temp erature of the thermal equilibrium distribution. Whereas the usual form

of the Einstein relation for momentum-like v ariables is in the theory of Brownian

motion, the sp ecial form of the thermal equilibrium distribution in rapidity space induces

a mo dified result. Even without detailed consideration of the microscopic structure of the

system, this relation has b een derived in [2] from the requirement that the stationary solution

of the FPE agree with the isotropic thermal equilibrium distribution in Y-space

=

1

2

1 + 2 + 2( ) exp

2

(2)

F or a given equilibrium distribution, the rapidity diffusion co efficient is then determined by

the dissipative constant . The proton mass is , and ensures that the corresp onding

thermal distribution function is normalized to 1 for each temp erature

( ) = 1 (3)

with the normalized center-of-mass rapidity = 2 and the pro jectile rapidity . This

yields

=

2

1 + 2 ( ) + 2 ( ) exp

1

( )

(4)

with

( ) =

cosh ( )

(5)

At fixed incident rapidity , the diffusion co efficient displays the exp ected b ehavior, namely ,

it rises with increasing temp erature of the corresp onding equilibrium distribution as in the

Einstein relation; the rise is almost linear with .

The dissipation-fluctuation theorem may

, however, b e violated in relativistic collisions where

the coupling is strong and a large amount of energy resides in the interaction. Hence, I

investigate in this work the v alidity of eq.(2) in relativistic systems from SIS to SPS energies.

F or participant protons, -function initial conditions lead to sup erp osed Gaussian solutions

of the FPE which - together with the corresp onding interaction times for central collisions -

provide analytical results for the rapidity sp ectra as outlined in [2]. Adjusting the rapidity

T

y

E p

beam

G. WOLSCHIN: TEST OF EINSTEIN RELA

TION

1 relaxation time to the data and calculating the rapidity diffusion co efficient from eq.(2) with the

temp erature of the corresp onding equilibrium distribution taken from other sources (such

as hadron abundancies), mo del results for the rapidity density distributions are obtained.

Comparing these results to the data from SIS via AGS to SPS energies, I have tested the

v alidity of the Einstein relations. At SIS-energies, the light Ni + Ni - system provides data

in the range 1.06 - 1.93 A GeV [5]. With the weak-coupling v alue of the rapidity diffusion

co efficient from eq.(2) the data are well repro duced at the lowest energy

, as shown in the upp er

part of fig.1 (solid curve). Here, the dashed curve is the thermal equilibrium distribution with

a temp erature of 79 MeV (normalized to 38 protons). The thermal distribution is clearly

to o narrow to fit the data. In the relativistic diffusion mo del, the data find their natural

explanation in terms of nonequilibrium contributions (incomplete stopping) as describ ed via

the solution of the FPE. The transp ort co efficients can b e found in table 1.

At this low energy

, the ratio of the interaction time for central collisions to the rapidity

relaxation time is ab out 1, indicating that the system is indeed not very far from equilibrium

in rapidity space. Although this is also true at the slightly higher SIS-energies of 1.45 A GeV

and 1.93 A GeV, the rapidity diffusion co efficients that allow to fit the data (fig.1) start to

deviate from the v alues derived via the dissipation-fluctuation theorem by factors of 1.4 and

1.6, resp ectively

, as illustrated in fig.2.

This deviation from the weak-coupling b ehaviour b ecomes more pronounced at AGS-

energies. Here, the discrepancies b etween thermal distributions (dashed curves) and data

are very dramatic, fig.3. The solutions of the FPE represent the exp erimental results quite

accurately

. In case of the light Si + Al system, the nonequilibrium character is particularly

evident through the dip in the rapidity sp ectrum, which reflects the initial situation at t=0 and

app ears to p ersist even for central collisions. The rapidity diffusion co efficients that represent

the data deviate from the v alues obtained via the dissipation-fluctuation theorem by factors

of 3.3 and 3.7 for Si + Al and Au + Au, resp ect ively (table 1).

This violation of the dissipation-fluctuation theorem b ecomes even larger at SPS-energies.

Since the transp ort co efficients dep end on the mass and mass asymmetry of the system as well

as on the av ailable energy ([2],[4]), systems of the same (or at least very similar) mass and

mass asymmetry should b e compared when investigating the dep endence on incident energy .

Data for the symmetric Au + Au system are av ailable at SIS [7] - and AGS [6] - energies,

whereas Pb + Pb - data [8] are used for the comparison at SPS - energies [2]. Here, eq.(2) is

violated by a factor of 9 (corresp onding to a factor of 3 in FWHM).

The results for the rapidity transp ort co efficients are shown in fig.4. The relaxation time

drops monotonically from SIS to SPS energies (upp er part). F or the heavy Au + Au (or Pb

+ Pb) system, the v alues of the rapidity diffusion co efficient calculated from the dissipation-

fluctuation theorem do not dep end much on incident energy (lower part) b ecause the inverse

prop ortionality to the (dropping) relaxation time is comp ensated by the shrinking width of

the corresp onding thermal equilibrium distribution in Y-space with increasing incident rapidity

. However, the diffusion co efficients that are required to fit the data are seen to rise from

SIS-energies, where the v alue from eq.(2) gives a reasonable representation of the data at 1.77

A GeV/c ( = 1.06 A GeV), via AGS- to SPS- energies, where clear violations of eq.(2)

are observed.

This conclusion is not affected by the present uncertainties in the interaction times that enter

the mo del calculation, b ecause rescaled v alues of the interaction times (and corresp ondingly

, of

the rapidity relaxation time, keeping the ratio constant) would mo dify the diffusion co efficients

according to eq.(2), but maintain the v ariances. Hence, the violation of the dissipation-

fluctuation theorem in Y-space with increasing energy o ccurs indep endently of a detailed

description of the dynamical b ehaviour, it is a consequence of the nonequilibrium-statistical

4 EUROPHYSICS LETTERS

prop erties of the system.

In transp ort descriptions of heavy-ion collisions at non-relativistic energies, one has tried

to pin down a violation of the Einstein relations using v arious macroscopic v ariables (distance

b etween the two center-of-mass, mass asymmetry

, deformation). In spite of detailed theories

[9], no comp elling evidence was found for such a violation when comparing with data. F or the

rapidity v ariable at relativistic energies, however, the evidence is quite straightforward.

It would b e interesting to investigate in more detail the origin of this effect in relativis-

tic collisions. Whereas it could b e due to the strong-coupling b ehaviour that leads to an

increase of the diffusion co efficient ab ove the v alues that I have obtained from eq.(2), a

rapid collective expansion of the system (b efore thermal equilibrium is attained) also leads

to broader distributions and hence, could cause an artificial enhancement in the diffusion

co efficients that are used to represe nt the data. The enhancement might eventually also b e

due to non-equilibrium quark-gluon plasma formation prior to hadronization. Developing

unambiguous tests to discriminate these p ossibilities is very challenging.

***

I am grateful to N. Herrmann for providing SIS-results, and to J.P . W essels for AGS-data.

***

− − − −

T able I.

τ D

p

T D D

p y τ τ /τ T D D

Y Y

L

p Y th

Y

L Y int Y p th

Y

Y

G. WOLSCHIN: TEST OF EINSTEIN RELA

TION

1

4 1 4 1

R elaxation times and r apidity diffusion c o efficients at SIS-, AGS- and SPS-ener gies.

The incident momentum p er p article is , the temp er atur e of the thermal e quilibrium distri-

bution [1,5,7] . The fit values of the diffusion c o efficients exc e e d the values obtaine d

fr om the Einstein r elation at the higher ener gies.

REFERENCES

[1] Pro c. Quark Matter 1996, Heidelb erg, Nucl. Phys. A 610 (1996).

[2] G. W olschin, Eur. Phys. J. A 5 (1999) 85.

[3] N.G. v an Kamp en, Phys. Bl. 53 (1997) 1012.

[4] G. W olschin, Z. Phys. A 355 (1996) 301.

[5] B. Hong et al., Phys. Rev. C 57 (1998) 244.

[6] E 814 Collab., J. Barrette et al., Z. Phys. C59 (1993) 211;

E 814 Collab., J. Barrette et al., Phys. Rev. C50 (1994) 3047;

E 877 Collab., J. Barrette et al., Nucl. Phys. A 610 (1996) 153c.

[7] FOPI Collab., N. Herrmann et al., Nucl. Phys. A 610 (1996) 49c.

[8] NA49 Collab., S.V. Afanasiev et al., Nucl. Phys. A 610 (1996) 76c.

[9] H.A. W eidenm ¨ uller, Prog. Part. Nucl. Phys. 3 (1980) 49.

System

(GeV) (fm) (MeV) (10 fm ) (10 fm )

Ni + Ni 1.77 1.388 360 1.03 79 4.7 4.7

2.20 1.586 310 1.02 84 4.4 6.2

2.71 1.782 290 0.95 92 4.1 6.5

Si + Al 14.6 3.44 60 0.80 140 7.8 26.0

Au + Au 1.77 1.39 1100 1.14 80 1.6 1.6

Au + Au 11.4 3.19 370 1.08 130 1.4 5.1

Pb + Pb 157.7 5.83 134 0.81 160 1.4 12.4

EUROPHYSICS LETTERS 6

Figure Captions

FIG.1.

FIG.2.

FIG.3.

FIG.4.

Rapidity relaxation of participant protons in central relativistic Ni + Ni- collisions

at SIS- energies. FOPI data [5] are reflected ab out midrapidity

. The dashed curves

are thermal equilibrium distributions, solid curves are nonequilibrium results of the

Relativistic Diffusion Mo del. At the lowest energy

, the rapidity diffusion co efficient

is obtained from the dissipation-fluctuation theorem, at the higher energies enhanced

v alues are used to fit the data.

Dep endence of the rapidity diffusion co efficients on incident momentum p er particle

in Ni + Ni reactions at SIS energies. The fit v alues deviate from the results of the

dissipation-fluctuation theorem at the higher momenta. The lines are drawn to guide

the eye.

Rapidity relaxation of participant protons at AGS energies (cf. table 1). The Au

+ Au data and part of the Si + Al data [6] have b een reflected ab out midrapidity .

Isotropic thermal equilibrium distributions (dashed curves) are to o narrow to fit the

data. Agreement is achieved through the nonequilibrium solutions in the RDM, solid

curves. The fit v alues of the diffusion co efficients exceed the ones obtained from eq.(2).

Dep endence of the rapidity relaxation time and the rapidity diffusion co efficient on

the incident mom entum p er particle in the energy-range from SIS via AGS to SPS. The

v alues of the diffusion co efficients as derived from fits to Au + Au and Pb + Pb data are

significantly larger than results from the dissipation-fluctuation theorem at the higher

energies. Lines are drawn to guide the eye.