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Abstract We investigate hadron production and transverse hadron spectra in
nucleus-nucleus collisions from 2 A·GeV to 21.3 A·TeV within two in-
dependent transport approaches (UrQMD and HSD) based on quark,
diquark, string and hadronic degrees of freedom. The enhancement of
pion production in central Au+Au (Pb+Pb) collisions relative to scaled
pp collisions (the ’kink’) is described well by both approaches without
involving a phase transition. However, the maximum in the K+/π+ ra-
tio at 20 to 30 A·GeV (the ’horn’) is missed by ∼ 40%. Also, at energies
above ∼ 5 A·GeV, the measured K± mT -spectra have a larger inverse
slope than expected from the models. Thus the pressure generated by
hadronic interactions in the transport models at high energies is too low.
This finding suggests that the additional pressure - as expected from lat-
tice QCD at finite quark chemical potential and temperature - might
be generated by strong interactions in the early pre-hadronic/partonic
phase of central heavy-ion collisions. Finally, we discuss the emergence
of density perturbations in a first-order phase transition and why they
might affect relative hadron multiplicities, collective flow, and hadron
mean-free paths at decoupling. A minimum in the collective flow v2

excitation function was discovered experimentally at 40 A·GeV - such a
behavior has been predicted long ago as signature for a first order phase
transition.
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1. Introduction

The phase transition from partonic degrees of freedom (quarks and
gluons) to interacting hadrons is a central topic of modern high-energy
physics. In order to understand the dynamics and relevant scales of
this transition laboratory experiments under controlled conditions are
presently performed with ultra-relativistic nucleus-nucleus collisions. Had-
ronic spectra and relative hadron abundancies from these experiments
reflect important aspects of the dynamics in the hot and dense zone
formed in the early phase of the reaction. Furthermore, as has been pro-
posed early by Rafelski and Müller [1] the strangeness degree of freedom
might play an important role in distinguishing hadronic and partonic
dynamics.

In fact, estimates based on the Bjorken formula [2] for the energy
density achieved in central Au+Au collisions suggest that the critical
energy density for the formation of a quark-gluon plasma (QGP) is by
far exceeded during a few fm/c in the initial phase of the collision at
Relativistic Heavy Ion Collider (RHIC) energies [3], but sufficient energy
densities (∼ 0.7-1 GeV/fm3 [4]) might already be achieved at Alternat-
ing Gradient Synchrotron (AGS) energies of ∼ 10 A·GeV [5, 6]. More
recently, lattice QCD calculations at finite temperature and quark chem-
ical potential µq [7] show a rapid increase of the thermodynamic pressure
P with temperature above the critical temperature Tc for a phase transi-
tion to the QGP. The crucial question is, however, at what bombarding
energies the conditions for the phase transition (or cross-over) might be
fulfilled.

Presently, transverse mass (or momentum) spectra of hadrons are in
the center of interest. It is experimentally observed that the transverse
mass spectra of kaons at AGS and SPS energies show a substantial flat-

tening or hardening in central Au+Au collisions relative to pp interac-
tions (cf. Refs. [8, 9]). In order to quantify this effect, the spectra are
often parametrised as:

1

mT

dN

dmT
∼ exp(−mT

T
) (1)

where mT =
√

m2 + p2
T is the transverse mass and T is the inverse slope

parameter. This hardening of the spectra is commonly attributed to
strong collective flow, which is absent in the pp or pA data.

The authors of Refs. [10] have proposed to interpret the approx-
imately constant K± slopes above ∼ 30 A·GeV – the ’step’ – as an
indication for a phase transition following an early suggestion by Van
Hove [11]. This interpretation is also based on a rather sharp maximum
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in the K+/π+ ratio at ∼ 20 to 30 A·GeV in central Au+Au (Pb+Pb)
collisions (the ’horn’ [10]). However, it is presently not clear, if the
statistical model assumptions invoked in Refs. [10] hold to be reliable.

We will demonstrate in this contribution that the pressure needed to
generate a large collective flow – to explain the hard slopes of the K±

spectra as well as the ’horn’ in the K+/π+ ratio – is not produced in the
present models by the interactions of hadrons in the expansion phase of
the hadronic fireball. In our studies we use two independent transport
models that employ hadronic and string degrees of freedom, i.e., UrQMD
(v. 1.3) [12, 13] and HSD [14, 15]. They take into account the formation
and multiple rescattering of hadrons and thus dynamically describe the
generation of pressure in the hadronic expansion phase. This involves
also interactions of ’leading’ pre-hadrons that contain a valence quark
(antiquark) from a ’hard’ collision (cf. Refs. [14, 16]).

The UrQMD transport approach [12, 13] includes all baryonic reso-
nances up to masses of 2 GeV as well as mesonic resonances up to 1.9
GeV as tabulated by the Particle Data Group [17]. For hadronic contin-
uum excitations a string model is used with hadron formation times in
the order of 1-2 fm/c depending on the momentum and energy of the cre-
ated hadron. In the HSD approach nucleons, ∆’s, N∗(1440), N∗(1535),
Λ, Σ and Σ∗ hyperons, Ξ’s, Ξ∗’s and Ω’s as well as their antiparticles
are included on the baryonic side whereas the 0− and 1− octet states are
included in the mesonic sector. High energy inelastic hadron-hadron col-
lisions in HSD are described by the FRITIOF string model [18] whereas
low energy hadron-hadron collisions are modeled based on experimen-
tal cross sections. Both transport approaches reproduce the nucleon-
nucleon, meson-nucleon and meson-meson cross section data in a wide
kinematic range. We point out, that no explicit parton-parton scattering
processes (beyond the interactions of ’leading’ quarks/diquarks) are in-
cluded in the studies below contrary to the multi-phase transport model
(AMPT) [19], which is currently employed from upper SPS to RHIC
energies.

2. Hadron excitation functions and ratios

2.1 pp versus central AA reactions – the ’kink’

In order to explore the main physics from central AA reactions it is
instructive to have a look at the various particle multiplicities relative
to scaled pp collisions as a function of bombarding energy. For this aim
we show in Fig. 1 the total multiplicities of π+,K+ and K− (i.e., the
4π yields) from central Au+Au (at AGS) or Pb+Pb (at SPS) collisions
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Figure 1. Total mul-
tiplicities of π+, K+ and
K− (i.e., 4π yields) from
central Au+Au (at AGS)
or Pb+Pb (at SPS) colli-
sions in comparison to the
total multiplicities from
pp collisions (scaled by a
factor 350/2) versus ki-
netic energy Elab. The
solid lines with full trian-
gles and squares show the
UrQMD (l.h.s.) and HSD
results (r.h.s.) for AA col-
lisions, respectively. The
dotted lines with open tri-
angles and squares corre-
spond to the pp multi-
plicities calculated within
UrQMD (l.h.s.) and HSD
(r.h.s.). The figure is
taken from Ref. [16].

(from UrQMD and HSD) in comparison to the scaled total multiplicities
from pp collisions versus the kinetic energy per particle Elab.

The general trend from both transport approaches is quite similar:
we observe a slight absorption of pions at lower bombarding energy and
a relative enhancement of pion production by rescattering in heavy-ion
collisions above ∼10 A·GeV. Kaons and antikaons from AA collisions are
always enhanced in central reactions relative to scaled pp multiplicities,
which is a consequence of strong final state interactions. Thus, the
’kink’ in the pion ratio as well as the K± enhancement might result
from conventional hadronic final state interactions.

2.2 Particle yields in central collisions of heavy
nuclei

Fig. 2 shows the excitation function of π+, π−,K+,K− and Λ + Σ0

yields (midrapidity (l.h.s.) and rapidity integrated (r.h.s)) from central
Au+Au (Pb+Pb) collisions in comparison to the experimental data.
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Figure 2. The
excitation function
of π+, π−, K+, K−

and Λ + Σ0 yields
from central Au+Au
or Pb+Pb collisions
in comparison to the
experimental data
from Refs. [20, 21, 22]
(AGS), [23, 24, 25]
(SPS) and [26, 27, 28]
(RHIC) for midrapid-
ity (left column) and
rapidity integrated
yields (right column).
The solid lines with
open squares show
the results from HSD
whereas the dashed
lines with open
triangles indicate the
UrQMD calculations.
The lower theoretical
errorbars at RHIC
energies correspond
to the yields for 10%
central events. The
figure is taken from
Ref. [29].

Note that all data from the NA49 Collaboration at 30 A·GeV have to be
considered as ’preliminary’. As can be seen from Fig. 2 the differences
between the independent transport models are less than 20%. The max-
imum deviations between the models and the experimental data are less
than ∼ 30%. In addition, a systematic analysis of the results from both
models and experimental data for central nucleus-nucleus collisions from
2 to 160 A·GeV in Ref. [16] has shown that also the ’longitudinal’ ra-
pidity distributions of protons, pions, kaons, antikaons and hyperons are
quite similar in both models and in reasonable agreement with available
data. The exception are the pion rapidity spectra at the highest AGS
energy and lower SPS energies, which are overestimated by both models
[16]. For a more detailed comparison of HSD and UrQMD calculations
with experimental data at RHIC energies we refer the reader to Refs.
[30, 31].
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Figure 3. The ex-
citation function of
K+/π+, K−/π− and
(Λ + Σ0)/π ratios from
5% central (AGS ener-
gies, SPS at 160 A·GeV
and at RHIC energies),
7% central (20, 30, 40
and 80 A·GeV), 10%
central for Λ + Σ0 at
160 A·GeV Au+Au
(AGS and RHIC) or
Pb+Pb (SPS) collisions
in comparison to the
experimental data from
Refs. [20, 22] (AGS),
[23, 24, 25] (SPS) and
[26, 27, 28] (RHIC)
for midrapidity (left
column) and rapidity
integrated yields (right
column). The solid lines
with open squares show
the results from HSD
whereas the dashed
lines with open triangles
indicate the UrQMD
calculations. The figure
is taken from Ref. [29].

2.3 Particle ratios – the ’horn’

In Fig. 3 we present the excitation function of the particle ratios
K+/π+,K−/π− and (Λ + Σ0)/π from central Au+Au (Pb+Pb) colli-
sions in comparison to experimental data. The deviations between the
transport models and the data are most pronounced for the midrapidity
ratios (left column) since the ratios are very sensitive to actual rapidity
spectra. The K+/π+ ratio in UrQMD shows a maximum at ∼ 8 A·GeV
and then drops to a constant ratio of 0.11 at top SPS and RHIC energies.
In the case of HSD a continuously rising ratio with bombarding energy
is found for the midrapidity ratios which partly is due to a dip in the
pion pseudo-rapidity distribution at RHIC energies (cf. Fig. 1 in Ref.
[30]). The 4π ratio in HSD is roughly constant from top SPS to RHIC
energies, however, larger than the ratio from UrQMD due to the lower
amount of pion production in HSD essentially due to an energy-density
cut of 1 GeV/fm3, which does not allow to form hadrons above this
critical energy density [16] and a slightly higher K+ yield (cf. Fig. 2).



Review of QGP signatures - ideas versus observables 3 7

Nevertheless, the experimental maximum in the K+/π+ ratio is missed,
which we address dominantly to the excess of pions in the transport
codes rather than to missing strangeness production. Qualitatively, the
same arguments - due to strangeness conservation - also hold for the
(Λ + Σ0)/π ratio, where the pronounced experimental maxima are un-
derestimated due to the excess of pions in the transport models at top
AGS energies (for HSD) and above ∼ 5 A·GeV (for UrQMD). Since the
K− yields are well reproduced by both approaches (cf. Fig. 2) the de-
viations in the K−/π− ratios at SPS and RHIC energies in UrQMD can
be traced back to the excess of pions (see discussion above).

We stress that the maximum in the (Λ+Σ0)/π ratio is essentially due
to a change from baryon to meson dominated dynamics with increas-
ing bombarding energy. Similar arguments hold for the experimentally
observed maxima in the ratio Ξ/π (cf. Ref. [32]). However, the ’horn’
in the K+/π+ ratio at ∼30 A·GeV is not described by neither of our
transport models.

3. Transverse mass spectra – the ’step’

We now focus on transverse mass spectra of pions and kaons/antikaons
from central Au+Au (Pb+Pb) collisions from 2 A·GeV to 21.3 A·TeV
and compare to recent data (cf. Ref. [33]). Without explicit representa-
tion we mention that the agreement between the transport calculations
and the data for pp and for central C+C and Si+Si is quite satisfac-
tory [33]; no obvious traces of ’new’ physics are visible. The situation,
however, changes for central Au+Au (or Pb+Pb) collisions. Whereas
at the lowest energy of 4 A·GeV the agreement between the transport
approaches and the data is still acceptable, severe deviations are visi-
ble in the K± spectra at SPS energies of 30 and 160 A·GeV [33]. We
note that the π± spectra are reasonably described at all energies while
the inverse slope T of the K± transverse mass spectra in Eq. (1) is
underestimated severely by about the same amount in both transport
approaches (within statistics). The increase of the inverse K± slopes in
heavy-ion collisions with respect to pp collisions, which is generated by
rescatterings of produced hadrons in the transport models, is small be-
cause the elastic meson-baryon scattering is strongly forward peaked and
therefore gives little additional transverse momentum at midrapidity.

The question remains whether the underestimation of the K± slopes
in the transverse mass spectra [33] might be due to conventional hadronic
medium effects. In fact, the mT slopes of kaons and antikaons at SIS
energies (1.5 to 2 A·GeV) were found to differ significantly [34]. As
argued in [15] the different slopes could be traced back to repulsive kaon-
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Figure 4. Comparison
of the inverse slope pa-
rameters T for K+ and
K− mesons from cen-
tral Au+Au (Pb+Pb)
collisions (l.h.s.) and
pp reactions (r.h.s.) as
a function of the in-
variant energy

√
s from

HSD (upper and lower
solid lines) and UrQMD
(open triangles) with
data from Refs. [20, 8,
40, 28, 26, 27] for AA
and [39, 41, 28] for pp
collisions. The upper
and lower solid lines re-
sult from different limits
of the HSD calculations
as discussed in the text.
The figure is taken from
Ref. [29].

nucleon potentials, which lead to a hardening of the K+ spectra, and
attractive antikaon-nucleon potentials, which lead to a softening of the
K− spectra. However, the effect of such potentials was calculated within
HSD and found to be of minor importance at AGS and SPS energies
[15] since the meson densities are comparable to or even larger than
the baryon densities at AGS energies and above. Additional self energy
contributions stem from K± interactions with mesons; however, s-wave
kaon-pion interactions are weak due to chiral symmetry arguments and
p-wave interactions such as π + K ↔ K∗ transitions are suppressed
substantially by the approximately ’thermal’ pion spectrum [35].

Furthermore, we have pursued the idea of Refs. [36, 37] that the K±

spectra could be hardened by string-string interactions, which increase
the effective string tension σ and thus the probability to produce mesons
at high mT [19, 37]. In order to estimate the largest possible effect
of string-string interactions we have assumed that for two overlapping
strings the string tension σ is increased by a factor of two, for three
overlapping strings by a factor of three etc. Here the overlap of strings
is defined geometrically assuming a transverse string radius Rs, which
according to the studies in Ref. [38] should be Rs ≤ 0.25 fm. Based on
these assumptions (and Rs=0.25 fm), we find only a small increase of the
inverse slope parameters at AGS energies, where the string densities are
low. At 160 A·GeV the model gives a hardening of the spectra by about
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15%, which, however, is still significantly less than the effect observed
in the data.

Our findings are summarized in Fig. 4, where the dependence of the
inverse slope parameter T (see Eq. (1)) on

√
s is shown and compared

to the experimental data [8, 39] for central Au+Au (Pb+Pb) collisions
(l.h.s.) and pp reactions (r.h.s.). The upper and lower solid lines (with
open circles) on the l.h.s. in Fig. 4 correspond to results from HSD
calculations, where the upper and lower limits are due to fitting the
slope T itself, an uncertainty in the repulsive K±-pion potential or the
possible effect of string overlaps. The slope parameters from pp collisions
(r.h.s. in Fig. 4) are seen to increase smoothly with energy both in the
experiment (full squares) and in the HSD calculations (full lines with
open circles). The UrQMD results for pp collisions are shown as open
triangles connected by the solid line and systematically lower than the
slopes from HSD at all energies.

We mention that the RQMD model [36] gives higher inverse slope
parameters for kaons at AGS and SPS energies than HSD and UrQMD,
which essentially might be traced back to the implementation of effective
resonances with masses above 2 GeV as well as ’color ropes’ which decay
isotropically in their rest frame [42]. A more detailed discussion of this
issue is presented in Ref.[29].

4. Proton elliptic flow - the minimum
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Figure 5. Ellip-
tic flow v2 of protons
versus rapidity from
40 A·GeV Pb+Pb col-
lisions [44] measured
for three centrality
bins: central (dots),
mid-central (squares)
and peripheral (trian-
gles). The solid lines
are polynomial fits to
the data [44].

The NA49 Collaboration [44] has recently observed a vanishing el-
liptic flow of protons in Pb+Pb collisions at 40 A·GeV at midrapidity
for all centralities (Fig. 5). This observation of the apparent collapse
of the collective flow v2 is remarkable because the proton elliptic flow
v2 at top AGS (11 A·GeV) [43] and top SPS energies (160 A·GeV) [44]
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is non-zero for mid-central collisions and large for peripheral collisions.
This experimental observation of a minimum of the collective flow exci-
tation function has been predicted as a signature for a first order phase
transition [45].

5. Thermodynamics in the T − µB plane

This still leaves us with the question of the origin of the rapid increase
of the K± slopes with invariant energy for central Au+Au collisions
at AGS energies and the constant slope at SPS energies (the ’step’),
which is missed in both transport approaches. We recall that higher
transverse particle momenta either arise from repulsive self energies –
in mean-field dynamics – or from collisions, which reduce longitudinal
momenta in favor of transverse momenta [5, 46]. As shown above in Fig.
4 conventional hadron self-energy effects and hadronic binary collisions
are insufficient to describe the dramatic increase of the K± slopes as a
function of

√
s. This indicates additional mechanisms for the generation

of the pressure that is observed experimentally.
Here we propose that additional pre-hadronic/partonic degrees of free-

dom might be responsible for this effect already at ∼ 5 A·GeV. Our ar-
guments are based on a comparison of the thermodynamic parameters T
and µB extracted from the transport models in the central overlap regime
of Au+Au collisions [48] with the experimental systematics on chemical
freeze-out configurations [47] in the T, µB plane. The solid line in Fig. 6
characterizes the universal chemical freeze-out line from Cleymans et al.
[47] whereas the full dots with errorbars denote the ’experimental’ chem-
ical freeze-out parameters - determined from the fits to the experimental
yields - taken from Ref. [47]. The various symbols (in vertical sequence)
stand for temperatures T and chemical potentials µB extracted from
UrQMD transport calculations in central Au+Au (Pb+Pb) collisions at
21.3 A·TeV, 160, 40 and 11 A·GeV [48] as a function of the reaction time
(from top to bottom). The open symbols denote nonequilibrium config-
urations and correspond to T parameters extracted from the transverse
momentum distributions, whereas the full symbols denote configurations
in approximate pressure equilibrium in longitudinal and transverse di-
rection.

During the nonequilibrium phase (open symbols) the transport cal-
culations show much higher temperatures (or energy densities) than the
’experimental’ chemical freeze-out configurations at all bombarding en-
ergies (≥ 11 A·GeV). These numbers are also higher than the tri-critical
endpoints extracted from lattice QCD calculations by Karsch et al. [49]
(large open circle) and Fodor and Katz [7] (star). Though the QCD
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Figure 6. Schematic phase diagram in the T−µB plane. The solid line characterizes
the universal chemical freeze-out line from Cleymans et al. [47] whereas the full dots
(with errorbars) denote the ’experimental’ chemical freeze-out parameters from Ref.
[47]. The various symbols stand for temperatures T and chemical potentials µB

extracted from UrQMD transport calculations in central Au+Au (Pb+Pb) collisions
at 21.3 A·TeV, 160, 40 and 11 A·GeV [48] (see text). The stars indicate the tri-critical
endpoints from lattice QCD calculations by Karsch et al. [49] (large open circle) and
Fodor and Katz [7] (star). The ’horizontal’ line with errorbars is the phase boundary
(from the endpoint) given in Ref. [7]. The ’vertical’ lines indicate µB for different
rapidity intervals at RHIC energies from Ref. [50].

lattice calculations differ substantially in the value of µB for the critical
endpoint, the critical temperature Tc is in the range of 160 MeV in both
calculations, while the energy density is in the order of 1 GeV/fm3 or
even below. Nevertheless, this diagram shows that at RHIC energies one
encounters more likely a cross-over between the different phases when
stepping down in temperature during the expansion phase of the ’hot
fireball’. This situation changes at lower SPS or AGS (as well as new GSI
SIS-300) energies, where for sufficiently large chemical potentials µB the
cross over should change to a first order transition [51], i.e., beyond the
tri-critical point in the (T, µB) plane. Nevertheless, Fig. 6 demonstrates
that the transport calculations show temperatures (energy densities) well
above the phase boundary (horizontal line with errorbars) in the very
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early phase of the collisions, where hadronic interactions practically yield
no pressure, but pre-hadronic degrees of freedom should do. This argu-
ment is in line with the studies on elliptic flow at RHIC energies, that
is underestimated by 30% at midrapidity in the HSD approach for all
centralities [30]. Only strong early stage pre-hadronic interactions might
cure this problem.

In Fig. 6 we also show the baryon chemical potential µB for different
rapidity intervals at RHIC energies as obtained from a statistical model
analysis by the BRAHMS Collaboration based on measured the anti-
hadron to hadron yield ratios [50]. For midrapidity, µB ≃ 0, whereas for
forward rapidities µB increases up to µB ≃ 130 MeV at y = 3. Thus,
the forward rapidity measurement allows to probe large µB at the same
bombarding energies. Hence, at RHIC only a rather limited chemical
potential range is accessible experimentally. To reach the probable first
order phase transition region, the International Facility at GSI seems to
be the right place to go.

6. Density perturbations from dynamical
symmetry breaking

It is of great interest, of course, to investigate whether the above-
mentioned observations could be due to a phase transition of strongly
interacting matter. The natural effective theory for exploring the effects
from phase transitions on the production and phase-space distribution
of hadrons is hydrodynamics: the equation of state enters directly by
closing the system of continuity equations for energy, momentum and
charge conservation. Typically, first-order phase transitions are mod-
elled by matching the pressure of the low-density massive (symmetry
broken) phase to that of the high-density massless (symmetric) phase
along a ‘phase boundary’ in the T −µB plane (cf. Fig. 6). On the phase
transition line, the system is in a mixed state where both phases coexist
and where their relative fractions are determined from Gibbs’s conditions
of phase equilibrium. This construction assumes that the phase tran-
sition is a quasi-static, reversible process (entropy is conserved) near
equilibrium. Entropy is produced only in the initial compression stage
which ends with the formation of a locally equilibrated fireball of hot
and dense matter which subsequently expands and cools.

The crossover from suppressed to increased pion production in central
nuclear collisions relative to scaled pp collisions reflects the excess en-
tropy produced at higher energies [52], as also seen in Fig. 1. Somewhat
surprisingly though, the excitation function of entropy production turns
out to be rather smooth, without exhibiting ‘discontinuities’ from cross-



Review of QGP signatures - ideas versus observables 6 13

ing the phase boundary at some energy. Aside from some dynamical
effects, the main reason for this behavior is that in baryon-rich mat-
ter the specific entropy is a smooth function of temperature without a
pronounced ‘jump’ [52].

Since the entropy produced right at impact (on a time scale of order
2RA/γ in the CM frame) increases smoothly with energy, all hadron
abundance ratios will behave correspondingly and the sharp ‘horn’ in
K+/π+ seen in the data can not be reproduced. This holds for typi-
cal hydro models with a first-order phase transition [52] as well as for
hadronic transport models (see discussion above).

If early-stage entropy poduction can not account for the sharp peak of
K+/π+ ratio then perhaps the phase transition back to the broken phase
(which occurs later on after some cooling) can ? This might be possi-
ble indeed if one abandons the equilibrium phase transition based on
the macroscopic Gibbs construction and, in turn, introduces a dynam-
ical microscopic treatment of phase transitions into hydrodynamics. It
is well-known that first-order phase transitions lead to inhomogeneities
such as high-density ‘nuggets’, surrounded by low-density ‘voids’. Anal-
ogous effects are frequently discussed within the context of the QCD
transition in the early universe, where inhomogeneities of the entropy
(or baryon to photon ratio) might affect BBN. The usual mixed-phase
construction applies on scales much larger than the size and separation
of inhomogeneities, and on such scales the matter and entropy distribu-
tions appear smooth. On small scales however, for example in heavy-ion
collisions, inhomogeneous density distributions have significant effects on
observables which are non-linear functions of the density: take a large
homogeneous system, split it in half, and move all baryons into one half,
then let each half equilibrate. Suppose you can not measure the hadron
multiplicities in each half separately, just the total. The obvious mea-
surement, namely of baryon number, doesn’t reflect the presence of the
high-density nugget because the total baryon number is the same as for
the homogeneous distribution. However, the total yield of K+ over the
total yield of π+ will be larger than for the homogeneous system ! This
is because the ratio is enhanced in the high-density nugget by a much
bigger factor than it is suppressed in the low-density half of the system.
(Other hadrons like (multi-)strange baryons of course compensate the
strangeness and are also more abundant than for the homogeneous sys-
tem.) The effect diminishes rapidly when the entropy per (net) baryon
becomes large, that is, in the meson-dominated high-energy regime. To
investigate the formation of inhomogeneities during the phase transition
we solve for the coupled evolution of an order parameter field such as
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Figure 7. Space-time evo-
lution of the fluid energy
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y = z = 0. The scale on
the right specifies the ener-
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MeV/fm3.

the chiral condensate φ and the thermalized matter fields [53]:

φ + ∂Veff/∂φ = 0, ∂µ

(

T µν
fl + T µν

φ

)

= 0. (2)

Here, T µν
fl is the energy-momentum tensor of the fluid, T µν

φ that of the
classical modes of the chiral condensate, and Veff is the effective po-
tential obtained by integrating out the thermalized degrees of freedom.
We focus first on energy-density inhomogeneities and present solutions
of these coupled equations for vanishing baryon density [53]. As ini-
tial condition we chose a homogeneous energy density above the critical
energy density for the transition to the broken phase. However, the con-
densate φ exhibits ‘primordial’ Gaussian fluctuations on length scales
∼ 1 fm on top of a smoothly varying mean field. These fluctuations are
then propagated through a first-order chiral phase transition and leave a
rather inhomogeneous (energy-) density distribution in the wake of the
transition, as seen in Fig. 7. Evidently, the scale for such fluctuations is
not tiny and so it would not be appropriate to assume a homogeneous
density distribution. On the other hand, they are too small to be re-
solved in rapidity space because the scale factor is large at times long
after the initial impact. To resolve individual hot/dense spots would
require a resolution better than one unit of rapidity, which is roughly
equal to the thermal width of the local particle momentum distributions.

However, additional hints for the existence of large density inhomo-
geneities created in the course of the transition to the broken phase
remain to be explored. (Inhomogeneities from fluctuations of particle
production in the primary nucleon-nucleon collisions should be largely
washed out until decoupling by hydrodynamic transport of matter due
to pressure gradients, see e.g. [54].) Clearly, the yields of other hadron
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species depend non-linearly on the density as well, and their behavior
has to be tested for consistency. Moreover, coordinate-space fluctuations
of the energy-momentum tensor of matter produced by a phase transi-
tion are uncorrelated to the reaction plane and therefore should act
to reduce out-of-plane collective flow (v2/〈pt〉) as compared to equilib-
rium hydrodynamics, cf. the discussion in [53]. Finally, Hanbury-Brown–
Twiss correlations could provide valuable coordinate-space information
on the regions from which particles are emitted. In this regard, note
the stunning result of CERES [55] according to which pions decouple
when their mean-free path is ∼ 1 fm. This is inconceivable in standard
equilibrium hydrodynamics without density perturbations because there
particles decouple only when their mean-free path exceeds the scale of
spatial homogeneity, which is about an order of magnitude larger [56].
The CERES analysis indicates that density (and perhaps velocity) gra-
dients in coordinate space are 1/1 fm rather than 1/10 fm.

7. Conclusions

Summarizing this contribution, we point out that baryon stopping
[57] and hadron production in central Au+Au (or Pb+Pb) collisions
is quite well described in the independent transport approaches HSD
and UrQMD. Also the ’longitudinal’ rapidity distributions of protons,
pions, kaons, antikaons and hyperons are similar in both models and in
reasonable agreement with available data. The exception are the pion
rapidity spectra at the highest AGS energy and lower SPS energies,
which are overestimated by both models [16]. As a consequence the
HSD and UrQMD transport approaches underestimate the experimental
maximum of the K+/π+ ratio (’horn’) at ∼ 20 to 30 A·GeV. However,
we point out that the maxima in the K+/π+ and (Λ + Σ0)/π ratios
partly reflect a change from baryon to meson dominated dynamics with
increasing bombarding energy.

We have found that the inverse slope parameters T for K± mesons
from the HSD and UrQMD transport models are practically indepen-
dent of system size from pp up to central Pb+Pb collisions and show
only a slight increase with collision energy, but no ’step’ in the K±

transverse momentum slopes. The rapid increase of the inverse slope
parameters of kaons for collisions of heavy nuclei (Au+Au) found ex-
perimentally in the AGS energy range, however, is not reproduced by
neither model (see Fig. 4). Since the pion transverse mass spectra –
which are hardly effected by collective flow – are described sufficiently
well at all bombarding energies [29], the failure has to be attributed to
a lack of pressure. This additional pressure should be generated in the
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early phase of the collision, where the ’transverse’ energy densities in the
transport approaches are higher than the critical energy densities for a
phase transition (or cross-over) to the QGP. The interesting finding of
our analysis is, that pre-hadronic degrees of freedom might already play
a substantial role in central Au+Au collisions at AGS energies above
∼ 5 A·GeV. The more astonishing is the experimentally observed col-
lapse of the collective flow v2 at 40 A·GeV - such a behavior has been
predicted as signature for a first order phase transition long ago.
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