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T 
Fig. 1. Schematic phase diagram of hadronic matter. PB is the 
density of baryonic number. Quarks are confined in phase I 
and unconfined in phase II. 

a hadron consists of a bag inside which quarks are con- 
fined. If many hadrons are present, space is divided in- 
to two regions: the "exterior" and the "interior". At 
low temperature the hadron density is low, and the 
"interior" is made up of disconnected islands (the 
hadrons) in a connected sea of "exterior". By increas- 
ing the temperature, the hadron density increases, and 
so does the portion of space belonging to the 
"interior". At high enough temperature we expect a 
transition to a new situation, where the "interior" has 
fused into a connected region, with isolated ponds and 
lakes of exterior. Again, in the high temperature state, 
quarks can move throughout space. We note that this 
picture of  the quark liberation is very close to that of 
the droplet model of  second order phase transitions 
[13]. 

We expect the same transition to be also present at 
low temperature but high pressure, for the same reason, 
i.e. we expect a phase diagram of the kind indicated in 
fig. 1. The true phase diagram may actually be substan- 

tially more complex, due to other kinds of transitions, 
such as, e.g. those considered by Omnes [14]. 

We note finally that, although the two alternatives 
(phase transition or limiting temperature) give rise to 
similar forms for the hadronic spectrum, the equation 
of state for high densities is radically different. In the 
first case we may expect the equation of state to be- 
come asymptotically similar to that of a free Fermi 
gas, while the limiting temperature case leads to an ex- 
tremely "soft" equation of state [15]. This difference 
has important astrophysical implications [ 16]. 
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• Learn about phase structure of QCD
• Understand emission structure
• Explore composite particles
• Investigate influence on fluctuation observables
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Fluctuations in quark densities à Clusters might be enhanced

C. Herold, M. Nahrgang, M. Bleicher, I. Mishustin, Nucl.Phys. A925 (2014) 14-24

Angular distribution, 12 fm/c

Nonequilibrium fluctuations in PQM 6 fm/c 12 fm/c

Crossover

CP

1st  o. PT

à Strong fluctuations, inhomogeneous quark densities

STARS 2019

s-field

4



Prof. Dr. Marcus Bleicher

Thermal emission vs. BB nucleosyntesis

STARS 2019

• Thermal model provides good description of cluster data, e.g. deuteron, 
even with protons being slightly off

• Surprising result, because the binding energy of the deuteron (2.2 MeV) 
is much smaller than the emission temperature (150-160 MeV)

• Why is it not immediately destroyed?
Related to famous deuterium bottleneck in big bang nucleosynthesis: 
If the temperature is too high (mean energy per particle greater than d binding 
energy) any deuterium that is formed is immediately destroyed
à delays production of heavier clusters/nuclei.

From
 B

raun-M
unzinger, S

tachel, A
ndronic

P
ospelov, P

radler, A
nn.R

ev.N
ucl.P

art.S
ci.60:539-568,2010

5



Prof. Dr. Marcus Bleicher

Time Evolution of Heavy Ion Collisions

1x 10-23 s 10 x 10-23 s 30 x 10-23 s 

At high energies hybrid approaches are very 
successful for the description of the dynamics

Nuclei at 99 % 
speed of light

Quark Gluon Plasma Cluster emissions vs. 
formation

Hadronic 
Rescattering

Nonequilibrium 
initial state 
dynamics

Relativistic 
Hydrodynamics/
Parton dynamics

Hadron Transport

Fi
gu

re
ad

ap
te

d
fro

m
H

. E
lfn

er
, a

rX
iv

:1
40

4.
17

63
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Coalescence
• Coalescence assumes that that clusters are formed at the 

end of the kinetic scattering stage (cold/dilute system!)
• Different approaches: Momentum space coalescence 

and phase space coalescence
• Momentum space coalescence assumes small emission

volume (neglecting spatial distribution) à does not work 
well for large systems

• Phase space (PS) coalescence treats both, the 
momentum distribution and the space distribution of 
protons and neutrons

• PS coalescence typically uses a Dp ≲ 285 MeV and a Dx
≲ 3.5 fm to define the deuteron state

STARS 2019 7
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Proton-proton collisions

Deuteron (anti-deuteron): ratios Absolute yields

STARS 2019

Good description of pp by coalescence Absolute yields in line with ALICE data

S. Som
bun, M

. Bleicheret al, Phys.R
ev. C

99 (2019) no.1, 014901
8
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From small to large systems

Proton+nucleus at 14.6 AGeV
Transverse dynamics in 

Si+(Al/Cu/Au) at 14.6 AGeV

STARS 2019

Rapidity distributions indicate 

correct coalescence behavior 

Also transverse expansion is well 

captured in the coalescence approach
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Towards higher energies

Pb+Pb from 20 AGeV

to 158 AGeV

LHC results: 

Centrality dependence

STARS 2019

Deuteron rapidity distributions

well described over a broad range 

of energies

Decrease of d/p ratio for very central 

collisions 

à indication for larger freeze-out volume
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Can we distinguish thermal emission from coalescence?

Au+Au at 2 AGeV Moments of distribution

STARS 2019

Thermal emission would result 
in Poisson fluctuations
à Coalescence leads to 

wider distributions

Deviations from Poisson strongest at 
low energies (largest yield of deuterons)

Z. Feckova, B
. Tom

asik, M
. B

leicher, P
hys.R

ev. C
93 (2016) no.5, 054906
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Anti-deuterons
Does coalescence also work for 

more exotic states?
Energy dependence of deuterons 

and anti-deuterons

STARS 2019

Surprisingly good description of
anti-deuteron yield

Consistent picture over the 
whole energy range

S
. S

om
bun, M

. B
leicher

et al, P
hys.R

ev. C
99 (2019) no.1, 014901
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Hyper and multi-strange matter
DiBaryons Hypernuclei

STARS 2019
J. Steinheim

er, M
. Bleicheret al, Phys.Lett. B714 (2012)

tral heavy ion collisions. Here we assume that the coa-
lescence criterion used to form the composite particles
includes the proximity of nucleons both in the momen-
tum and coordinate space. The coordinate coalescence
parameters are determined by the relation rC = !/pC,
with the same values of pC as were used in [78]. As a
first approximationwe use the same coalescence param-
eters for both conventional fragments and hyperfrag-
ments. An example of the calculated invariant yields
of the fragments produced in the central Au + Au col-
lisions at projectile momentum 11.5A GeV is shown
in Fig. 1. One can understand that at this energy the
coalescence model reproduces qualitatively the experi-
mental data for conventional fragments. The fragments
yields fit very close to exponential dependence with a
penalty factor of approximately 50 for each nucleon
added in agreement with the data. Due to the fact that
the same coalescence parameters were used a similar
penalty factor is obtained for hyperfragments, which is
supplemented by additional suppression if the neutron
is replaced by a Λ.
For the following results we fixed the coalescence pa-
rameters as described, with a fit to the data at 11.5A
GeV, and assume that they do not change with beam en-
ergy. This allows us to predict cluster production over a
wide range of experimental setups.

4. Results

Figures 2 and 3 show our results for the mid rapidity
yields (|y| < 0.5) of di-baryons and hypernuclei as a
function of the beam energy Elab. In our calculations we
considered most central (b < 3.4 fm) Pb+Pb/Au+Au
collisions at Elab = 1 - 160A GeV. In addition, figure
2 shows the Λ yield (black lines and squares) for the
two different models compared to data [75, 76, 77]. In
these figures, the UrQMD hybrid model calculations
are shown as lines, while the DCM Coalescence results
are depicted as symbols. A striking feature of our
comparison is that, above Elab ∼ 10A GeV, both
computations for most (hyper-)nuclei and di-baryons
agree very well. At lower energies the strange cluster
production is suppressed in the transport model due
to the non-equilibrium of strangeness. In the thermal
calculations restrictions of energy and momentum
conservation, resulting in a phase space reduction for
produced strange particles, strongly decreases strange
particle yields [57, 58, 59]. This behavior was also
observed in a core-corona implementation in the hybrid
model [79].

Figure 2: Yields per event of different di-baryons in the mid rapidity
region (|y| < 0.5) of most central collisions of Pb+Pb/Au+Au. Shown
are the results from the thermal production in the UrQMD hybrid
model (lines) as compared to coalescence results with the DCMmodel
(symbols). The small bars on the right hand axis denote results on di-
baryon yields from a previous RQMD calculation at √sNN = 200
GeV [74]. In addition, the black lines and symbols depict results for
the production rate of Λ’s from both models, compared to data (grey
crosses) from [75, 76, 77].

An instructive result is that the yields of most hyper-
nuclei have a maximum (or saturation) around 10–20
A GeV of beam energy. Therefore, the investigation of
hypernuclei can be effectively pursued at these energies.
On the other hand, the dependence of their yields up to
energies of ∼200 A GeV can help to clarify the mecha-
nisms of hypernuclei production.
Noticeably the yields for di-baryons inlcuding Ξ

hyperons differ strongly with respect to the model
applied, for the double Ξ state the difference is as
large as one order of magnitude. The reason for this
discrepancy can be understood considering that the
DCM model produces considerably, by a factor of
5 times, less Ξ’s than the UrQMD hybrid model,
therefore also the dibaryon formation is strongly
suppressed (note that the experimental Ξ yield is quite
well reproduced by the UrQMD-hybridmodel [80, 79]).

Di-baryon production rates have also been calculated
in a coalescence approach using the RQMD model for√sNN = 200 GeV collisions of Au nuclei [74]. To re-

4

Figure 3: Yields per event of different (hyper-)nuclei in the mid ra-
pidity region (|y| < 0.5) of most central collisions of Pb+Pb/Au+Au.
Shown are the results from the thermal production in the UrQMD hy-
brid model (lines) as compared to coalescence results with the DCM
model (symbols).

late our calculations to these results, they are indicated
as the colored bars on the right axis of figure 2. The
RQMDmodel used was in particular tuned to reproduce
multi strange particle yields (such as the Ξ) and the re-
sults are therefore close to the ones obtained with our
thermal/hydrodynamic approach.
Figures 4 and 5 show the integrated (4π) yields for

all considered clusters as a function of beam energy. As
with the midrapidity results there is a remarkable agree-
ment between both approaches. However, the integrated
yields of non-strange nuclei at high energies are system-
atically larger in the coalescence approach, although the
mid-rapidity yield was smaller. This observation can be
explained when the rapidity distribution of the nuclei is
considered. In the coalescence approach the probability
to produce a nucleus increases with rapidity and in par-
ticular in the fragmentation region, where the nucleons
have small relative transverse momenta and can easily
coalesce.
In addition we point out that the coalescence results

depend on the parameters of the model. As mentioned,
in the presented results the parameter pC for Λ’s was
taken equal to the one of the nucleon’s. However, the
hyperon-hyperon and hyperon-nucleon interactions are

Figure 4: Full acceptance yields per event of different di-baryons cre-
ated in most central collisions of Pb+Pb/Au+Au. Shown are the re-
sults from the thermal production in the UrQMD hybrid model (lines)
as compared to coalescence results with the DCM model (symbols).

not very well known and we expect that these parame-
ters may be different for clusters containing Λ’s or even
Ξ’s. In table 2 we demonstrate how the yields of strange
dibaryon nuclei depend on the momentum parameter
pC . As discussed previously, we have accordingly re-
stricted the rC parameter, however, by imposing an em-
pirical limitation related to the nuclear force properties
that rC can not be larger than 4 fm. One can see, we
expect a very large variation of the yields depending on
the parameters. For instance, the probability of a bound
Λ–nucleon state may decrease by many orders, if we as-
sume a small pC corresponding to a low binding energy
of this state. Usually the parameters are fixed by com-
parison with experiment. Nevertheless, ratios of hyper-

pC= 5 20 50 90
ΛN 4.4 ·10−4 2.7 ·10−2 3.0 ·10−1 2.1
ΛΛ 3.0·10−5 1.2·10−3 6.6·10−3 5.6·10−2
ΞN < 10−6 1.0·10−3 1.1·10−2 1.0·10−1
ΞΛ < 10−6 7.4·10−5 5.8·10−4 1.0 ·10−2
ΞΞ < 10−6 < 10−6 3.8·10−4 7.2·10−4

Table 2: Dependence of yield of strange dibaryons (per one event) on
momentum coalescence parameter (pC in units of [MeV/c]), in central
(b < 3.5 fm) Au+Au collisions at 20A GeV

5

Hybrid model (lines) vs. coalescence (symbols)
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FIG. 3: The same DCM calculations with symbol notations as in Fig. 2, but in the X–Z plane. The

symbols show the coordinates of Λ absorption points in projectile and target spectators. Ellipses

show the average positions of projectile and target nuclei during time intervals indicated in the

figure (from top to bottom) in the system of equal velocities. Number of hyperons nΛ (per 2·105

events) captured in the participant and spectator zones during these intervals are noted on the

right side.
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FIG. 6: Probability for formation of conventional and strange spectator residuals (top panels),

and their mean mass numbers (bottom panels) versus the number of captured Λ hyperons (H),

calculated with DCM and UrQMD model for p + Au and Au + Au collisions with energy of 2

GeV per nucleon (left panels), and 20 GeV per nucleon (right panels). The reactions and energies

are noted in the figure by different histograms.
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Significant amount of multi-hyper fragments
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Summary

• Coalescence works very
well over a broad energy
regime

• Results are similar to the
obtained from thermal 
models and hybrid models

• True process is difficult to
distinguish, maybe
fluctuations can help

• Predictions for
hypermatter show that
FAIR is ideally positioned
to explore this new kind of
matter.
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