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Final conditions in high energy heavy ion collisions
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Motivated by recent experimental observations, we discuss the freeze-out properties of the fireball created in
central heavy ion collisions. We find that the freeze-out parameters, tempeFaand velocity gradient near
the center of the fireball are similar for different colliding systems and beam energies. This means that the
transverse flow is stronger in collisions of heavy nuclei than that of light §&€£56-28189)06205-9

PACS numbegs): 25.75.Ld, 25.75.Dw, 24.10.Lx

The system that is created in relativistic heavy ion colli- [v1(0)]"*  hydrodynamical length
sions can have both longitudinal and transverse expansion Ja = ransverse radius 4

(see, e.g.[1]). In order to study the hadronic experimental
data[2,3], one needs a description of the final stage of col- ] ) o
lisions. At the region near midrapidity the boundary effect, FO Very intensive relativistic transverse flowss;~0. On the
due to the finite length of the hydrodynamic tube in the lon-Other hand, f_on%_l we have nonrelativistic transverse flows
gitudinal direction, can be neglectéd]. Then it is possible @nd Eq.(3) simplifies to
to use Bjorken’s model for longitudinal expansian:=z/t.
The same quasi-inertial flow is inherent to the Landau model p(x)xexp(—r2/2R%), 6)
at the freeze-out stadé,6]. In this approach, the parameter
r=t?— 7% was introduced to describe the proper time of theprovided thatyr(r)<1.
expanding system. For transverse expansion, we will use a Using the saddle point approximation, we have obtained
rather general picture proposed in R@f] where, due to the from Eq. (1), for m;8>1, my=m?+ pT2 [7]:
cylindrical symmetry in the transversaldirection, one has
v1(r=0)=0 while the derivative of the transverse velocity d?N
near the center of the fireballk(r=0)#0. The transverse mrdmydy
velocity increases monotonously as a function of radius
_The single particle spectra in a pure hydrodynamic picturgyhere transverse velocity at the saddle poifg) is
without resonance decays are expressed by the integral of the
Wigner function over the freeze-out surface: o o Bp
_ T
vr=tanhy(r(p))=

xg~ (Bmr+a)(1-v])? 6)

@)

d®N Bmi+a’
0 —
0" = [ da,prtixp) ® - | |
d°p Such an approximation is correct in the region where the
_ _ hypersurfacer(r) is smooth:|d7/dr|<1. Actually, we will
The Wigner function f(x,p)="fu(x,p)p(x), where ;56 our approximation in the region where the freeze-out
fin(X,p) is the local thermal d|str!but|on fun_ctlon with a tem- hypersurface is a spacelike ofdz/dr|<1. In most models
perature parameteir=1/3, chemical potentiajt, and four-  (see e.g[9]) the final transverse size of this region is larger
velocity field u(x) than half of the radius of an initial hydrodynamical tube. The
majority of particles are emitted just from this dense area.

f(X,p)= (2j+1) 1 , ) The problem of describing the freeze-out stage for other par-
(2m)? exd Bp*u,(x)—Bur]+1 ticles is server(see, e.9.[10]) because the correspondent
, part of the hypersurface nee= Ry (at an early stage of the
and the function evolution is time like. We do not consider this problem here
w and will apply the expression in E¢6) for all particles. No
p(x)ocex[{—[u(r YU —u(0y ) 7]? big errors are expected in this approach since the experimen-
2 tally observed transverse momentum distributions are all ex-
—exp{ — a[coshy{(r)—1]} 3) ponential in shape and the variation in local slope parameter

as a function ofpr is small[11,12.
is introduced to describe the finiteness of the relativistically ~Within the model described in Eg&l)—(3), the transverse
expanding system in the transverse direcfidh Note that momentum distributiori6) is not very sensitive to the details
the form of the transverse rapidity;-dependent density is Of the velocity profile; see Ref7]. In the region where
similar to one used in Ref8]. In Eq. (3), y, andy+ are the )
longitudinal and transverse rapidities, respectively, artr1/ M M<< (Bm+a) )
is the intensity of the transverse flows: T 2Ba
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200 TABLE |. Experimental transverse velocity intensity and
- sideward radius parameters for different colliding systems. Error
> i 1 bars are statistical only. Note that for the AGS energies, the size
g + + parametersRg is taken from two-dimensional fits assuming that
= LN S e S *‘ -------- ] Rr=Rs. All size parameters are obtained with a cpt
[y i | =0.2 GeVk.
100 ] System a Rg [fm]
— p+Au Si+Al Au+Au p+p S+S Pb+Pb [
p+p[11] 0.01+0.11 0.8£0.2
o = 1 S+S[11] 0.26+0.10 2.9-0.2
— i 1 Pb+Pb[11] 0.39+0.12 5.x+04
9 02 | ] Si+Al [21] 0.29+0.12 2.56-0.17
> Si+Au [21] 0.30+0.12 2.4-1.1
[ e +* ---------- e Au+Au [22] 0.42+0.11 3.57:0.52
° | | | | L]

Colliding System

In our approacrﬁT is the Gaussian-like radius of a decaying

system. We assume tha{ depends o\ only. It means that

. in the same collision®t is unique for different particle spe-
gradient(bottom calculated ar~0 for T=145 MeV. The set of . — . .
data for this calculation is taken from the references listed in Tabl&1€S- The value oRy is connected to the so-called sideward
I interferometry radius, [14] which is obtained from the fit
of the experimentally measured two-particle correlation
functions in the sideward direction. Wher= Bp+/(B8my
+a)<< 1 (nonrelativistic approximationit can be shown
that onlyv1(0) has an influence on the interferometry radii
(9) and the details of the transverse velocity profile(r)
=tanhy(r) are not importanf7,15].? Within this approxi-
mation [7,15], the Gaussian transversal sideward radius is
connected tdRy by

FIG. 1. The freeze-out temperatuffe(top) and flow velocity

one has the relationship

(B + ) (1-03) 2 B+ o+ LT

Therefore we can simplify Eq6) as

2
%A,efﬁeﬁ(mfm), (10
mrdmedy R\ —
Rt BmT+a_RS(pT)' (13

Thus, with experimental data CRS(pT_), and 8 and «

(11) extracted from single particle spectra, tRe can be readily
extracted. To minimize the influence of the resonance de-
cays, the interferometry radius for every analyzed particle

This equation connects the slope of the transverse mass spegsecies has to be measured at the point wipgrés large

tra with the intensity of transverse flows. The intensity ofengugh. On the other hand, in order to provide the validity of

transverse flows, e, is defined by the Eq4) and does not  the nonrelativistic approximation and the correctness of the

depend onm. However, it depends on the nucleus atom'ccondition(S), the value ofpr should be limited tQTT<1.

numberA. Using the experimental data, listed in Table I, and fixing

The analysis of the_ experime_ntally measurgd slope parampe optimal value of temperatuiie=145 MeV from the top
eters [Ter) asda fUQCt'on r?f pz;rtu;le magd1] with two P38~ plot of Fig. 1, we evaluate the velocity gradient at the center
rametersT anda shows that t e reeze-ou'g t_emperatm’res of the fireball. The results of the fit are shown in the bottom
approximately constant for dnfferent colliding syste_m_s atplot of Fig. 1. There are several interesting points needed to
beam energy=10A GeV (see Fig. 1, top plot Hence itis o qyressed here. First, the value of the intrinsic temperature
natural to conclude that the physical condition near the CeNt seems to be a constaftop plot of Fig. 1. It does not
ter is also the same for different colliding systems; i.€..qepend on the size of the colliding system. Furthermore, for
vr(0) is constant. From Ed4) we obtain collisions at AGS energies (11-B5GeV/c) and SPS ener-

gies (158-20@ GeVi/c), this parameter is approximately

with!

m
1/Beff: Tef‘f: T+ ; .

vi(0)=(aR}) 12 (12)

2Assuming the validity of this approach, we found that, even for
The linear dependence of the slope parameter of the transverske heaviest colliding system P#Pb[11], «=6.57 andv1=0.32.
momentum distributions on particle mass was obtained early foirhese values were obtainedmt~ 0.5 GeV, the measured highest
spherically symmetric nonrelativistic expanding systems in Refpair momentum region. For smallgr and lighter colliding sys-
[13]. tems, this assumption works better.
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the same. Second, the valug(0) is also close to a constant, ues fore from Table | we find that, in the approximation of
being calculated at the constahtsee the bottom plot of Fig. Ed. (16), the averaged values of the transverse velogity)
1). are 0.42 and 0.38 for Pb+Pb and S-S central collisions,

It has been noted that the temperature is limited for colli-respectively. Formally the averaged velodfiy) is consis-
sions at beam energies larger thai1GeV (Fig. 2 of Ref.  tent with zero forp+ p collisions although the application of
[11]). One should note that, although we do not observe &he thermal model for such collisions remains an open ques-

difference inv'T(O) between the collisions at AGS and Spstion. At the freeze-out surface, the effective slopes of spectra

energies, it is quite possible that at lower beam energies orf@" d_ifferent colliding systems and differgnt mass particle
gets somewhat different values. The saturation of the freez&P€Ci€S can be presented by the nonrelativistic average trans-

out temperature might reflect the limiting temperature hy-Verse hydrodynamic velocity:

pothesis pointed by Hagedorn some years Fif17. On

the other hand, the constant behavior of the velocity gradient 2

near the center of the fireball is a new result yielded by the Ter~=T+ —m{v7)2. a7
present study. It clearly shows that at the final stage, the &

freeze-out conditions are approximately the same for differ-

ent sizes and different beam energies of the collisions. ThRjote that factor of 2+ appears due to the cylindrical sym-
constant transverse velocity gradient actually means thahetry of the expanding systems.

both the averaged transverse velocity and flow intensity are The merit of this equation is that by fitting the measured
proportional to the size of the colliding nuclei. Indeed, theg|ope parameter as a function of particle mass, one can sepa-
average transverse hydrodynamic velocity that can be calCyate the collective motion from the thermal motion. There-

lated using the final distribution functiof) is fore, the intrinsic freeze-out temperatifend averaged col-
lective velocity(vt) can be readily extracted from the data.
d30/0°) (d ro-(X) (X, The measured slope parameters of pions, kaons, and protons
(vy)= I psp )fo 7P () T(x,P) [11] seem to obey the linear mass dependence as given by
J(d*p/p”)fdo,p*f(x,p) Eq. (17). One new finding from this study is the linear tie of

the averaged transverse velodjty;) with the radiusR; see

Eqg. (16). It is worth mentioning that hydrodynamic argu-
ments for the behavior of the slope parameter as a function
of a particle mass are valid as long as the considered particle
species remain a part of the fireball and hence are participat-
For 7(r)=const at the freeze-out hypersurface we can getng in the frequent rescatterings. For those particles with a

_Jda,u (x)p(x)vr(x)

(14
Jdo,u#(x)p(x)

from Eq. (14), high probability of destruction, such a description is not
valid anymore. It is possible that those particles freeze out

[tanhy(r)coshy(r)exfd — a coshy(r)]rdr earlier than the other hadrons which participate in the evolu-

(vr)~ Jcoshy(r)exy — « coshy(r)]rdr . tion of the system longer. They do not have enough time to

(15) acquire a common collective velocity and hence the corre-
sponding slope parameters could be smaller than those pre-
. . . . ) o dicted by Eq.(17). Indeed, the recent preliminary results
Using the saddle point approximation, in the limit @¥>1,_ reported by WA9718] and NA49[19] show such deviations
one can show that the average transverse hydrodynamic vgs, hyperons, particularly for the particle[20]. In order to

locity is understand the dynamics involved for those particles, one
has to take the collision rate for the individual considered
fexp(— r2/2§-2r)r2dr particle into account.

(vr)~v1(0) = In summary, using a thermal model we analyzed the re-
Jexp(—ro/2Ry)rdr cent experimental data from heavy ion collisions. We found

that the freeze-out temperatufeand velocity gradient at the

p= o p= center of the fireball+(0) can be simultaneously constants
~ \@u}(O)RF Crs (16)  for all colliding systems aEpe,> 10A GeV.
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