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Neutral pions and h mesons as probes of the hadronic fireball in nucleus-nucleus collisions
around 1A GeV
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Chemical and thermal freeze-out of the hadronic fireball formed in symmetric collisions of light,
intermediate-mass, and heavy nuclei at beam energies between 0.8A GeV and 2.0A GeV are discussed in terms
of an equilibrated, isospin-symmetric ideal hadron gas with grand-canonical baryon-number conservation. For
each collision system the baryochemical potentialmB and the chemical freeze-out temperatureTc are deduced
from the inclusivep0 andh yields which are augmented by interpolated data on deuteron production. With
increasing beam energymB drops from 800 MeV to 650 MeV, whileTc rises from 55 MeV to 90 MeV. For
given beam energymB grows with system size, whereasTc remains constant. The centrality dependence of the
freeze-out parameters is weak as exemplified by the system Au1Au at 0.8A GeV. For the highest beam
energies the fraction of nucleons excited to resonance states reaches freeze-out values of nearly 15%, suggest-
ing resonance densities close to normal nuclear density at maximum compression. In contrast to the particle
yields, which convey the status at chemical freeze-out, the shapes of the related transverse-mass spectra do
reflect thermal freeze-out. The observed thermal freeze-out temperaturesTth are equal to or slightly lower than
Tc , indicative of nearly simultaneous chemical and thermal freeze-out.
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I. INTRODUCTION

Relativistic nucleus-nucleus collisions offer the uniq
possibility to study nuclear matter under the influence
high temperature and pressure. At incident energies aro
1A GeV the formation of a hot and dense reaction zo
dubbed the fireball, has been verified experimentally@1#. Ac-
cording to model calculations, the compression phase l
for time spans of 10–15 fm/c and reaches densities of two
three times the nuclear ground-state density@2–5#. Simulta-
neously, temperatures up to'100 MeV may be achieved an
a substantial fraction of the nucleons participating in the c
lision is excited to heavier, short-lived resonance sta
which decay predominantly via meson emission@6–8#.
Thus, the fireball produced in the energy regime of
heavy-ion synchrotron SIS at GSI Darmstadt compri
nucleons, resonances, and mesons.

It is an interesting question to what extent this hadro
system can be described in terms of chemical and ther
equilibrium. In the present paper, we address this issue
the basis of inclusive as well as centrality-selected data
p0 andh-meson production in collisions of nuclei with equ
mass numberA. Section II introduces the relevant concep
and gives a brief account of previous studies of the hadro
fireball at SIS energies. The existing systematics ofp0 andh
production is reviewed in Sec. III. There we demonstrate t
thermal concepts do provide a useful description of the fi
ball at SIS energies. Our model of an ideal hadron gas
chemical equilibrium is presented in Sec. IV. Section V d
cusses the results of the thermal analysis. The chemical c
position of the fireball at freeze-out is determined, and
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consistency of chemical and thermal freeze-out temperat
is addressed. Finally, the freeze-out conditions of hadro
matter as derived for the SIS energy regime are compa
to results obtained from similar analyses of particle rat
measured at significantly higher incident energies at A
and RHIC ~Brookhaven National Laboratory!, and at SPS
~CERN!.

II. THERMAL CONCEPTS IN NUCLEUS-NUCLEUS
COLLISIONS AT SIS ENERGIES

In the initial phase of nucleus-nucleus collisions with i
cident kinetic energiesEbeam around 1A GeV a system of
interacting nucleons, resonances, and mesons is created
size of the hadronic fireball depends on the masses of ta
and projectile nucleus and, in addition, on the centrality
the collision. Within the participant-spectator model, the ge
metrical overlap of the two nuclei determines the number
nucleonsApart which are directly involved. The quantityB,
equal toApart in the entrance channel, defines the number
baryons in the system. For symmetric collisions and co
plete stopping the energy available per baryon isAs/2
2mN , with s given by 4mN

2 12mNEbeam/A andmN denot-
ing the nucleon mass. The initial conditions of the fireball a
therefore fixed. In the subsequent time evolution the av
able energy is transformed into the excitation of thermal a
collective degrees of freedom. The energy turns into heat
provides the mass stored in resonance states and meso
chemical freeze-out. In addition, the energy builds up co
pression and produces the flow of the expanding matter.

In a simplified picture hadrons cannot escape from
fireball during the high-density phase of the collision. Nuc
ons, resonances, and mesons are trapped in a cyclic pro
of generation, absorption, and reemission, exemplified
©2003 The American Physical Society03-1
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FIG. 1. Average p0 and
h-meson multiplicities per aver-
age number of participants in
symmetric nucleus-nucleus colli
sions as a function of the energ
available per baryon, normalize
to the mass of the respective me
son. The data are taken from
Refs. @17–24#. The curve repre-
sents a fit to the data an
is given by the polynomial ex-
pression log10(^M&/^B&)522.102
1 @3.252(1.4051 0.785 log10 x)
3log10 x#log10 x, where x is the
normalized meson-specific energ
available.
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NN
ND
NNp for nucleonsN, p mesons, andD reso-
nances. Within this approach hadrons are released only
the onset of the expansion phase, when mesons and ba
decouple due to the decreasing matter density. Moment
the expansion process when certain degrees of freedom
the system no longer participate in the interaction prov
landmarks in the time evolution. One has to distinguish
tween chemical and thermal freeze-out which—in the lim
of sudden freeze-out—correspond to those moments in
when the relative abundances of the particle species and
momentum distributions, respectively, stop to change. W
only inelastic collisions involving the short-range nucle
force can alter the relative particle yields, the moment
distributions of the particles are governed by the larger to
interaction cross sections. Consequently, thermal freeze
does not occur before chemical freeze-out. Through the
quent scattering processes of the constituents the system
reach chemical and eventually thermal equilibrium.

It has been shown that at the AGS (Ebeam
<13.7A GeV), the SPS (200A GeV), and at RHIC
(100A GeV colliding beams! a large number of hadronic ob
servables, including strange-particle yields, is in quite go
agreement with such an equilibrium scenario@9–13#. At the
much lower SIS energies, however, only a very limited va
ety of hadron species is produced with significant yiel
Therefore, the number of observables which may reflect
chemical or thermal freeze-out is comparable to the num
of free parameters in common thermal models. Neverthel
several analyses have been performed to check for co
tency between data and thermal-model predictions als
SIS energies. Midrapidity transverse-momentum spectra
charged pions, protons, and deuterons measured in ce
Ni1Ni collisions at 1.06A, 1.45A, and 1.93A GeV were ob-
served to be consistent with thermal equilibrium if, in ad
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tion, collective radial flow was taken into account@14#. For
the same reactions also chemical equilibrium has b
claimed with close agreement between the chemical free
out temperatures and the temperatures derived from the
ticle spectra. Cleymanset al. have extended the therma
analysis at SIS energies to comprise also the strange me
K1 and K2. In their systematic study of central collisions o
Ni1Ni and Au1Au based on a model with canonica
strangeness conservation@15,16# the yields of protons, deu
terons, charged pions, and K mesons were found to a
with chemical equilibrium at freeze-out. Their difficulty t
also accomodate theh meson within this common freeze-ou
picture@16# may be related to their stringent treatment of t
experimental uncertainties and to the use of extrapolateh
yields.

III. EVIDENCE FOR THERMAL BEHAVIOR
FROM MESON YIELDS AND SPECTRA

Pions andh mesons are the most abundantly produc
mesons at SIS energies. While the pionic degree of freed
is also covered by the spectroscopy of the charged mem
of the isospin multiplet, it is only throughg-ray spectroscopy
that theh meson becomes observable in nucleus-nucleus
lisions. The two neutral mesonsp0 andh can both be iden-
tified by a two-photon invariant-mass analysis of coincide
photon pairs down to zero transverse momentum. Usin
two-arm photon spectrometer, the TAPS collaboration p
formed a series of systematic meson-production experim
covering incident energies from 0.2A GeV to 2.0A GeV.
These measurements have established an extended data
for p0 andh production in light~C1C!, intermediate-mass
~Ar, Ca1Ca!, and heavy symmetric systems~Ni1Ni, Kr
1Zr, Au1Au! @17–24#.
3-2
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TABLE I. Mean inclusivep0 multiplicities ^Mp0& relative to the average number of participating nuc
ons ^B& and mean inclusiveh multiplicities ^Mh& relative to^Mp0& measured for various nucleus-nucle
collisions in the beam-energy range from 0.8A GeV to 2.0A GeV. The last column denotes interpolate
mean deuteron multiplicitieŝMd& relative to the mean nucleon multiplicitŷMN&. The data for Kr1Zr and
Au1Au ~both at 1A GeV, see Ref.@19#! have been revised to account for the fact that the first-level trig
condition in effect in these measurements introduced a bias towards centrality.

Ebeam (A GeV) System ^B&

^Mp0&

^B&
~%!

^Mh&

^Mp0&
~%!

^Md&

^MN&
~%!

0.8 C1C 6 3.760.3 0.3160.11 11.362.7
0.8 Ar1Ca 20 3.160.5 0.4160.04 16.363.9
0.8 Au1Au 125615 1.660.3 0.3860.08 18.462.5
1.0 C1C 6 5.660.4 0.5760.14 10.662.5
1.0 Ar1Ca 20 3.060.3 1.360.8 15.363.7
1.0 Kr1Zr 7969 2.560.7 1.360.6 17.762.3
1.0 Au1Au 164620 2.360.5 1.460.6 17.262.3
1.5 Ar1Ca 20 6.560.5 2.260.4 12.763.0
2.0 C1C 6 13.861.4 3.660.4 7.061.7
2.0 Ca1Ca 20 11.161.1 2.760.3 10.262.5
1.9 Ni1Ni 29 8.660.9 3.360.4 12.762.8
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The primary information for the present discussion is p
vided by the inclusive meson yields. They have been de
mined within narrow rapidity intervals around midrapidi
(Dy'0.4). For a consistent treatment the data of the vari
systems are extrapolated to the full solid angle, assumin
isotropic source at midrapidity. Figure 1 shows the result
inclusive meson multiplicitieŝ M &, averaged over impac
parameter and normalized to the average number of par
pating baryonŝB&, as a function of the energy available p
baryon divided by the corresponding meson mass. Exc
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for the system Au1Au at 0.8A GeV @17# and the systems
Au1Au and Kr1Zr at 1.0A GeV ~see Table I!, where^B&
has been determined experimentally, we calculate^B& from
the geometrical overlap of two colliding sharp spheres wh
gives^B&5A/2 in case of collision partners with equal ma
numberA. A steep rise of the normalized meson ratios w
increasing energy is observed. In addition, a weaker dep
dence on the size of the collision system is visible with t
clear tendency towards smaller inclusive yields in t
heavier systems. The same trends have also been observ
ta
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FIG. 2. Average p0 and
h-meson transverse momen
measured down to zeropt in nar-
row rapidity intervals around
midrapidity as a function of the
energy available per baryon. Th
data points at available energies
182 MeV (0.8A GeV beam en-
ergy!, 223 MeV (1.0A GeV), and
410 MeV (2.0A GeV) are slightly
shifted in energy with respect to
their nominal position~center of
brackets! to make the individual
entries visible. The arrows indicat
^pt& for p0 and h mesons from
resonances decaying at rest, takin
the resonance-mass distribution
into account. The hatched band
show ^pt& for mesons emitted
from an equilibrated hadron ga
with a chemical composition as
given in Fig. 9. The widths of the
bands reflect the range of flow ve
locities considered in the analysi
~see Sec. V D!.
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R. AVERBECK, R. HOLZMANN, V. METAG, AND R. S. SIMON PHYSICAL REVIEW C67, 024903 ~2003!
charged-pion production experiments@25,26#. In first ap-
proximation all data points fall onto a smooth curve indic
ing that to a large extent the meson production probabilit
determined by the energy available per baryon. This is q
remarkable becausep0 and h production proceed throug
different baryon resonances:p0 mesons mainly come from
D~1232!-resonance decays, while the heavierh mesons es-

FIG. 3. Impact-parameter inclusive transverse-mass spectr
p0 andh mesons as observed in the systems C1C @21# and Ca1Ca
@24# at 2.0A GeV beam energy and in Ni1Ni at 1.9A GeV @20#.
The distributions are divided by the square of the transverse m
In this representation, particles from a thermal source at midrapi
are expected to exhibit a purely exponential spectrum. The s
lines represent Boltzmann fits@see Eq.~1!# to the p0 data formt

>400 MeV. The dashed lines represent the spectra of pions em
from an equilibrated hadron gas taking radial expansion into
count ~see Sec. VD for details!, normalized to the data formt

>400 MeV.
02490
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sentially originate from theN(1535) resonance which, at SI
energies, is the only significantly populated baryon re
nance with a large decay width intoh mesons. The fact tha
the basic production mechanism is no longer apparent in
observed meson yields may be interpreted as a first ind
tion for meson emission from an equilibrated source.

The second important result concerns the average tr
verse momentâpt& at midrapidity. Figure 2 showŝpt& as a
function of the energy available per baryon. For both mes
species the initial rise of̂pt& slows down with increasing
available energy, indicating saturation. Furthermore, theh
momenta are clearly higher than thep0 momenta which dis-
agrees witĥ pt&p0.^pt&h expected from resonance deca
at rest, taking the mass distributions of the resonances
account. If, however, one considers that at freeze-out a c
siderable fraction of the mesons is already free and no lon
bound in resonances~see Fig. 9!, one can quantitatively ex
plain the observed larger values of^pt& for h mesons. This is
demonstrated by the bands in Fig. 2. In an equilibrated h
ron gas, where all particles have the same kinetic energy
degree of freedom, the heavierh mesons have higher ave
age momentum than the lighter pions. In the heat bath a
the decaying heavierN(1535) resonances carry more m
mentum thanD~1232! resonances. Our measurements of^pt&
support the notion of an equilibrium scenario at therm
freeze-out and indicate that at that moment a large fractio
the h mesons is no longer bound in resonance states.

More detailed information is provided by the transvers
mass spectra of the mesons. Following Refs.@27,28#, the
transverse-mass distribution of particles with massm emitted
isotropically from a thermal source is characterized by
Boltzmann temperatureTB and, at midrapidity, can be ap
proximately described by

1

mt
2

ds

dmt
}expS 2

mt

TB
D with mt5Am21pt

2. ~1!
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TABLE II. Baryon resonances considered as constituents of the hadronic fireball. Given for each
nance are the nominal massmR , the total widthGR at mR as well as the partial widths corresponding to t
three decay modes considered in the present model. Values are taken from Ref.@31# ~3 or 4-star status! with
the exception ofD~1232! @32# andN(1535) @33#.

Resonance MassmR ~MeV! Width GR ~MeV! G1p /GR ~%! G2p /GR ~%! Gh /GR ~%!

D(1232) 1232 110 100 0 0
N(1440) 1440 350 65 35 0
N(1520) 1520 120 55 45 0
N(1535) 1544 203 50 0 50
D(1600) 1600 350 15 85 0
D(1620) 1620 150 30 70 0
N(1650) 1650 150 80 20 0
N(1675) 1675 150 45 55 0
N(1680) 1680 130 65 35 0
N(1700) 1700 100 10 90 0
D(1700) 1700 300 15 85 0
N(1710) 1710 100 15 85 0
N(1720) 1720 150 20 80 0
3-4
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NEUTRAL PIONS AND h MESONS AS PROBES OF . . . PHYSICAL REVIEW C 67, 024903 ~2003!
In Fig. 3 transverse-mass distributions ofp0 and h me-
sons are plotted together with fits, shown as solid lines,
cording to the parametrization given in Eq.~1! for three dif-
ferent systems at incident energies near 2A GeV. Within
each reaction thep0 and h spectra exhibit almost identica
inverse-slope parametersTB , which in addition do not
change significantly with the mass of the colliding nuclei.
all three systems thep0 and h intensities roughly coincide
for mt>mh . This indicates that it is the energy required
produce a given transverse mass which determines the
tive abundance of the meson species near midrapidity.
low mt , however, individual differences among the collisio
systems become apparent. Figure 3 shows a systemati
hancement over the exponential rise extrapolated from
high-mt region if one goes from the light C1C to the heavy
Ni1Ni system. The same observations, namely,mt scaling of
the p0 andh intensities and low-mt enhancement of thep0

spectrum in heavy systems, have been reported at var
energies down to 0.8A GeV and seem to be a general featu
of heavy-ion collisions in the SIS-energy regime@17,18,20–
22,24#. Possible explanations that have been suggested
the low-mt enhancement involve pion rescattering throu
resonance states in the heavier systems@29# and multiple-
pion decay of heavy resonances@30#. The dashed lines
shown in Fig. 3 represent the spectra of pions emitted fr
an equilibrated hadron gas, including radial flow of the co
stituents, as discussed in the present paper~for details see
Sec. VD!.

Transverse-mass scaling in the high-mt region (mt
.400 MeV/c2) does not prove that the fireball actually h
reached chemical equilibrium. The particle spectra of
equilibrated meson source, however, would follow pha
space distributions as observed, at least for vanishing flo

IV. IDEAL HADRON-GAS MODEL

In our ansatz, we assume that at chemical freeze-out
fireball can be described in terms of an ideal, equilibra
hadron gas. As constituents we take into account pions ah
mesons, as well as nucleons, deuterons, and all nonstr
baryon resonances up to a mass of 1.8 GeV~see Table II!,
which corresponds toAs2mN at 2A GeV beam energy.

In the grand-canonical description chosen, hadronic m
ter is characterized by a baryochemical potentialmB and a
temperatureTc . Furthermore, one might consider the isosp
of the system. In the present analysis, however, we neg
isospin as an additional degree of freedom, mainly beca
our database ofp0 and h yields is insensitive to isospin
Within the isobar model, thep0 yield amounts to nearly one
third of the total pion yield of a heavy-ion collision. Even fo
the heaviest system studied in the present paper, Au1Au,
where the total isospin becomes largest, the deviation of
p0 yield from one third of the total pion yield is less tha
3%. The other important observable at SIS energies, thh
meson, does not carry isospin. Thus, only the third obse
able in our database, the relative yield of deuterons
nucleons, depends on the isospin.

In the grand-canonical description of a system of non
teracting fermions and bosons the particle-number dens
02490
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r i are given by integrals over the particle momentump

r i5
gi

2p2E0

` p2 dp

exp@~Ei2mBBi !/Tc#61
, ~2!

wheregi is the spin-isospin degeneracy,Ei the total energy
in the local restframe, andBi the baryon number of the par
ticle speciesi. The form of the denominator in the integran
accounts for the different statistics of fermions and boso

Equation~2! describes an infinitely large system of stab
particles and cannot be directly applied to the hadronic fi
ball in a nucleus-nucleus collision. To account for the fa
that the fireball occupies only a finite volume, a surface c
rection has to be included. We assume a spherical freeze
volumeVc of radiusRc and obtain a momentum-depende
correction factorf (pRc) @34,35#

f ~pRc!512
3p

4pRc
1

1

~pRc!
2

~3!

in the integrand of Eq.~2!. The correction leads to a 30
40 % reduction of the individual particle-number densities
compared to infinite nuclear matter. Particle ratios, howev
are hardly affected since here the corrections nearly can
The freeze-out radius of the system is fixed by baryon nu
ber conservation

E
Vc

rBdV5^B&, ~4!

where the baryon densityrB comprises contributions from
nucleons, deuterons, and resonances

rB5rN12rd1(
R

rR . ~5!

Given the feedback via Eq.~3!, Rc has to be adjusted itera
tively. Starting from anad hoc initial value, Rc is varied in
steps of 0.5 fm in order to fulfill Eq. 4 within the uncertain
ties of the experimental particle ratios.

The second modification of Eq.~2! is related to the fact
that the baryon resonances are unstable particles which
not have a fixed mass, but exhibit a broad mass distribut
In contrast to thermal-model analyses of AGS, SPS,
RHIC data, the actual mass distributions cannot be negle
in the 1A GeV energy regime since here the energy availa
in the nucleon-nucleon system is comparable to the exc
tion energy of the baryon resonances. This means that
D(1232) resonance, the lowest of the baryon resonance
by far the most abundantly populated resonance and tha
resonances are populated predominantly in the low-mass
of their mass distributions. To account for the off-shell b
havior of the resonances, the integrand in Eq.~2! is folded
with normalized mass distributionsAi(m). These are trivial
d functions for the stable nucleon and deuteron and for
electromagnetically decayingp0 andh, while the scheme to
parametrize the resonance mass distributions has b
3-5
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TABLE III. Particle ratios and chemical freeze-out parameters for peripheral, semicentral, and c
collisions in the system Au1Au at 0.8A GeV. The impact parameter was selected according to the num
of participating nucleons ^B& given in the first row. The next entries denote the rat
^Mp0&/^B&,^Mh&/^Mp0&, and ^Md&/^MN&, and the freeze-out radiusRc . The subsequent rows show th
freeze-out parametersmB and Tc together with the resulting baryon densityrB relative to the nuclear
ground–state densityr050.168 fm23. The values are determined byx2 minimization, the uncertainties
represent 1s standard deviations as evaluated from the size of the error ellipse of the (mB ,Tc) pair at x2

5xmin
2 11.

Peripheral Semicentral Central

^B& 40610 227620 345625
^Mp0&/^B& ~%! 1.360.4 1.660.2 2.160.3
^Mh&/^Mp0& ~%! 0.2760.13 0.2960.10 0.6060.22
^Md&/^MN& ~%! 18.462.5 ~inclusive!
Rc ~fm! 6.5 11.0 12.0
mB ~MeV! 81265 81265 80366
Tc ~MeV! 5162 5262 5663
rB /r0 0.2160.07 0.2360.08 0.2860.09
xmin

2 0.88 1.50 2.93
,
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tes
adopted from Ref.@30#. A more rigorous treatment applied
however, only to theD resonance has been discussed
Ref. @36#.

We describe a given resonance mass distribution b
Lorentzian of the form

AR~m!}
m2GR~m!

~m22mR
2 !21m2GR

2~m!
, ~6!

with

E
0

`

AR~m!dm51. ~7!

The characteristic parameters are the nominal reson
massmR and the mass-dependent total decay widthGR(m).
o
st

o

02490
y

a
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As decay modes we take 1p, 2p, andh decay to the nucleon
ground state into account. The total decay width at massm,
thus, is given by

GR~m!5G1p~m!1G2p~m!1Gh~m!. ~8!

The 2p decay is described in terms of a two-step proce
where the resonance first decays into a nucleon and an o
with angular momentuml 50 and twice the pion massm2p

52mp . The hypothetical dipion subsequently disintegra
into two pions. With this simplification the 2p decay width
can be written in complete analogy to the 1p andh widths.
For the mass-dependent partial decay widthsG1p,2p,h(m),
we thus obtain
G1p,2p,h~m!5H G1p,2p,h~mR!S q

qR
D 2l 11S qR

21d2

q21d2D l 11

, m.mN1mp,2p,h

0, otherwise.

~9!
or-
re-

her
ion,
ld

cal
The partial decay widths atm5mR are listed in Table II. The
quantity l is the angular momentum of the emitted meson
dipion, andq is the momentum of the particle in the re
frame of the decaying resonance, withqR denoting the spe-
cial case ofm5mR . The cutoff parameterd is given by

d25~mR2mN2mp,2p,h!21
GR

2~mR!

4
. ~10!

Only in the case of theD~1232! resonance we deviate from
this prescription, mainly for the sake of consistency. Use
r

f

the well-established parametersGR5110 MeV and d
5300 MeV/c determined for this resonance by Kochet al.
in a nonrelativistic analysis~see Ref.@32#! requires an addi-
tional factormR /m on the right-hand side of Eq.~9!.

Furthermore, one could consider an excluded-volume c
rection to take into account the hadron-hadron hard-core
pulsion. This means that one would consider a real rat
than an ideal hadron gas. An excluded-volume correct
however, does not play a significant role for particle-yie
ratios as demonstrated in Ref.@12#. Another reason to omit
the excluded-volume correction is the fact that chemi
3-6
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NEUTRAL PIONS AND h MESONS AS PROBES OF . . . PHYSICAL REVIEW C 67, 024903 ~2003!
freeze-out seems to occur at baryon densities well below
nuclear ground-state density. The system, therefore, is ra
dilute which supports the assumption of an ideal gas
pointlike noninteracting particles.

With the modifications introduced by Eqs.~3! and~6! the
particle-number densities of Eq.~2! are given by

r i5
gi

2p2E0

`

dpp2f ~pRc!

3E
0

`

dm
Ai~m!

exp@~Am21p22mBBi !/Tc#61
, ~11!

which employs the mass-dependent width@Eq. ~6!# in the
resonance-mass distribution. This feature of the model ma
it possible to take the actual resonance masses into acco
one determines the contributions to the asymptotically
servedp0 andh intensities which originate from resonanc
decays. The effective branching ratios may deviate sign
cantly from those at the nominal massmR . For the latent
meson densitiesrR

1p,2p,h represented by a given resonanceR
one obtains

rR
1p,2p,h5w

gR

2p2E0

`

dp p2f ~pRc!

3E
0

`

dm
G (1p,2p,h)~m!AR~m!

GR~m!exp@~Am21p22mB!/Tc#11
,

~12!

with w51 in the case of 1p or h-meson emission and with
w52 for the 2p decay. The resonances present at freeze
also contribute to the asymptotically observed abundanc
nucleons. Furthermore, theh meson ~lifetime ct51.7
3105 fm) gives rise to additionalp0 intensity via its 3p0

andp1p2p0 decays with branching ratios of 32% and 23%
respectively.

V. THERMAL-MODEL ANALYSIS

The values for the two parameters of the hadron-
model—the baryochemical potentialmB and the temperature
Tc—can be derived from any two relative abundances of
constituents. Furthermore, the baryon content of the sys
has to be known for an assessment of the geometrical siz
the fireball. Thep0 and h-meson yields are particularl
suited for such an analysis, as these particles unambiguo
arise from the fireball. Hence, we base our analysis on
ratios ^Mp0&/^B& and ^Mh&/^Mp0& as compiled in Tables
and III. For the sake of redundancy in the analysis, we c
sider the ratio of deuterons to nucleons as additional in
information. The knowledge of̂Md&/^MN&, however, is lim-
ited and especially its centrality dependence is difficult
determine experimentally, since in noncentral collisions i
not trivial to separate deuterons originating from the fireb
from those which are emitted by targetlike or projectileli
spectator remnants.
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So far, only a few investigations have addressed deute
yields in nucleus-nucleus collisions at SIS energies. The
ues for^Md&/^MN& given in Table I are based on yield ratio
of deuterons and protons measured in central collisions
Ni1Ni at 1.06A, 1.45A, and 1.93A GeV @14# and of
Au1Au at 1.0A GeV @37#, and on inclusive results obtaine
for various combinations of light and intermediate-mass
clei at 0.8A GeV @38#. From these data, we parametrized t
dependence of̂Md&/^MN& on the incident energy and on th
system size. For given system size a linear decrease
^Md&/^MN& with increasing available energy provides a fa
description of the existing data. For fixed energy the ra
^Md&/^MN& increases with system size until saturation s
in for heavy systems. The limited number of data points a
the uncertainties in the interpolation procedure translate
quite large errors for the ratios^Md&/^MN& ~see Table I!. No
attempt has been made to establish an impact-paramete
pendence.

In the thermal analysis, the three particle ratios are rela
to the particle-number densities calculated within the therm
model by the following equations:

^Mp0&

^B&
5

1

rB
H 1

3 S rp1(
R

rR
1p1rR

2pD
11.2~rh1rN(1535)

h !J , ~13!

^Mh&

^Mp0&
5

rh1rN(1535)
h

1

3 S rp1(
R

rR
1p1rR

2pD 11.2~rh1rN(1535)
h !

,

~14!

FIG. 4. Freeze-out lines in the (mB ,Tc) plane for selected
values of the particle ratiosp0/B, h/p0, and d/N. The diagram
corresponds to a fixed size RC of the system with the consequenc
that the baryon densityrB(mB ,Tc) changes. Representativ
densities are rB(650 MeV,70 MeV)50.05r0 , rB(650 MeV,
100 MeV)50.5r0 , rB(800 MeV,80 MeV)51.2r0, and
rB(800 MeV,50 MeV)50.13r0, wherer0 is the nuclear ground-
state densityr050.168 fm23.
3-7
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^Md&

^MN&
5

rd

rN1(
R

rR

. ~15!

Here, the term proportional to theh-meson number densit
in Eqs.~13! and~14! accounts for the 3p decay modes of the
h meson. Each equation defines a band in the (mB ,Tc) dia-
gram. The widths of these bands are given by the uncerta
of the input values, and for each individual collision syste
which is characterized by its triplet of particle ratios o
obtains the chemical potential and the temperature as c
dinates of the common intersection point of the three ban
Provided the experimental uncertainties correspond
Gaussian errors one has a probability of 20% that the
values of the three particle ratios simultaneously fall into
1s uncertainty ellipsoid, while this probability rises to 75
for 2s uncertainty@39#.

The system size also has to be considered as input in
mation. Through baryon conservation expressed in
grand-canonical form of Eq.~4! the baryon-number deter
mines the freeze-out radiusRc . For typical values ofRc
around 5 fm, we find that changes within61 fm of the final
solution hardly affect the numerical values formB and Tc ,
but substantially alter the freeze-out densityrB due to its
1/Rc

3 dependence. Larger variations up to62 fm may still
lead to solutions on the 2s level for the particle ratios with
changes inmB andTc within 65%, butrB becomes increas
ingly incompatible with Eq.~4!.

It is important to understand the correlations between
particle ratios and the parameters of the thermal model.
connection between a given particle ratio and the freeze
parametersmB andTc is illustrated in Fig. 4. A global value
of 5 fm for the radius parameterRc has been chosen to gen
erate the diagram. Curves of constant particle ratio in

FIG. 5. Freeze-out lines in the (mB ,Tc) plane for selected val-
ues of the freeze-out radiusRc . The diagram corresponds to fixe
particle ratiosp0/B, h/p0, andd/N, while Rc varies in equidistant
steps from 3 fm to 11 fm as indicated.
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(mB ,Tc) plane are referred to as freeze-out lines. SinceRc is
fixed, ^B& varies along the freeze-out lines. The intersect
of any two freeze-out lines from different particle ratio
thus, only describes a physical solution if also the cor
sponding values of̂ B& overlap. The third freeze-out line
then has to intersect within the experimental uncertainty
for the same value of̂B&. In Fig. 4, one observes that fo
average values ofmB andTc the ratio^Mp0&/^B& is equally
sensitive to both model parameters. Larger values
^Mp0&/^B& mean larger temperature and smaller chemi
potential of the hadron gas. This reflects the fact that w
increasingmB the baryon density grows, while the density
free pions remains unaffected. The ratio^Mh&/^Mp0&, on the
other hand, is practically only sensitive toTc . Larger values
of ^Mh&/^Mp0& require larger values forTc , while mB is
uncritical. This is due to the fact that producing anh meson
or exciting anN(1535) resonance requires more energy a
thus, a higher temperature than producing a pion or exci
a D~1232! resonance because of the pronounced mass di
ence between both mesons or both resonances, respect
The third ratio, ^Md&/^MN&, derives its sensitivity tomB

from the difference in baryon number of the two particle
while the temperature dependence is governed
the mass difference between the particles. With increas
baryochemical potential the temperature of the system ha
drop in order to maintain a given̂Md&/^MN& ratio. It should
be noted, however, that the sensitivity of the freeze-out
rameters with respect to a variation of^Md&/^MN& is small.
Modifying the ratio by as much as620% changes the
freeze-out parameters by not more than 5%. Neverthel
^Md&/^MN& provides a useful additional constraint in tho
cases where the neutral-meson data alone would leave r
for large variations inmB and Tc . Finally, in Fig. 5 global
values for the triplet of particle ratios have been chosen
demonstrate the variation of the freeze-out lines with
radius parameter.

FIG. 6. Determination of the chemical freeze-out paramet
in the system Au1Au at 0.8A GeV beam energy for periphera
(^B&540610, left!, semicentral (̂B&5227620, middle!, and cen-
tral collisions (̂ B&5345625, right!. For given impact paramete
the particle ratiosp0/B, h/p0, andd/N define three bands, show
in different grayscales, in the (mB ,Tc) plane. The solid~hatched!
bands reflect 1s ~2s! intervals in the experimental uncertaintie
The freeze-out parameters are determined by the overlap of
three bands.
3-8
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NEUTRAL PIONS AND h MESONS AS PROBES OF . . . PHYSICAL REVIEW C 67, 024903 ~2003!
A. Centrality dependence of the freeze-out parameters

The inclusive particle ratios of the existing database r
resent averages over the impact parameter of the collis
Prior to the analysis of the inclusive data we, therefore,
dress the centrality dependence of the freeze-out parame

FIG. 7. Determination of the chemical freeze-out parametersTc

and mB . For given system and beam energy, the particle ra
p0/B, h/p0, andd/N define three bands, distinguished by differe
grayscales, in the (mB ,Tc) plane. The solid~hatched! bands reflect
1s ~2s! intervals in the experimental uncertainties. The freeze-
parameters are determined by the overlap of the three bands
individual panels show the solutions obtained for the lightest,
intermediate-mass, and the heaviest system studied at the lo
and highest beam energies, respectively.
02490
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The ratios^Mp0&/^B& and ^Mh&/^Mp0& have been mea
sured as a function of the centrality of the collision in Ar1Ca
@22# and Au1Au @17#, both at 0.8A GeV. The two particle
ratios do not depend significantly on the impact parame
for both systems. From peripheral to central collisions in
heavy system Au1Au, ^Mp0&/^B& increases by a factor o
1.660.5, while ^Mh&/^Mp0& increases by a factor of 2.2
61.3 ~see Table III!.

Figure 6 illustrates the thermal analysis of Au1Au.
Shown are the bands in the (mB ,Tc) plane corresponding to
the three particle ratios for 1s and 2s uncertainties. The
particle ratios do define unique sets ofmB andTc for each of
the three impact-parameter selections. The numerical va
as determined byx2 minimization are summarized in Tabl
III. The ensuing baryon densitiesrB relative to the nuclear
ground-state densityr0 are also given. The uncertaintie
quoted represent 1s standard deviations and reflect the si
of the error ellipse of the (mB ,Tc) pair at x25xmin

2 11.
Within these uncertainties the baryochemical potential a
the chemical freeze-out temperature obtained in the m
peripheral and central collisions, respectively, agree w
the semicentral values ofmB581265 MeV and Tc552
62 MeV.

In our ansatz, we are able to describe the central Au1Au
collisions at 0.8A GeV with one common set of freeze-ou
parameters, while Cleymanset al. @16# emphasize that they
cannot reproduce the ratio^Mh&/^Mp0& within their hadron-
gas model for the same system at 1.0A GeV. The present
analysis at 0.8A GeV is based on the directly measured ra
^Mh&/^Mp0& for experimentally determined values of^B&,
while the authors of Ref.@16# extrapolatê Mh&/^Mp0& mea-
sured in centrality-biased Au1Au collisions at 1.0A GeV
beam energy@18# ~c.f. Table I! to fully central collisions
using the steeperB dependence of that ratio measured

s

t
he
n
est
ith

ined for
TABLE IV. Chemical freeze-out parametersmB andTc for the various systems investigated, together w
the resulting baryon densitiesrB . The values are determined byx2 minimization, uncertainties represent 1s
standard deviations as evaluated from the size of the error ellipse of the (mB ,Tc) pair atx25xmin

2 11. Also
given are the model-dependent thermal freeze-out temperaturesTB and TSR as obtained from Boltzmann
fits and within the blast model of Siemens and Rasmussen, respectively. The parameters determ
Kr1Zr and Au1Au at 1A GeV are not for inclusive nuclear collisions but are biased towards centrality~see
Table I!.
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R. AVERBECK, R. HOLZMANN, V. METAG, AND R. S. SIMON PHYSICAL REVIEW C67, 024903 ~2003!
0.8A GeV @17,25#. From the full variation of 40% quoted fo
the centrality dependence of^Mh&/^Mp0& at 1.0A GeV ~see
Ref. @18#!, we obtain^Mh&/^Mp0&5(1.860.7)% for central
collisions. Thus, the lower boundary of the 2s uncertainty
band for theh/p0 freeze-out line reaches well into the 2s
ellipsoid of the intersecting remaining freeze-out lines in
analysis of Cleymanset al. @16# ~see Figs. 4 and 5!.

In summary, no significant centrality dependence of
freeze-out parameters is found for the heavy system Au1Au
at 0.8A GeV. For the lighter systems and for beam energ
which are less subthreshold forh production a possible de
pendence on the impact parameter therefore can be negl
at the present level of accuracy.

B. Results for inclusive collisions

Figure 7 shows the results of the thermal analysis for
lightest, an intermediate-mass, and the heaviest system,
at the lowest and highest beam energy studied. Present
the (mB ,Tc) plane are the bands defined by the input valu
^Mp0&/^B&, ^Mh&/^Mp0&, and^Md&/^MN&. In all cases the
three bands overlap and, therefore, define the freeze-ou
rametersmB andTc in an unambiguous way. Even collisio
systems with as few participating nucleons as C1C seem to
comply with the model assumption of chemical equilibriu
The results for the full set of inclusive measurements
summarized in Table IV. The analysis reveals a system
reduction of the baryochemical potential from 800 to 6
MeV with increasing beam energy, which is accompanied
an increase of the freeze-out temperature from 55 to 90 M
For given beam energy the chemical potentialmB grows with
increasing system size, while the freeze-out temperatureTc
stays almost constant. These findings agree with res

FIG. 8. Baryon content at chemical freeze-out in the hadron-
model. The relative contributions to the total baryon number fr
nucleons and deuterons,D~1232! resonances,N(1535) resonances
and the sum of all remainingD andN resonances are plotted as
function of the energy available per baryon. The three panels s
from left to right the results obtained for light, intermediate-ma
and heavy systems. The error bars reflect the uncertainty in
freeze-out parametersmB andTc ~see Table IV!. Straight lines are
drawn to guide the eye.
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quoted from similar analyses@14–16#, although we observe
a general trend towards smaller baryochemical potentials
higher temperatures as compared to Refs.@15,16#.

The freeze-out radiusRc is fixed by the average numbe
of baryons through Eq.~4! and enters the model analysis v
the surface correction term.Rc is larger for the heavy target
projectile combinations, but increases less than by the tri
^B&1/3 law, and it decreases with increasing beam energy.
corresponding baryon densities at chemical freeze-out ar
general, smaller than about half the nuclear ground-state
sity which is in good agreement with results from oth
analyses@10,11,14#.

C. Chemical composition of the fireball

The quantitiesmB andTc are the two important free pa
rameters of our model. They essentially determine the pr
erties of the fireball. As an example, Fig. 8 shows the che
cal composition of the baryon sector at chemical freeze-
as a function of the energy available in the nucleon-nucle
system. The system size is a further parameter. Lig
intermediate-mass, and heavy systems are therefore tre
separately in Fig. 8.

While the chemical composition shows a pronounced
ergy dependence, almost no dependence on the system s
observed for any given incident energy. The fraction of ba
ons excited to resonance states grows from 2 to 3%
0.8A GeV beam energy to about 15% around 2.0A GeV.
The D~1232! resonance is populated most abundantly. T
ratio of heavier resonances to theD~1232! resonance, how-

s

w
,
he

FIG. 9. Pion ~left! and h meson sources~right! at chemical
freeze-out in the hadron-gas model. The mesons are either pre
as free particles or still bound in resonance states. The corresp
ing relative contributions are shown as a function of the ene
available per baryon for light~top!, intermediate-mass~middle!, and
heavy systems~bottom!. The error bars reflect the uncertainty in th
freeze-out parametersmB andTc ~see Table IV!. Straight lines are
drawn to guide the eye.
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NEUTRAL PIONS AND h MESONS AS PROBES OF . . . PHYSICAL REVIEW C 67, 024903 ~2003!
ever, increases from about 7% at 0.8A GeV to nearly 20%
around 2.0A GeV, indicative of a more equal population o
the resonance spectrum at higher incident energies. As i
trated by the straight lines in Fig. 8, the energy depende
of the individual relative baryon populations is in reasona
agreement with exponential behavior. The slopes of th
exponentials are nearly equal forD~1232! andN(1535) and
steeper for the summed contributions of the remainingD and
N resonances.

The baryon composition of the chemical freeze-out st
being established, it is interesting to extrapolate back to
high-density phase of the collision. Around 2A GeV beam
energy microscopic model calculations quite consisten
give a maximum baryon density ofrmax'2.5r0 and predict
a ratio of 0.3 to 0.4 for the ratio of the number ofD~1232!
resonances at freeze-out to the corresponding numbe
maximum compression@30,40#. Using this information to-
gether with an allowance for contributions from higher res
nances, one obtains a value of 0.4rmax'r0 for the maxi-
mum resonance density in the collisions at 1.9A and
2.0A GeV ~see Fig. 8!. Although the density of baryon reso
nances only amounts to about 40% of the total baryon d
sity, resonance–resonance interactions might take pl
Hadronic matter in that state has been referred to as r
nance matter@6,8#.

Concerning the meson sector of the freeze-out state
important observation is that a sizable fraction of the mes
is present as free mesons in chemical equilibrium with
baryons. This is immediately apparent if one compares
population ofD~1232! andN(1535) resonances with thep0

and h multiplicities observed asymptotically~see Table I!.
For a quantitative discussion, we plot in Fig. 9 the fraction
free mesons and the fraction of mesons bound in resona
at freeze-out as a function of the energy available in
nucleon-nucleon system, again differentiating between lig
intermediate-mass, and heavy systems. The relative cont
tions to the final-state pion yields reveal a moderate ene
dependence, the fraction of free pions decreasing from a
65% at 0.8A GeV beam energy to about 55% at 2.0A GeV.
Pions from theD~1232! resonance behave in a compleme
tary way, as expected, with contributions of about 30%
0.8A GeV and about 40% at 2.0A GeV. The remaining in-
tensity can be attributed to heavier resonances wh
according to their higher mass, give rise to a steeper en
dependence than exhibited by pions fromD~1232!-
resonance decays. Forh mesons, resonance decays af
chemical freeze-out are unimportant. About 90% of the
ymptotically observedh mesons are already free at chemic
freeze-out. The energy dependence of theN(1535) reso-
nance contribution is comparable to that of the pion con
bution from D~1232! decays~see also Fig. 8!. For pions as
well as for h mesons a trend towards larger contributio
from resonance decays is visible in the heavier systems

D. Time order of chemical and thermal freeze-out

In a sudden freeze-out scenario the temperature o
equilibrated hadron gas at thermal freeze-out is character
by the momentum spectra of the emitted particles. The
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perimental spectra, however, may be modified by resona
decays@30# and, in particular in heavy systems, by the re
cattering of particles off spectator material@29#. In addition,
energy transferred into collective flow reduces the tempe
ture of the system. Thus, in order to extract the freeze-
temperatureTth from the spectral shapes, further assum
tions have to be made leading to model-dependent res
Nevertheless, the meson spectra of the present databas
provide a valuable consistency check for the chemi
freeze-out analysis in the sense that the different model t
peratures are subject to constraints due to the time orde
chemical and thermal freeze-out.

It is a difficult task, however, to include the contribution
from resonance decays into a description of the meson s
tra in order to extract the thermal freeze-out paramet
Only if chemical and thermal freeze-out coincide, the chem
cal composition of the fireball at thermal freeze-out
known. The meson yields and spectra from resonance de
depend on the mass distributions of the resonances whic
turn change as function of the freeze-out parameters. In
analysis we follow a two-step approach. First, we analyze
meson spectra only at highmt , where the contributions from
resonance decays do not significantly change the slope
the spectra, and extractTth . In a second step, we calcula
the spectra of mesons emitted from an equilibrated had
gas, including the contributions from resonance deca
based on the parameters determined before.

As an example, we consider the impact-parameter inc
sive transverse-mass spectra ofp0 andh mesons presente
in Fig. 3. The spectra can be described reasonably wel
exponential distributions, provided one excludes the l
transverse masses from the fit. For all three collision syste
the Boltzmann parametersTB , which reflect the temperatur
Tth of the fireball at thermal freeze-out in case of vanishi
collective flow, agree with the corresponding chemic
freeze-out temperaturesTc . A similar quality of agreement is
observed for Ar1Ca at 1.5A GeV, see Table IV. At the

FIG. 10. Chemical (Tc) and model-dependent thermal (TB and
TSR) freeze-out temperatures as a function of the energy avail
per baryon. The data points at 0.8A GeV, 1.0A GeV, and
2.0A GeV beam energy are slightly shifted in energy with respec
their nominal position~center of brackets!.
3-11
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R. AVERBECK, R. HOLZMANN, V. METAG, AND R. S. SIMON PHYSICAL REVIEW C67, 024903 ~2003!
lower beam energies of 1.0A and 0.8A GeV the experimenta
situation for TB seems unclear at present, except for
heavy systems Kr1Zr and Au1Au. In Au1Au at 0.8A GeV,
TB is equal toTc at the 1s level, while at 1.0A GeV the
Boltzmann temperatures in both systems are higher~3s! than
the corresponding chemical freeze-out temperatures,
Table IV.

The absence of a low-mt enhancement in the C1C spec-
trum of Fig. 3 is remarkable. To the extent that rescatter
can be assumed negligible, the light C1C system should
show the expected influence of resonance decays. Inste
perfectly exponential behavior is observed over the fullmt

range, although pions from resonance decays do comp
40% of the total pion intensity~see Fig. 9!.

Collective flow affects the meson spectra. The point
that one has to know the underlying flow profile in order
analyze a given spectral shape. For the present analysis
have chosen the blast model proposed by Siemens and
mussen@41#. In this model, the fireball in thermal equilib
rium is assumed to expand isotropically. All particles in t
fireball share a common temperatureTth5TSR and have a
common radial-flow velocitybSR. The modification of the
spectra compared to pure Boltzmann distributions beco
more significant the heavier the considered particle spe
is. Since pions andh mesons have low masses their spec
are not very sensitive to the radial-flow velocity. Therefore
fit to the mesonic transverse-mass spectra considering
TSR andbSR as free parameters would determine the free
out parameters only with large uncertainties. To avoid t
situation, we exploit the fact that for the present range
collision systemsbSR is expected to have values betwe
0.25 and 0.35 in accord with the systematics of radial-fl
velocities measured for heavier particles (A51 to 4! in cen-
tral collisions as quoted in Ref.@42#. Thus onlyTSR is treated
as a fit parameter, whilebSR is kept constant. In thep0

cases, we furthermore restrict the fit tomt>400 MeV as was
done for the Boltzmann fits. Under these conditions thep0

and h spectra can be described within the Sieme
Rasmussen model for all beam energies and target-proje
combinations. In general, the extracted temperaturesTSR are
10–20 % smaller than the corresponding Boltzmann te
peraturesTB ~see Fig. 10!. The actual reduction is correlate
with the magnitude ofbSR chosen in the fit, withTSR de-
creasing for increasingbSR.

Thermal freeze-out does not occur before chem
freeze-out and, therefore, the thermal freeze-out tempera
Tth cannot be larger thanTc . The available midrapidity spec
tra of thep0 andh mesons do support this conjecture. If o
neglects radial flow, the spectral shapes observed in the
and intermediate-mass systems provide inverse-slope pa
eters which are in accord with the chemical freeze-out te
peraturesTc derived from the particle yields. Taking radia
flow into account results in slightly lower temperatures
thermal freeze-out compared to chemical freeze-out, ind
tive of cooling as the system develops in time. The me
spectra observed in the heavy systems Kr1Zr and Au1Au,
in particular, do require the inclusion of flow in order
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achieve consistency (Tc>Tth) between thermal and chem
cal freeze-out temperatures.

Finally, one has to check that the thermal freeze-out
rameters, which were determined excluding the contributi
from resonance decays, lead to meson spectra, which
consistent with the data, if the spectra of mesons emi
from an equilibrated hadron gas are calculated. Given
apparent agreement between thermal and chemical freez
parameters, it is reasonable to use the chemical compos
of the fireball at chemical freeze-out to determine the relat
contributions of all meson sources at thermal freeze-out. F
thermore, it seems necessary to include radial flow in
calculation of the spectra. Therefore, the midrapidityp0 and
h-meson spectra emitted from an equilibrated hadron
have been calculated withTc andmB as the parameters driv
ing the chemical composition andTSR and bSR50.3 as the
parameters controlling the transverse-momentum spectr
all hadrons. As an example, the dashed lines shown in Fi
represent the spectra obtained for all systems at the hig
incident energy, where the contribution from resonance
cays is the largest. The calculated spectra are normal
to the data formt>400 MeV. Beyond the expected agre
ment at highmt , the low-mt enhancement is reproduced r
markably well by the model calculation for the two hea
systems. The purely exponential spectrum observed for
C1C system is not understood in this framework.

E. Chemical freeze-out curve for hadronic matter

Figure 11 shows our results in comparison with other d

FIG. 11. Chemical freeze-out temperatureTc as a function of the
baryochemical potentialmB as obtained from yield ratios of par
ticles produced in nucleus-nucleus collisions at various incident
ergies for light, intermediate-mass, and heavy systems. Resul
the present work are plotted together with results from AGS@10#,
SPS@11#, and RHIC@13#. The solid curve~adapted from Ref.@43#!
approximates the curve for chemical freeze-out of hadronic ma
It corresponds to an average energy per hadron of 1 GeV
hadron-gas model.
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points obtained from particle-production experiments
higher energies@10,11,13#. It has been noticed by Cleyman
and Redlich that, within their hadron-gas model, the che
cal freeze-out curve corresponds to an average energy
hadron of 1 GeV@43#. The resulting curve is shown in Fig
11 as a solid line which is in close agreement with the
duced freeze-out parameters.

At SIS energies thermal and chemical freeze-out seem
nearly coincide. In contrast, at SPS beam energies the fre
out parameters clearly indicate that thermal freeze-out
flects a later stage of the collision as significantly lower te
peratures compared to chemical freeze-out are deduced@44#.

VI. SUMMARY

The inclusive neutral-pion andh-meson yields measure
in symmetric collisions of light, intermediate-mass, a
heavy nuclei near midrapidity in the energy range fro
0.8A GeV to 2.0A GeV are consistent with the formation o
a hadronic fireball in chemical equilibrium, as described
an isospin-symmetric ideal hadron gas. With increasing bo
barding energy the baryochemical potentialmB decreases
from 800 MeV to 650 MeV, while simultaneously the tem
peratureTc increases from 55 MeV to 90 MeV. Concernin
the system-size dependence, we find thatmB grows with in-
creasing mass of the projectile-target combination, whileTc
remains about constant. The centrality dependence ofmB and
Tc has been investigated in the system Au1Au at 0.8A GeV.
Here, theh/p0 ratio is expected to be most susceptible to
impact parameter, both because of the large mass of the
tem and because of the low incident-beam energy. No c
trality dependence is observed.

Apart from the moderate system size dependence,
freeze-out parametersmB and Tc completely characterize
the system. GivenmB and Tc one can calculate the hadro
chemical composition of the fireball. While at 0.8A GeV
beam energy only 2–3 % of the nucleons are excited to re
nance states at chemical freeze-out, this fraction incre
to about 15% at 2.0A GeV bombarding energy. Accordin
to transport-model calculations, this resonance conten
.
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freeze-out implies a resonance density in the high-den
phase of the collision of about normal nuclear-matter dens
thus, justifying the term resonance matter for the spec
state of hadronic matter created in heavy-ion collisions
SIS energies. In the meson sector of our model, about 5
of all asymptotically observed pions are still bound in res
nance states at chemical freeze-out, while only about 10%
the final-stateh mesons are bound at that moment.

In contrast to the particle yields, which convey the sta
at chemical freeze-out, the shapes of the related transve
mass spectra do reflect thermal freeze-out. After proper
lowance for radial flow the slope parameters observed for
midrapidity spectra of the neutral mesons correspond to t
mal freeze-out temperatures which are equal to or sligh
lower than the chemical freeze-out temperatures. In cont
to ultrarelativistic collisions, chemical and thermal freez
out, thus, seem to occur almost simultaneously at SIS e
gies as is also observed for heavy-ion collisions at the AG

Particle yields and spectral shapes reflect only two fac
of the very complex process of a relativistic nucleus-nucle
collision. With these observables alone it is not possible
decide whether chemical equilibrium is actually reached d
ing any stage of such a collision. In fact, the observation t
for the heavy collision systems the agreement between
and hadron-gas model is not as good as for the light syste
can be seen as one indication that physics beyond equ
rium concepts may still be visible in the final state of re
tivistic nucleus-nucleus collisions around 1A GeV.
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@25# C. Müntz et al., Z. Phys. A357, 399 ~1997!.
@26# D. Pelteet al., Z. Phys. A357, 215 ~1997!.
@27# R. Hagedorn, Riv. Nuovo Cimento6, 10 ~1983!.
@28# J. Stachel and G.R. Young, Annu. Rev. Nucl. Part. Sci.42, 537

~1992!.
@29# S.A. Basset al., Phys. Rev. Lett.71, 1144~1993!.
3-13



R. AVERBECK, R. HOLZMANN, V. METAG, AND R. S. SIMON PHYSICAL REVIEW C67, 024903 ~2003!
@30# S. Teiset al., Z. Phys. A356, 421 ~1997!.
@31# Particle Data Group, D.E. Groomet al., Eur. Phys. J. C15, 1

~2000!.
@32# J.H. Kochet al., Ann. Phys.~N.Y.! 154, 99 ~1984!.
@33# B. Kruscheet al., Phys. Rev. Lett.74, 3736~1995!.
@34# R. Balian and C. Bloch, Ann. Phys.~N.Y.! 60, 401 ~1970!.
@35# H.R. Jaqamanet al., Phys. Rev. C29, 2067~1984!.
@36# W. Weinholdet al., Phys. Lett. B433, 236 ~1998!.
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