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Attention is drawn to the role played by the size of the system in the thermodynamic analysis of particle
yields in relativistic heavy ion collisions at SIS energies. This manifests itself in the nonlinear dependence of
K* and K~ vyields in AA collisions at (1-2A GeV on the number of participants. It is shown that this
dependence can be quantitatively well described in terms of a thermal model with a canonical strangeness
conservation. The measured particle multiplicity raties”(p, = /#*, d/p, K*/#*, andK*/K~ but not
»l 0 in central Au-Au and Ni-Ni collisions at (0.8—2.8) GeV are also explained in the context of a thermal
model with a common freeze-out temperature and chemical potential. Including the concept of collective flow
a consistent picture of particle energy distributions is derived with the flow velocity being strongly impact-
parameter depende§0556-28189)01003-1]

PACS numbdss): 25.75.Dw, 12.38.Mh, 24.10.Nz, 25.75.Gz

. INTRODUCTION My + d%p Ex
ne o = o[ e -7
It was pointed out by Hagedofri] some thirty years ago
that thermal models overestimate the production of anfi-He d®p Ex
in proton-proton collisions by seven orders of magnitude toaV Wex%_T 13

when the grand canonical ensemble is used in its standard

form [2]. The reason for this is that when the number ofsince the strangeness must be balanced either by an antikaon

particles as well as the interaction volume are small one hasr by a hyperong; are the degeneracy factors akg the

to take into account the fact that the production of ant®-He particle energies. This leads to a linear dependence o€ the

must be accompanied by the production of another thredensity on the size of the system. Such a dependence has

nucleons with energyey in order to conserve the baryon indeed been observed by the KaoS Collaboration Kor

number. Thus, the abundance will not be proportional to thenesong13,14.

standard Boltzmann factor given by In this paper we would like to explore this idea in detail.
This volume dependence can now be tested for the first time
by considering the data on impact parameter dependence

n~ex;{ _ m_ﬁy (1.1) which are now becoming available.

He T ' In Sec. Il we review the thermal model with special em-
phasis on the canonical corrections due to the exact conser-
vation of quantum numbers. In Sec. Il we present a com-

but to parison with the experimental data from SIS. One part is
devoted to a systematic study of central collisions of various
systems, another part to a detailed investigation of the

3 3
Wexr{ B m:;) Vv (2753 ex;< _ E” (1.2 impact-parameter dependence. The last section is devoted to

T a discussion of our results.

. " . Il. CONCEPTS AND PREDICTIONS
since three additional nucleons must be produced in order to

conserve the baryon number. This suppresses the rate and The exact treatment of quantum numbers in statistical me-
introduces a cubic volume dependence. The original preserhanics has been well established for some time [f&@wit is
tation of Hagedorn has been considerably developed and ek general obtained by projecting the partition function onto
panded in Refd3-11]. the desired values of the conserved charges by using the

Recently it has become clear that a similar treatmengroup theoretical method$or a review see e.q47]). For our
should be followed for strangeness production in the GSlpurpose we shall only consider the conservation laws related
SIS energy rang€l2]. This is not only due to the fact that to the Abelian W1) symmetry group. In this case the formal-
the size of the system is small but mainly because the terrism is particularly simple and leads to the following form of
perature is very low and particle numbers are small. Thehe canonical partition function for a fixed value of the con-
abundance oK™ mesons is then given by served charg®:
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1 (2= o be done analytically giving the canonical partition function
ZQ:%J dpe '9Z(T,V,¢), (2.1)  for a gas with total strangeneSsin the following compact
0 form [10]:
wher_eZ is obta@ned from the_grand canoni¢@C) partition Z(TV, g, 10) =Zo(T,V, g, o) s(X), (2.6)
function replacing the fugacity parameteg by the factor
e'?, whereZ,=expNs-¢) is the partition function of all particles
_ _ having zero strangeness and the argument of the Bessel func-
Z(TV,¢)=Z°%(T,V,\q—€?). (2.2 tion
The particular form of the generating functi@rin the above X=2V$S 3 2.7

equation is model dependent. Having in mind the applica-

tions of the statistical description to particle production inWith S.3=Ns_ .. . o _
heavy ion collisions we calculat in the ideal gas approxi- The c_aICl_JIatlon_ of the particle density in the canonical
mation, however, including all particles and resonancegormulatlon is straightforward. It amounts to the replacement
listed in[15]. This is not an essential restriction, because,
describing the freeze-out conditions, we are dealing with a

d|Iut_e system v_vhere the interactions should not mfluenc%f the corresponding one-particle partition function in Eq.
particle production anymore. We neglect any medium eﬁect§2.4) and taking the derivative of the canoni¢gl) partition

on particle properties. In general, however, already in th . . . . .
low-density limit, the modifications of resonance width or‘?unctmn equation2.1) with respect to the particle fugacity
k

particle dispersion relation, in this particular far and
[16,17, cannot be excluded. For the sake of simplicity, we P
use classical statistics, i.e., we assume temperature and den- ne=\=—In Zgo(Ny) . 2.9
sity regime so that all particles can be treated using Boltz- Ik Ae=1

mann statistics.

In nucleus-nucleus collisions the absolute values of As an example, we quote the result for the density of
baryon number, electric charge, and strangeness are fixed liyermal kaons in the canonical formulation assuming the to-
the initial conditions. Modeling particle production in statis- tal strangeness of the systess 0,
tical thermodynamics would, in general, require the canoni-
cal formulation of all these quantum numbers. From the pre- c
vious analysi$12], however, it is clear that only strangeness Nk
should be treated exactly, whereas the conservation of bary-

onic and electric charges can be described by the appropria . .
chemical potentials in the grand canonical ensemble. &%mpanng the above formula with the result for thermal

L : c
Within the approximations described above and neglectk@ons density in the grand canonical ensemhig,

(71 :
ing the contributions from multistrange baryons, the gener-=(Zx/V)exp(us/T), one can see that the canonical result can
ating function in Eq(2.1) has the following form for a gas b€ obtained from the grand canonical one replacing the

Zis>NZi (2.8

Zx S (%)

= 2.1
\ S]_S,l IO(X) ( @

having zero total strangenes=0: strangeness fugacitys=exp(us/T) in the following way:
_ AN etiN. e S, 1%

Zg(T,V,uq,mp,¢) =€XP(Ns—o+Ns—1'?+Ng_ 1€ (2):3) nC=nS% g 1 1 . (2.19)
' $,S_; lo(X)

whereNg_q -, is defined as the sum over all particles and

resonances having strangeness D, In the thermodynamic limit both the canonical and the grand

canonical formulation are equivalent. For a small system,
however, the differences are large. This can be seen in the
NS:Qﬂ:Z Z& (2.9 most transparent way when comparing two limiting situa-
K tions: the large and small volume limit of E(R.10. In the
thermodynamic limitv— o the argument of the Bessel func-

andZ; is the one-particle partition function defined as tion x—. thus

Vo
Zi= 5T KoMy T)ex bt + ) (2.9 im :;Ez;_& (2.12
X— 00

with the massm,, spin-isospin degeneracy factgy, the
particle baryon numbdp,, and electric chargg, . The vol-
ume of the system i¥ and the chemical potentials related
with the charge and the baryon number are determined b
Mo and ug, respectively. LX) X

With the particular form of the generating function equa- lim =~ _, 2 (2.13
tions(2.3), (2.4), and(2.5) the ¢-integration in Eq(2.1) can o lo(X) 2

and the kaon density is independent of the volume of the
system as expected in the grand canonical ensemble. On the
9ther hand in the limit of a small volume we have
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' ' | : low the resonance mass. One therefore replaces the one-
ST . particle partition function in Eq92.4) and (2.5 by

. Vg
L & SPS / | ZR:NﬁTqubkMB“‘QKMQ)

1 mgl'g
7 (s—ma)2+mal'a’

- / 1 X f T ds ske(yS/T)

|l o Ni-Ni 1.8A GeV / B min

sl o Au-Au 1.0 Gev ¢ ] (2.19

- < Ni-Ni 0.8A GeVy - wheres,, is chosen to be the threshold value for resonance
/ decay andysy., Mg+ I'g. The normalization constait is
i / i adjusted so that the integral over the Breit-Wigner factor
- / - gives one.
/ Within the above model, the particle densities depend on
. & . , fo_ur parameters: th_e (_:hemical potentialg, andug , related
: | | ! with the (GC) description of charge and baryon number con-
10 10 10 10 servation, the temperature and the initial volume of the
0 i system appeari_ng through the canonical treatment of strange-
part "s=Is=-1 ness conservation. Constraints on these variables arise from
the isospin asymmetry measured by the baryon number di-
vided by twice the chargd3/2Q. For an isospin symmetric
and the particle density is linearly dependent on the volumeSyStem this ratio is simply 1, for NiNi it is 1.04, while for

It is thus clear that the major difference between the canoni’—b‘mLAu this ratio is 1'.25' .
We are thus left with three independent parameters. For

cal and the grand canonical treatment of the conservation, ™"~ : ) > .
laws appears through different volume dependence opimplicity, the volumeV \{w!l_be |qlent|f|ed .W.'th the \{olume
strange patrticle densities. The relevant paramé&tgr,which of the system_created initially IAA CO”'S'O.nS estimated
measures the deviations of particle multiplicities from their 7oM the atomic number of colliding nuclei and from the

grand canonical result is determined by the ratio of th impact parameter by using geometric arguments. In particu-
Bessel functions ar we use the relation of the volume parameter and the num-

ber of participating nucleons as it was indicated in Fig. 1.

Canonical suppression factor

Fs
T
AN
1

FIG. 1. Canonical strangeness suppression fasee text

1,(X) In the following section we will discuss to what extent the
Fs= 00 (2.14  thermal model can be used to understand particle production
o(X) in nucleus-nucleus collisions at SIS energies.

with the argumenk defined in Eq(2.7). In Fig. 1 we show
the canonical suppression facteg as a function of the ar- lll. COMPARISON WITH EXPERIMENTAL RESULTS

gumentx. To relate the initial volume of the system to the  Thjs section is divided into three parts. In the first one we
number of participants we use the approximate relalion giscuss the general trends found in thermal models. In par-
~1.97Apan. The corresponding values of at SIS, AGS,  ticular we illustrate the sensitivity of particle ratios on the
and_SPS energies are calculated with the baryochemical P@smperatureT, and on the baryon chemical potentiak . In
tential and temperature extracted from the measured particie second part we discuss particle ratios measured in central
multiplicity ratios. The results in Fig. 1 show the importance co|jisions and compare experimental results obtained at SIS
of the canonical treatment of strangeness conservation at S|Gih the expectations of the thermal model. This avoids the
energies. Here, the canonical_ suppression factor can be eVBfoblem that different particle species might originate from
larger than an order of magnitude. For central Au-Au colli- gifferent impact parameter regimes as it is the case with in-

sions at AGS or SPS energies this suppression is not relevagisive studies. The impact parameter dependence is studied
any more and théGC) formalism is adequate. In general, i the third part of this section.

one expects that the statistical interpretation of particle pro-
duction in heavy ion collisions requires the canonical treat-
ment of strangeness conservation if the CMS collation en-
ergy s<2-3 GeV. This is mainly because at these From Egs(2.10, (2.12, and(2.13 one sees that at fixed
energies the freeze-out temperature is still too low to maintemperature and chemical potentials the volume dependence
tain large-argument expansion of the Bessel functions in Ecef kaon multiplicity in the canonical and the grand canonical
(2.12. ensemble is as follows

At low temperatures one needs to take into account the )
width of resonances. This is because the number of pions (N~ Vi Vs (GO
coming from, e.g., the decay of & resonance is increased K V2 V=0 (C).
by the width of theA. The approximation of the width by a
delta function is therefore not justified since an appreciablé his effect is shown explicitly in Fig. 2 where the different
number of particles comes from the decay of resonances bgarticle ratios are calculated as a function of the radius of the

A. General trends

(3.9
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25 T . T 50 In the SIS-energy range one expects, in the thermal
20 - 70 model, a different dependence of the strange and nonstrange
80 particle yields on the volume of the system. Consequently,
’r ] the ratio of strange to nonstrange particle leads to a strong
10 I KK 1 variation of thermal parameters with the system size. In Fig.
, , , 4 we show theK*/# ™" ratio for different volumes. As ex-
pected, changing the volume implies a substantial modifica-
03 1 90 K ) tion of the curve in the T— ug) plane corresponding to a
02t 80 . fixed value of theK*/x* yields. Thus, calculating the
01l 70 strange to nonstrange particle ratio requires additional care of
’ €0 the system size. In our approach, however, the volume is not
‘ ’ : treated as an additional parameter but is rather related with
0.0003 | 80 the number of participating nucleons A collisions. For a
0.0002 | o 1 given system size th&*/#* ratio clearly determines the
lower limit of the freeze-out temperature. The curves in Fig.
0.0001 - 70 - 3 are calculated foR=4 fm. TheK*/K™ in Fig. 3 yield
60 exhibits similar behavior ad/p, i.e., showing a very strong
0 5 10 15 20 dependence on the temperature but a rather weak dependence

Radius {fm] on the baryon chemical potentigkg. These lines do not

FIG. 2. Dependence of various particle ratios on the radius padepend on the volume.
rameterR. An analysis of particle production in heavy ion collisions
within a thermal fireball model requires two experimentally
system. In order to make the analysis more complete onmeasured ratios to fix the freeze-out paramefé,rs/,LfB, and
needs, in addition, to take into account the contribution ofknowledge of the number of participating nucleoAs, to
resonance decays to particle production. We use all thestablish the size of the fireball. The knowledge of more
known branching ratios as given [it5] to calculate the par- particle ratios allows to test the concept of a unique freeze-
ticle multiplicities shown in Fig. 2. out time. In the following section we compare the predic-
The ratioK*/#* involves one strange particle, and ac- tions of the thermal model with experimental results for cen-
cording to Eq(2.10 should show substantial dependence ontral AA collisions at SIS energies.
volume. Indeed, it increases smoothly from zero up to the
value given by the grand canonical ensemble. The increase is
faster for higher temperature because the value of the argu-
mentx of the Bessel functions in E¢2.10 increases. In the In central collisions, the number of participating nucleons
K*/K™ ratio two strange particles are involved and the vol-is maximal. However, experimental results for zero impact
ume effect cancels out exactly. However, for very small val-parametero=0, are not directly measured. However, for
ues of the volume, there are a few nonstrange resonances thmany experiments good-quality impact-parameter results are
decay into kaon pairs or into a kaon and a hyperon, this leadsvailable and an extrapolation to=0 can be performed.
to the sharp rise in the value of this ratio for increasingThe results of this extrapolation are summarized in Table I.
volumes before it flattens off and becomes volume indepenwe discuss below the different entries in this table.
dent. The ratiap/ 7" involves only nonstrange particles and  The results in Table | for pions are obtained fr¢a8—
therefore is independent of the size of the system. The san®0)]. For the ratior™/p we used results from inclusive mea-
behavior is expected fop mesons which is treated as non- surements since it was established that the pion multiplicity
strange particle, too. divided by the number of participantd . /Apan, does not
Figure 3 evidences the Iocat|ons of the freeze-out temvary with A,,;[18—21. At Ni-Ni at 0.8A GeV =~ data are
peratureT; and of the freeze- oupB yielding the various not available andr* =7 /1.2 has been used to account for
particle ratios. This figure shows also the sensitivity whenthe isospin asymmetry. THé* results for Ni+-Ni are from
varying their values within the limits occurring in the experi- [14] which are in very good agreement wifd2]. The K"
mental results. Discussing these trends requires differenfield rises strongly with centrality as shown [ih4]. At 1.0
treatment of strange and nonstrange particles. and 1.8\ GeV theK*/x* ratio was obtained by extrapolat-
The interesting feature of the deuteron to proton ratiojng to b=0. At 0.8A GeV we scaled with the inclusive
d/p, and the pion to proton ratiar*/p, is that they allowa K*/#* ratio between 1.0 and 088 GeV. The impact-
good determination of the range of the thermal parameterparameter dependence f& and K* is nearly identical
The 7 */p curve in the T— ug) plane shows a temperature [14] and we used therefore the'/K ~ ratio of the inclusive
saturation for largeug which establishes the upper limit of measurements. The multiplicity &f™ divided by the num-
the freeze-out temperatui® . On the other hand, thé/p  ber of participantsM + /Apaq, in Au+Au increases strongly
ratio fixes the range of the freeze- quué as it shows a steep with impact-parameter as shown[ib3,23. The 7 /7" ra-
dependence on the temperature. In addition, as seen in Fig. 80s show—if at all—only a very slight increase with central-
the variations of 20—30 % on the value of ttifp ratio give ity [20,24] and Table | summarizes the results for inclusive
a very similar range in theT(— ug) plane, making this ob- studies. These values {20,24] agree very well with the
servable particularly useful for the extraction of the freeze-isobar model. The ratios af/p obtained in Ni+Ni are from
out parameters. [25] and those for Ad-Au have been taken froif26]. The

B. Central collisions
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FIG. 3. General trends forr™/p, d/p, K*/#*, and K*/K~ freeze-out curve calculated witR=4.0 fm and isospin asymmetry

corresponding t&\/2Z=1.04.

ratios n/m° for Ni+Ni are from [27,28. At  sponds toAp,~ 330 participating nucleons and is compat-
1A GeV Ni+Ni has not been measured, yet+#Ca and ible with the one expected for central Au-Au collision.

Kr+Zr yield the equal ratios taking then also for-\Wi, at The strangeness suppression due to the canonical treat-
0.8A GeV only Ar+Ca has been studied and this value isment of the conservation laws is very clear in the comparison
given in Table |. The value at 148 GeV has been obtained of the thermal model with the Au-AuA GeV data. Using

by interpolation between 1.0 and 123GeV. For AutAu the grand canonicalformulation of the strangeness conser-

the results from[27] have been corrected for the increasevation one would get the valu¢™ /=" ~0.04 which overes-
with centrality according t$29]. timates the data by more than an order of magnitude. This
shows that the conditions for thermal particle phase space at

Figure 5 shows the lines in thel ¢ wg) plane corre-
sponding to the measured particle ratios in Au-Au collisionsSIS energies are far from the grand canonical limit.
In Fig. 6 we show the corresponding results in tie (

at 1A GeV. The experimental errors are for simplicity not
shown in the figure. All lines, except the one fgt7°, have  —ug) plane for Ni-Ni collisions at three different incident

a common crossing point aroundl~50 and ug energies: 1.8, 1.0A, and 0.8\ GeV. As for the Au-Au data
~822 MeV. A value ofR~6.2 fm is needed to describe we see in Fig. 5 that all particle ratios, besidgsr® can be
the measureK /7" ratio with the freeze-out parameters described by the same values of the freeze-out parameters
extracted form*/p, = /7~, andd/p. This radius corre- We notice the smaller radius ef4 fm which is compatible
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FIG. 4. Dependence df "/m" freeze-out line with the radiug. FIG. 5. Freeze-out lines corresponding to different particle ra-

tios measured in A#Au collisions at 1A GeV.
with the smaller size of Ni. The measurkd /K~ ratio leads

to a band in the T—ug) plane which barely misses the  |n Fig. 7 we show the results for the freeze-out tempera-
common crossing point for the mean valuesmof/p, d/p,  ture and chemical potential corresponding to different inci-
andK*/a". However, taking into account the experimental dent energies. It can be seen that the freeze-out temperature
errors on the above particle ratios leads to a common, nNarrow, increases witt/A whereasug shows the opposite trend.
(T—ug) band which contains also the line corresponding toin the energy range considered this dependence can be ap-
the upper experimental limit fat */K ~~30. Allowing fora  proximated by a straight line. The freeze-out parameters are
drop in theK™ mass as proposed in model calculatifB8—  also seen in Fig. 7 to be different in Ni-Ni and Au-Au colli-

32] leads to a shift of th&"/K~ band towards the left in sjons even for the same incident energy. It is interesting to
Fig. 6, thus leading to a better agreement with the other dataemark that at a given incident energy the extracted values of
New experimental results on the€"/K™ ratio also for other T, are smaller for central Au-Au collisions than for central
collision systems are needed to clarify this open question. Ni-Ni ones.

The values for the ofl/p ratio shown in Fig. 6 for Ni-Ni Using the freeze-out parameters relevant for SIS energies
collisions at 0.8 GeV were obtained by extrapolating the we can compare the results with the previous findings for
experimental measurementsEtA=1.06, 1.45, 1.93 sum- AGS [33,34 and SPS[35-3§ energies. The chemical
marized in Table | using a linear and a polynomial fit giving freeze-out points in theT(— ug) plane for relativistic heavy
the valued/p=0.4, 0.43. As one can see the 10% deviationion collisions are shown in Fig. 8 together with the predic-
ond/p ratio does not modify substantially the freeze-out linetions for e*e™ and p-p collisions [39]. Connecting these
in the (T— ug) plane. points leads to a unique freeze-out curve in tie-(ug)

The results of Figs. 5 and 6 show that for central Au-Auplane[40,41. It has been showf42] that the energy per
and Ni-Ni collisions the particle ratios, hadron along the freeze-out curdgefore the final decay of
atlp, KT/a*, #"/m~, KT/K~, andd/p, lead to acom- the hadronis approximately 1 GeV.
mon crossing point in theT{(— wg) plane. The appearance of It is a common feature of Figs. 5 and 6 that the freeze-out
the common freeze-out for all these particles is strong supline for » production does not cross the common chemical
port for chemical equilibrium of these particles in the ther-freeze-out extracted for all the other particle species. This

mal model. deviation does not arise from the selection of central colli-

TABLE |. Experimental results for different particle ratios in centtgh collisions. Values in italics are
for inclusive measurements. The errors are estimatédde30%.

Reaction E atip Kt ot a It d/p KY/K™2 pl

A GeV
Ni+Ni 0.8 0.05 0.0003 0.004
Ni+Ni 1.0 0.08 0.001 1.2 0.37 0.013
Ni+Ni 1.8 0.17 0.0084 1.05 0.28 219 0.03
Au+Au 1.0 0.052 0.003 2.03.94) 0.030.014
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FIG. 7. Freeze-out; and,ufB as a function of incident energy as
extracted from the common crossing in Figs. 5, 6—neglecting the
results froma/7°.

sions. Only for Au-Au collisions we have chosen thér°
ratio of central collisions. In the Ni-Ni system—due to the
lack of experimental results—inclusive values are given. For
central Ni-Ni collisions the discrepancy would therefore in-
crease. The results {i29] show that then yield rises more
than linearly withAp,.. This disagrees also with the expec-
tations from the thermal concept discussed along with Fig. 2.
The problem ofy abundance in the thermal model could
have several origins. One possibility would be due to the
sequential freeze-out for different particle species. Here,
could be produced earlier with higher temperature, roughly
corresponding to the value obtained from the transverse mo-
mentum slope parameter of 80 MeV. In this case, as seen in
Fig. 6, the large value of the/#° ratio can be understood.
In recent works[24,43,44 experimental evidence is given
that high-energy pions are emitted earlier than those with
lower energies. This points towards a span in freeze-out
times but does not affect the particle ratios which are domi-
nated by low-energy pions. The concept of sequential freeze-
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FIG. 8. Freeze-out p::trametélfgand,uE3 for SPS, AGS, and SIS 1 l l 1
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npart
out, however, might lead to a problem with the interpretation o
of all other particle ratios which are otherwise well described ! ! |
by the model. We stress that the same thermal model whel / ¢
applied to AGS and SPS energies explains particle produc i ///, T
tions there with a single set of freeze-out parameters for all Y
particles includingn at SPS energies. It seems rather diffi- 6 //-/ -
cult to argue the appearance of a sequential freeze-out at SI' § é %
and its absence at AGS and SPS energies. St Z .
The discrepancy of the thermal model on the levebpof < &
production could possibly be related to the hidden strange-e 4 /i;// ]
ness content of theg meson. The crucial difference in the é”'/
thermal model interpretation of particle production at SPS, N /{/ ]
AGS, and SIS energies is due to the canonical strangenes z/ Au-Au 1.0 A GeV
suppression. In our formalism the is considered as a non- S Qf// |
strange patrticle. It is conceivable that due to hidden strange .ﬁ/
ness there should be corrections to theyield from the /
canonical strangeness conservation. We do not know, yel W / ]
however, how these corrections could be included in a con- ’
sistent way. The same arguments would apply also for the O ' ' ' '
0 100 200 300 400 500

production of¢. Yet, ¢/K™ (inclusive seems to fit into the
common crossing shown for Ni-Ni at A8 GeV. The large Rpart
7 yield could well be of dynamical origin whicl priori
cannot be explained by the thermal freeze-out model applieg
in this work. Thus, we leave the discrepancyrpproduction un
as an unsolved puzzle in the thermal model.

Concluding this part, we find that the thermal model gives
a consistent description of both strange and nonstrange pags
ticle produqnon n centrall nucleus—nu%leus. coII|S|ons.at SSicle production and particle spectra are discussed in the next
energies with the exception of the/x" ratio. There is a section.
serious problem with the understanding of this ratio in terms
of the thermal model. Theory and experiment deviate by a
factor of 2 to 8, depending on the incident energy. The same
problem has been indicated recently in the context of dy- As already mentioned, the multiplicity &f* divided by
namical model for pion and; production[16]. We would  the number of participantKUApan, increases strongly with
like to point out that recent transport-model calculations rethe centrality while the corresponding ratio for pions,
produce the measuregland 7° spectrgd45]. We would also K*/Apar, is constan{14]. Consequently, the pion yield is
like to draw attention to the systematics introduced by Metagproportional to the number of nucleons in the initially cre-
in which pions and#'s exhibit a common trend while ated fireball while the multiplicity oK * scale WithA . like
K*, K7, and¢ show lower yield{46]. K" ~Af,q With @>1. The experimental results dt* /7"

FIG. 9. MeasureK */7* and K* multiplicity per Ay, as a
ction of Ay, for Au+Au at 1A GeV together with two calcu-
lations (see text

To check further the consistency of the model with the
perimental data the impact parameter dependence of par-

C. Impact parameter dependence
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Au-Ay 1.0 A GeV
andK™/A,, ratios in Au-Au collisions from Ref[23] are
shown in Fig. 9. The canonical treatment of strangeness con 5 7
servation predicts the yield of strange particles to increase:
. . .. Q
quadratically with the number of participanfsee Eq. 3
(2.14]. An additional complication is due to the possible = :4
variation of the freeze-out parameters with centrality. “r j{: 7
In Fig. 9 the dashed-line describes the results of the ther 1 proton A
mal model under the assumption that bdth and ,ufB are Kt o
Apart independent. One sees that already under this simpls 2 R
approximation the agreement of the model and the experi S ]
mental data is very satisfactory. The small deviations be-
tween the model and the data can be accounted for by th = 52 MeV
| | | | 2r N
| | |
0 100 200 300 400
. o Au-Au 1.0 A eV N ;
. part
2
% sk e___._______—_l——-*-—‘—‘——e FIG. 12. Apparent temperatures fpr7* ,K* (data from[23])
N U, x10° [6eV] and calculated flow velocities as a function Af,. for Au+Au at
Q 1A GeV.
§ ‘- I variation of the freeze-out parameters Wi,
§ We have calculated the possible changeTefand ,ufB
& with Ay, from the experimental data ok /7" andd/p
6 - ratios measured for two different values Af. (see Fig.
T, x107 [6eV] 10). The resulting freeze-out parameters are shown in Fig.
o 11. One can see that the variationTofand ug with Ap,are
S5 T small. It is interesting to note that peripheral collisions yield
higher temperatures than central collisions. The results from
central Ni-Ni collisions fit perfectly into the trend with,;.
| | | I In Fig. 9 the dashed-dotted lines were obtained parame-
100 200 300 400 trizing the T; and uf; dependence OA\,5 Using the smalll
Ayt variation in freeze-out parameters obtained from Fig. 11. The

FIG. 11. Variation of freeze-out parametfrand ug as a func-

tion of Aga.

shape of the experimental data is now well reproduced.
The rather small variation of the freeze-out temperature
with impact parameter shown in Fig. 11 comes as a surprise
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since the experimental results on the apparent inverse sloggr particle yields the model can also explain e, depen-
parametefT ,,, Of particle yields shows a strong dependencedence oK * cross section. Assuming radial flow as an origin
on Apai- The freeze-out temperature of50 MeV derived  of the shape of particle spectra one can understand quantita-
from our analysis is also substantially lower than the valudively the inverse slopes with a common temperature and
previously obtained from the particle spectrBl8—  radial flow velocity for all particles. The chemical and ther-
20,25,44,47,4B mal freeze-out seem to be very close at SIS energies. This is
We now turn our attention to the differential cross sec-because the particle multiplicities and momentum spectra
tions for particle production. In Fig. 12 we show the varia- can be explained with the same temperature.
tion of the inverse slope parameters observed for various
particle specie$18,25. Yet, adopting our result, that there V. SUMMARY
exists a common, impact-parameter independent, freeze-out i
temperature for all particles one needs to show that the varia- N summary, the thermal model provides a remarkably
tion in slope results from radial flow varying with impact consistent description of the experimental data in the 'GSI/
parameter. We extract the values of the corresponding rov@'+ energy  range. The abundances of particles,
parameters3 using the Siemens-Rasmussen formi4g]. K K7, p, d, 77, and7 (with the notable exception of
The resulting values for the flow velocity, are summa- 7'S) seem to come from a common hot source with a sur-
rized in Fig. 12. With the freeze-out temperatufig prisingly weII'deflned te'mperatur€,~50,54,70 MeV, and
~50 MeV the Spectra Op, K+, and ’7T+ are, within the baryoll’] C.hem|CaI pOtentlach~825,805,750 MeV for -Cen'
experimental uncertainty, well explained with the saghas  tral Ni-Ni at 0.8A, 1.0A, 1.8A GeV and correspondingly

shown in Fig. 12. The variation ¢8 with impact parameter 1~52 MeV and ug~822 MeV for central Au-Au colli-
turns out to be very large. sions at 1.8, GeV, as can be seen clearly from Figs. 5, 7,

The Ayar dependence of various particle yieldsy ( and 8. These temperatures are lower than the ones observed
~As,) has been discussed 8] and the exponent has " the lert'(?'e SDEthafthtdhe:je again : comFrron g_)f(fplana{_uon
been suggested to be related with the difference in total e POSSIDIE In terms of hydrodynamic Tiow. Flow difierenti-

ergy needed for the production of the studied particle and th8!€S étween heavy and light particles since they acquire the
one available ifNN collisions. In the presented concept the same boost in velocity but of course very different kicks in

exponenta is only due to volume-dependent strangenesé“.omema' This is clearly seen in the GSI/SIS data shown in
suppression. In this picture the exponent#or and fork - Fig. 12 which also summarize the transverse flow velocity

production is predicted to be equal while in the frame of thef
energy argumentl8] « should be higher foK ~ than fork ™
due to different production thresholéseglecting in-medium
mass modifications It is clear that any nonisotropic emis-
sion pattern is beyond the scope of this model. However,
naively expected, the slopeskf and ofK ™ do not have to
be equal as different resonance decays contribute.

The results of this section show that the thermal model We acknowledge stimulating discussions with R. Aver-
gives a consistent picture for particle productionAA col-  beck, P. Braun-Munzinger, B. Friman, V. Metag, W.rso-
lisions at SIS energies. In addition to the correct predictionberg, and W. Weinhold.

or pions, kaons, and protons.
The common crossing points exhibited in Figs. 5 and 6
are a very strong argument for chemical equilibrium. The
deviations found for the production af mesons clearly ask
ag)r an explanation.
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