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The formation of deuterons in heavy-ion collisions at relativistic energies is investigated by employ-
ing two recently advanced models – the Minimum Spanning Tree (MST) method and the coalescence
model by embedding them in the PHQMD and the UrQMD transport approaches. While the coales-
cence mechanism combines nucleons into deuterons at the kinetic freeze-out hypersurface, the MST
identifies the clusters during the different stages of time evolution. We find that both clustering
procedures give very similar results for the deuteron observables in the UrQMD as well as in the
PHQMD environment. Moreover, the results agree well with the experimental data on deuteron
production in Pb+Pb collisions at

√
sNN = 8.8 GeV (selected for the comparison of the methods

and models in this study). A detailed investigation shows that the coordinate space distribution of
the produced deuterons differs from that of the free nucleons and other hadrons. Thus, deuterons
are not destroyed by additional rescattering.

I. INTRODUCTION

The observation of light baryonic clusters in the central
rapidity region in ultra-relativistic heavy-ion collisions is
a topic of current interest with substantial research activ-
ity, both on the theoretical side and on the experimental
side. A central physical question that emerged during
that last years is how such weekly bound objects could be
produced in and survive the hot and dense environment
created in the central collision region. A central method-
ological question is how to identify/calculate such clus-
ters in (dynamical) simulations of heavy-ion reactions.

Early on, models for the description of light nuclei pro-
duction in nuclear collisions have been developed [1–4].
These clustering models were later improved using the
Wigner function and phase space coalescence approach
[5–16] to allow for the calculation of clusters from dynam-
ical simulations. The consensus here was that nuclear
clusters are formed in the late dilute (but still baryon
rich) stage of the collision, through nuclear interactions.
Later on, light nuclei where also detected in the more
energetic collisions at high energy ion colliders. Prime
examples are the observation of clusters by the STAR
collaboration at RHIC (Relativistic Heavy-Ion Collider)
in Brookhaven [17, 18], as well as by the ALICE collab-
oration at the LHC (Large Hadron Collider) [19, 20] and
by the NA49 Collaboration at the SPS (Super Proton
Synchrotron) [21, 22] at CERN, Geneva.

In fact, statistical model fits, based on the multiplic-
ity of a multitude of hadrons, yield a freeze out tem-
perature of the clusters of about T = 160 MeV and a

system which is dominated by mesons [23]. According
to the results of lattice gauge calculations this temper-
ature is close to the pseudo critical temperature of the
chiral crossover at vanishing chemical potential, which
separates the phase where hadrons dominate from that
where partons are dominant. In such an environment
clusters, which have a binding energy of a couple of MeV
per nucleon, would not be stable and cannot survive un-
til the kinetic freeze-out which can be determined by the
transverse momentum spectra of the hadrons produced
in these collisions, which show an inverse slope param-
eter of more than 100 MeV. This apparent discrepancy
has been dubbed the ’snowball in hell’ puzzle.

Besides the dynamical formation and coalescence at
kinetic freeze-out [1–4, 8–10, 12–16, 24], further descrip-
tions for light nucleus production have been discussed in
the literature. Because the thermal fit to hadron multi-
plicities almost perfectly describes also the nuclei yields
even at the highest beam energies [23] an instant chemi-
cal freeze-out at the pseudo critical temperature has been
proposed. However, such a scenario seems not compatible
with the finding that the kinetic freeze out of nuclei co-
incides with that of nucleons and pions which takes place
at a much lower temperature, around 100 MeV. Recent
works that also describe the multiplicity and flow of nu-
clei are either based on partial chemical equilibrium mod-
els, where e.g. the deuteron yield is maintained through-
out the kinetic rescattering phase [25–28], or explicit scat-
tering processes which can form and destroy light nuclei
in a dynamical hadronic cascade model [29, 30]. In gen-
eral one can conclude that all of these approaches, in-
cluding the dynamical formation and coalescence, seem
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to provide a reasonable description of experimental data.
For most of them the formation of the observable nuclei
occurs either at or after kinetic freeze-out, i.e. after the
’snowball has left hell’.

Two methods that are widely employed to identify clus-
ters in dynamical simulations are the Minimum Spanning
Tree (MST) method (usually applied at lower collision
energies) and coalescence (usually applied at higher col-
lision energies). The goal of this study is to investigate
deuteron production by comparing the results of these
two different procedures, coalescence and MST, for clus-
ter identification, if they are applied to the microscopic
PHQMD and UrQMD transport approaches. For this
we compare the deuteron multiplicity as well as differ-
ential observables (as the rapidity distributions and the
pT spectra) obtained in UrQMD and PHQMD when ap-
plying the same cluster finding algorithm to both ap-
proaches. In practise we extended UrQMD and PHQMD
simulation codes in a way that the MST method (pre-
viously used in PHQMD) and the coalescence method
(previously used in UrQMD) are realised in a model in-
dependent cluster recognition psMST library [31] which
can then be applied on equal footing to both transport
approaches.

Furthermore, we investigate whether the coalescence
procedure leads also to the same conclusion - as found in
[16] - that clusters can survive the expansion phase since
they move behind the main stream of free nucleons and
hadrons.

For the present comparative study we focus on Pb+Pb
collisions at

√
sNN = 8.8 GeV, where experimental data,

measured by the NA49 collaboration [22], are available.
The paper is organized as follows: In Section II we

briefly evoke the basic ideas of the cluster recognition
procedures - coalescence and MST - implemented in the
PHQMD and UrQMD models. In Section III we present
the results for deuteron production in heavy-ion colli-
sions. In Section IV we study the time evolution of
deuteron production. Finally, in Section V we summarize
our findings.

II. CLUSTER PRODUCTION IN DYNAMICAL
MODELS OF HEAVY-ION COLLISIONS

In general, one might assume that the calculation of
nuclear clusters in relativistic nuclear collisions is rather
straight forward. Based on the full n-body (time depen-
dent) quantum Wigner distribution of the nucleons, the
Hamiltonian of the system should allow for the binding
of nucleons into nuclear clusters using the (spin and iso-
spin) dependent potential interactions. These clusters
should be stable asymptotic states that can be identified
at t → ∞. Such approaches are possible at very low
collision energies and are realized e.g. in fermionic/anti-
symmetrized Molecular Dynamics models [32, 33], but
are out of reach for beam energies well above 1 AGeV,
due to the relativistic kinematics.

At relativistic energies, one usually employs for the
deuteron production a phase space approximation to the
quantum Wigner density of the deuteron. Such ap-
proaches (like the PHQMD and the UrQMD) simulate
the n-body phase space average over spin states and in-
clude only 2-body (density dependent) interactions. The
QMD based models can provide a satisfactory descrip-
tion of the underlying n-body phase space distributions
of nucleons to be used as a basis for cluster production.
While one expects that all simulation models provide the
same results for the nucleon distribution, due to differ-
ences in detail, like the parametrization of unmeasured
cross sections, and due to the complexity of the dynam-
ics involved, the results differ in detail but they tend to
give a qualitatively similar though quantitatively differ-
ing results. In order to take into account and estimate
such uncertainties we employ two different models in two
different setups for the cluster production, namely the
PHQMD model and the UrQMD model, either in so-
called ”cascade mode” or including the interactions of
nucleons via hadronic potentials (potential mode).

A. The Parton-Hadron-Quantum-Molecular
Dynamics (PHQMD)

The PHQMD approach [16, 34] as well as the Ultra-
relativistic-Quantum-Molecular Dynamics (UrQMD) [35,
36] describe ultra-relativistic heavy-ion collision using
Quantum Molecular Dynamics. In these approaches the
nucleons are presented as Wigner densities of the wave
functions. The n-body Wigner density is the direct prod-
uct of the one body Wigner densities (at the energy dis-
cussed here anti-symmetrization can be neglected). The
time evolution of the n-body Wigner density is given by
a variational principle. Because the nucleons interact by
mutual density dependent two-body interactions, energy
and momentum are strictly conserved. The n-body QMD
approaches [37, 38] allow then to study the correlations
(e.g. a deuteron as a 2-body correlation).

This distinguishes the QMD from the BUU type ap-
proaches like SMASH, AMPT or GiBUU, which prop-
agate only the 1-body phase space density f1(~r, ~p) in a
mean field by using the test particle method. There, the
2-body phase space density is factorized into the product
of two 1-body densities neglecting the correlation term:
f2(~r1, ~p1, ~r2, ~p2, ) = f1(~r1, ~p1) · f1(~r2, ~p2). This factoriza-
tion is a major short coming, because it rules out the cal-
culation of genuine 2-body correlations, like deuterons.

A similar problem is present for the Parton-Hadron-
String Dynamics (PHSD) approach for strongly inter-
action systems [39–41] based on the Kadanoff-Baym
equations [42] in first-order gradient expansion [41]. It
propagates density matrices (in phase-space representa-
tion) which contain information not only on the occu-
pation probability (in terms of the phase-space distribu-
tion functions as in BUU), but also on the properties of
hadronic and partonic degrees-of-freedom via their spec-
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tral functions (cf. Ref. [43]). However, the nucleon-
nucleon potential in the PHSD approach is realized also
on the mean-field level and therefore prevents the direct
study of deuteron production.

To overcome this limitation, the PHQMD approach
was developed to include full n-body dynamics for the
expansion stage of the reaction. PHQMD is based on
the PHSD approach (in version 4.0 which includes the
description of the partonic phase [39, 40, 44, 45]). The
QGP phase in PHQMD is described in terms of strongly
interacting quasiparticles based on the DQPM (Dynam-
ical Quasi-Particle Model). As introduced in Ref. [34],
the cluster identification can then be realized in PHQMD
by the Minimum Spanning Tree (MST) procedure [37]
(also used in this study) or by the Simulated Annealing
Clusterization Algorithm (SACA) (see [46, 47]), as it was
previously done in QMD [46, 48, 49] calculations.

B. The Ultra-relativistic-Quantum-Molecular
Dynamics (UrQMD)

UrQMD [35, 36] includes as degrees of freedom the full
set of established hadrons and their resonances, summing
up to more than 50 baryon species and 40 meson species.
The parametrization of the cross sections among these
hadrons are similar to, but differ in details from that in
PHQMD. UrQMD allows to include, similar to PHQMD,
soft and hard (density dependent) two body interactions,
which are mostly relevant at low beam energies, while at
higher energies the model is usually used in the so called
’cascade mode’ which means that between collisions or
after decays hadrons are propagated on straight line tra-
jectories.

For the present study we use the UrQMD and PHQMD
models in two modes: the cascade mode without poten-
tial and the potential mode including nucleon-nucleon
potentials (cf. Ref. [50] for UrQMD). In both models
the potential is a density dependent Skyrme like poten-
tial with a hard equation-of-state.

However, there is a difference in the practical realiza-
tion of the potential in both approaches. This differ-
ence is related to the fact that a covariant formulation
of the relativistic QMD equations requires the reduction
from a 8-dimensional space (covariant xµ = (t, ~r) and
pµ = (E, ~p)) to 6+1 dimensions (i.e. (~r, ~p, t)) by em-
ploying energy and time constraints [51]. At the moment
the full numerical realization of this method for realistic
heavy-ion calculations is not feasible. Therefore, in order
to extend the QMD approach to relativistic energies, in
the PHQMD a modified single-particle Wigner density
of the nucleons has been introduced (cf. [34]) to account
for the Lorentz contraction of the nucleus in the beam
z-direction in coordinate and momentum space by the
inclusion of γcm = 1/

√
1− v2cm, where vcm is the veloc-

ity of the bombarding nucleon in the initial NN center-
of-mass system. Accordingly, the interaction density is
modified, what leads to the modification of the 2-body

forces between nucleons.
In the UrQMD realization, there is no additional γcm

modification included, i.e. single particle densities are
treated as spherical in coordinate space. This leads to
different strengths of the potentials and the results de-
pend on this different implementation. Let us stress, that
if we use the same single particle densities in PHQMD
and UrQMD, the results of the both involved models are
very similar.

As a side remark, also a QGP phase can be included
into the UrQMD dynamics by switching to a hydrody-
namical hybrid description [52, 53] for the most dense
stages of the reaction. For this study, however, we will
use only the hadron-string dynamics of the UrQMD dis-
carding the QGP formation, i.e. without a transition to
the hydro mode.

In the past the coalescence procedure has been applied
to study deuteron production in the UrQMD approach
for various energies, see e.g. [13, 54–57].

III. CLUSTER FORMATION IN THE PHQMD
AND URQMD

In this section we briefly recall the basic ideas of the
Minimal Spanning Tree (MST) and coalescence proce-
dures for the cluster recognition as (previously) employed
in the PHQMD and UrQMD microscopic transport ap-
proaches.

A. Cluster recognition by the minimum spanning
tree (MST)

In the QMD approach (here specifically the PHQMD
realization) nucleons interact by potentials and by col-
lisions. The potential between nucleons is attractive
around nuclear ground state densities and therefore at
the end of the heavy-ion reaction nucleons tend to stay
together and to form clusters. To identify clusters a Min-
imum Spanning Tree (MST) procedure is applied, which
will be described in the following: In the implementa-
tion of the MST algorithm used in this study, only the
coordinate space information is used to identify clusters.
A nucleon is considered as part of a cluster if its spa-
tial distance to any other nucleon is less than r0 = 4 fm
in the local rest frame of the cluster. The distance is
calculated by a Lorentz transformation from the com-
putational frame to the local rest frame and the cut-off
distance is chosen according to the range of the potential
in PHQMD. Nucleons which are more distant than the
cut-off distance are assumed to be not bound by the at-
tractive nuclear interaction of this specific cluster. The
main advantage of MST is to allow to identify clusters at
any time during the evolution of the system. The clus-
ters, created by the potential interaction during the time
evolution, are therefore formed dynamically.
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We have checked that additional cuts in momentum
space change the result only marginally (cf. [31]) be-
cause clusters with a relative momentum larger than the
corresponding binding energy do not stay together but
separate in the expanding system. Being a semi-classical
simulation of the bound cluster states, the clusters are
not fully stable as a function of time and the cluster mul-
tiplicity has to be determined at a given time. It has
been checked that a determination of the cluster states
at different (earlier or later) times change only the multi-
plicity of the clusters but neither the form of the rapidity
distribution nor that of the transverse momentum distri-
bution.

From a previous analysis of the cluster production in
PHQMD, the conclusion has been advanced that clus-
ters are closer to the center of the reaction as compared
to free nucleons and hadrons [16]. The fact that nucleons
in a cluster and free hadrons are not at the same place in
coordinate space may therefore explain why collisions be-
tween clusters and hadrons are not frequent and therefore
do not destroy the produced clusters during the further
evolution of the system.

B. Phase space coalescence approach

The phase space coalescence approach is a statistical
description of cluster production, based on proximity in
momentum and coordinate space. It can also be em-
ployed in n-body approaches when the underlying kinetic
description of the hadron dynamics does not include the
dynamical formation of nuclei, for example through nu-
clear potential interactions. This is a main reason for the
popularity of the coalescence model in the simulation of
high energy nucleus-nucleus collisions, because such mod-
els do often not include a nuclear potential. A coalescence
procedure has been recently applied in Refs. [10, 13] to
the UrQMD approach and in Refs. [9, 11, 15, 58–60] to
the AMPT model (a multi-phase transport model).

In the present coalescence implementation for deuteron
production, the relative positions and momenta for all
proton-neutron pairs in their center-of-mass (CM) frame
is calculated after the individual last scattering of the two
nucleons. The following procedure is employed to gener-
ate deuterons: I) The time of last scattering of each of the
both nucleons in the p-n pair is calculated from the sim-
ulation. The last scattering of the pair is defined by the
nucleon of the pair which scatters at the later time. II)
The p-n center-of-mass frame is determined and the nu-
cleon, which had its last collision earlier is propagated to
the freeze-out time of the other nucleon. III) The relative
momentum ∆P and distance ∆R between the proton and
the neutron in its CM frame is calculated. If ∆P < 0.285
GeV and ∆R < 3.575 fm, a deuteron may be formed. IV)
If the above condition is met, then the probability that
a deuteron is formed is given by the spin-isospin combi-
natorial factor Pd = 3/8. V) If a deuteron is formed its
momentum is given by the sum of the p − n momenta

in the CM frame, boosted back into the computational
frame.

Note, that in this approach the two coalescence fac-
tors ∆P and ∆R are considered as free parameters and
are fixed once and then used to make predictions at
other systems and beam energies. Other coalescence ap-
proaches try to constrain the free parameters by assum-
ing the width of the deuteron wave function in phase
space [9, 11, 58]. A comparison between both coalescence
approaches showed that they yield within 30% similar re-
sults as long as the product ∆P∆R is fixed [8], which is
within the systematic error obtained from the variation
of the deuteron wave function (Hulthen wave function vs.
harmonic oscillator wave function) in the Wigner func-
tion approach.

For further details on the procedure to identify clus-
ters - MST and coalescence - we refer the reader to the
original publications of the PHQMD [34] and UrQMD
[10, 12, 13] groups. Furthermore, the detailed description
of differences between the PHQMD (and PHSD) and the
UrQMD transport approaches can be found in a recent
review [61].

IV. BULK OBSERVABLES FOR DEUTERON
PRODUCTION

In this section, we present the results of the study for
the "bulk" observables, such as rapidity distributions and
transverse momentum spectra. In order to explore the in-
fluence of the nucleon-nucleon potential on the deuteron
production we apply two modes of the PHQMD and
the UrQMD transport approaches: in the first mode we
switch-off the nucleon-nucleon potential (cascade mode),
while in the second mode the standard nucleon-nucleon
potential is active (potential mode).

As mentioned in Section II, in the PHQMD approach
in the regions of high local energy density (above a
critical energy density of εC ' 0.5 GeV/fm3) a tran-
sition from hadronic to partonic degrees-of-freedom oc-
curs, i.e. the system is in the QGP phase. Here, the
nucleon-nucleon potential acts on baryons only during
the hadronic phase, i.e. during the primary NN col-
lisions, after the hadronization and on baryons from
the hadronic ’corona’ in the peripheral reaction region,
which are not part of the QGP. We use UrQMD in
the hadron-string mode (i.e., without a QGP phase re-
alized via hydrodynamics). Therefore, in UrQMD the
nucleon-nucleon potential is also active when the system
is strongly compressed and dense.

We mention that nucleons, which do not scatter at all,
are not included in the analysis of the deuterons. They
are only relevant for the fragmentation region, where the
dissociation of the spectator should be better treated
with a multi-fragmentation approach and not via coa-
lescence or MST. For the results at midrapidity, studied
in this paper at

√
sNN = 8.8 GeV, the fragmentation re-

gion can be well separated and is not relevant for this
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FIG. 1. Rapidity distribution of protons at the "freeze-out"
time before the coalescence. The solid red line corresponds to
the UrQMD with potential, the magenta dashed line repre-
sents UrQMD results in the cascade mode, the blue solid line
shows PHQMD predictions with potential, while the dashed
cyan line is for PHQMD in cascade mode. The experimental
data (black circles) are from NA49 Collaboration [21].

investigation.

A. Proton rapidity and pT distributions

Since the dynamics of the nucleons is essential for the
deuteron production, we start with the investigation of
the proton rapidity distributions. In Fig. 1 we com-
pare the rapidity distributions of all protons, which had
at least one collision, with the data from the NA49 col-
laboration [21] for central Pb+Pb collisions (b ≤ 3 fm)
at
√
sNN = 8.8 GeV calculated at the "freeze-out" time

before the coalescence is applied.
The solid red line corresponds to the UrQMD with

potential, the magenta dashed line represents UrQMD
results in the cascade mode, the blue solid line shows
PHQMD predictions with potential, while the dashed
cyan line is for PHQMD in cascade mode. The experi-
mental data (black circles) are from NA49 Collaboration
[21].

The baryon number is strictly conserved in both ap-
proaches but there is a differences in the final baryon
chemistry: UrQMD has about 15% more protons then
PHQMD. This is compensated by a larger number of
strange baryons in PHQMD. For PHQMD the difference
between cascade mode and potential mode is negligible
whereas UrQMD in cascade mode leads to a higher cen-
tral rapidity density. The reason for the increased rapid-
ity density in UrQMD in case of the cascade mode is due
to the fact that the nucleon-nucleon potential is repulsive
at high densities which leads in consequence to a weaker
stopping, stronger transverse flow and a broader rapidity
distribution in case of the potential calculation.

Next we turn to the transverse momentum distribu-
tion of the nucleons (protons+neutrons) at freeze-out,
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FIG. 2. Transverse momentum distribution of nucleons (p+n)
at the "freeze-out" time before the coalescence in the rapidity
intervals of −0.4 < y < 0.0 (top), −0.8 < y < −0.4 (mid-
dle) and −1.2 < y < −0.8 (bottom) . UrQMD results are
shown in red color, PHQMD in blue color. The cascade mode
calculations are denoted by dotted lines and potential mode
simulations by full lines.

but before coalescence as shown in Fig. 2. From top to
bottom we show the transverse momentum distributions
for different rapidity windows defined by the deuteron
measurements of the NA49 collaboration discussed be-
low (top: −0.4 < y < 0, middle: −0.8 < y < −0.4,
bottom: −1.2 < y < −0.8 ) for the two different mod-
els (UrQMD in red color, PHQMD in blue color) each
in cascade mode (dotted lines) and potential mode (full
lines). We observe here as well that PHQMD in the cas-
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FIG. 3. The deuteron to proton times neutron ra-
tio (dNd/dy)/(dNn/dy · dNp/dy) as a function of rapidity.
UrQMD results are shown in red color, PHQMD in blue color.
The cascade mode calculation are denoted by dotted lines and
potential mode simulations by full lines. Here, all calculations
use the coalescence approach for deuteron production.

cade mode yields the same spectrum as in the potential
mode. The UrQMD spectra are generally stiffer as com-
pared to the PHQMD spectrum. In the UrQMD in the
potential mode the spectrum is stiffer than in the cascade
mode due to the release of the nucleon-nucleon potential
energy which is built up during the high density phase of
the heavy-ion reaction.

It is clear from the discussion above that both mod-
els, in different modes, provide visibly different phase
space distributions already for the protons and neutrons.
Quantitatively, the differences for the bulk of the mat-
ter, i.e. at central rapidities and transverse momenta
below 1.5 GeV are on the order of 15-30% . We see
this as a systematic uncertainty of the underlying dis-
tributions which consecutively will form deuterons. It is
therefore expected that, even if the formation mechanism
(coalescence or MST) is identical in the models, the fi-
nal deuteron spectra for the different models may also
deviate.

B. Deuteron rapidity and pT distributions

The rapidity distribution of deuterons, normalized to
the product of the neutron and proton rapidity distribu-
tion is shown in Fig. 3 for PHQMD (blue) and UrQMD
(red) and for the two different options for the potential.
For this comparison both models use the coalescence ap-
proach to obtain the clusters. We see that UrQMD pro-
duces less deuterons, per proton-neutron pair, at midra-
pidity than PHQMD. This hints to different freeze out
conditions in the two models, i.e. differences in the rel-
ative spatial and momentum coordinates of protons and
neutrons at their last scattering. More precise, UrQMD
seems to have a lower phase space density of protons and
neutrons at kinetic freeze out which then translates into

a lower coalescence probability. In both approaches the
shape of the distribution is similar for cascade and for
the potential set up respectively.

The final deuteron rapidity distributions for central
Pb+Pb collisions at

√
sNN = 8.8 GeV are displayed in

Fig. 4 and compared with the experimental data from
the NA49 Collaboration [22]. UrQMD results are shown
in red color, PHQMD in blue color. The cascade mode
calculations are denoted by dotted lines and potential
mode simulations by full lines, the experimental data is
mirrored and shown as circles. On the left hand side we
show the rapidity distribution of deuterons obtained by
applying the coalescence procedure, on the right hand
side the deuterons are calculated by applying the MST
procedure at fixed eigentime t0. Following the proce-
dure of Ref. [16] for the MST we extract the yield at
the physical time t with t = t0 cosh(y), where t0 is the
time measured in the computational frame, the nucleus-
nucleus center of mass frame. t0 is different for the dif-
ferent modes (t0 = 100 fm/c for UrQMD potential mode
t0 = 60 fm/c for UrQMD cascade mode and t0 = 50 fm/c
for PHQMD (both modes)). We observe that both meth-
ods, coalescence and MST, to identify deuterons give very
similar results, for the multiplicity as well as for the form
of the rapidity distribution.

To illustrate the dependence of the deuteron distribu-
tion on the nucleon-nucleon potential Fig. 5 shows the
result of the MST analysis for two fixed times: tclust = 40
fm/c (left figure) and tclust = 150 fm/c (right figure).
The left figure demonstrates that the 2-particle correla-
tions even at such rather late times are similar in the cal-
culations with and without potential interaction, because
the yields and the shape of the deuteron distribution are
nearly identical between all four simulations. However,
when going to later times, one observes that only simula-
tions including the nucleon-nucleon potential are able to
keep the clusters bound (which means they keep the 2-
particle nucleon-nucleon correlation), while for the sim-
ulations without potential the deuteron yield decreases
at central rapidities. This can be understood straight-
forward, because without the attractive nucleon-nucleon
potential interaction, the proton and neutron increase
their spatial distance with time and can not form (or be
identified as) deuterons any longer.

In Fig. 6 we address the transverse momentum dis-
tribution of deuterons in central Pb+Pb reaction at√
sNN = 8.8 GeV. UrQMD results are shown in red

color, PHQMD in blue color. The calculations in cascade
mode are denoted by dotted lines and those in potential
mode by full lines. The experimental data (black circles)
are from the NA49 Collaboration [22]. The left columns
shows the calculations using coalescence, the middle col-
umn the MST results and the right column shows the
coalescence factor B2

B2 =
E d3Nd

dP 3
d(

E d3Nneutrons

dp3n

)(
E

d3Nprotons

dp3p

) . (1)
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FIG. 4. Rapidity distribution of deuterons in central Pb+Pb reaction at
√
sNN = 8.8 GeV. UrQMD results are shown in red

color, PHQMD in blue color. The cascade mode calculation are denoted by dotted lines and potential mode simulations by
full lines. Left: Distribution of deuterons found by the coalescence algorithm at the freeze-out time. Right: Distribution of
deuterons found by the MST algorithm for the time t = t0 cosh(y). The experimental data (black circles) are from the NA49
Collaboration [22].
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FIG. 5. Rapidity distributions for deuterons (clusters with the mass number A = 2) identified within the MST procedure in
central Pb+Pb reaction at

√
sNN = 8.8 GeV. UrQMD results are shown in red color, PHQMD in blue color. The cascade mode

calculations are denoted by dotted lines and potential mode simulations by full lines. Left: tclust = 40 fm/c, right: tclust = 150
fm/c.

versus transverse mass mT −m0 in the rapidity interval
−0.3 < y < 0.1 (as provided by the experiment) using
coalescence. The green dash-dotted lines show for com-
parison the PHQMD results with potential interaction
for the MST scenario calculated at freeze-out time at
the same clusterization time as on the right panel of the
Fig. 4. From top to bottom we show the rapidity bins:
−0.4 < y < 0.0 (top row), −0.8 < y < −0.4 (middle row)
and −1.2 < y < −0.8 (bottom row).

For all rapidity bins we see a quite good agreement be-
tween the theoretical results and the experimental data,
independent of the method to identify deuterons. Only
for UrQMD with potential the spectra are stiffer due to
the repulsion of the nucleon-nucleon potential at high
density which is related to the non-relativistic Gaussian

form of interaction density as mentioned in Section II.

We can conclude from this section that the deuteron
multiplicity as well as their rapidity and transverse mo-
mentum distribution is rather independent of the way in
which the deuteron yield is obtained from the underlying
nucleon distribution. The coalescence and MST proce-
dures give essentially not only the same result but the
predictions agree also well with the experimental data.
In view of the very different underlying methodology of
both procedures this is a remarkable result.
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FIG. 6. Transverse momentum distribution of deuterons in central Pb+Pb reaction at
√
sNN = 8.8 GeV. UrQMD results are

shown in red color, PHQMD in blue color. The cascade mode calculations are denoted by dotted lines and potential mode
simulations by full lines. The experimental data (black circles) are from the NA49 Collaboration [22]. The left column shows
the calculations using coalescence, the middle column the MST results and the right column shows the coalescence factor
B2 versus transverse mass mT −m0 in the rapidity interval −0.3 < y < 0.1 using coalescence and an additional line (green
dashed dotted) showing the PHQMD with potential calculation using the MST. From top to bottom we show the rapidity bins:
−0.4 < y < 0.0 (top row), −0.8 < y < −0.4 (middle row) and −1.2 < y < −0.8 (bottom row).

V. SPACE AND TIME DISTRIBUTION OF
DEUTERON PRODUCTION

As presented in Section III, the deuterons, identified
either by the coalescence model or by MST are in good
agreement with the experimental data. Therefore it is
useful to take advantage of the transport approaches and
to study in details the production process. To be close to
the experimental situation, we concentrate here on the
midrapidity region |y| < 1.

To get an overview of the space time evolution of the
heavy-ion reaction we start out with the distribution of
the freeze-out time and transverse distance of nucleons
and deuterons (using the coalescence model) as displayed
in Fig. 7. The solid red line shows the deuterons from
UrQMD (potential mode), the solid dark red line – the
free p + n from UrQMD (potential mode), the dashed
green line represents the deuterons from UrQMD (cas-
cade mode), the dashed dark green line the free p+n from

the UrQMD (cascade mode), the blue solid line shows the
deuterons from PHQMD (potential mode) and the dark
blue solid line the free p+n from the PHQMD (potential
mode). We define the freeze-out time of each individ-
ual nucleon as the time at which this nucleon had its
last (elastic or inelastic) collision. The freeze-out (pro-
duction) time deuterons in the coalescence model, is de-
fined by the freeze-out time of the coalescing nucleons and
taken to be the later time of the two nucleons. The distri-
bution of the freeze-out times (Fig. 7, left) are generally
peaked around 10− 20 fm/c, however, we observe a sys-
tematic shift by approximately 5 fm between the freeze-
out time of free nucleons and that of nucleons which are
bound in deuterons, which freeze-out later. At 40 fm/c
the freeze-out probability has decreased to 10% of its
peak value and practically all collisions have ceased. The
curves are very similar for PHQMD and UrQMD in cas-
cade mode. A peculiarity observed in the potential mode
of UrQMD is that the bound nucleons continue to have
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FIG. 7. Freeze-out time distribution (left) and transverse distance distribution at freeze-out (right) of free (i.e. unbound)
nucleons (p + n) and deuterons (using coalescence). The solid red line shows the deuterons from UrQMD (potential mode),
the solid dark red line the free p+ n from UrQMD (potential mode), the dashed green line represents deuterons from UrQMD
(cascade mode), the dashed dark green line the free p+n from UrQMD (cascade mode), the blue solid line shows the deuterons
from PHQMD (potential mode), the dark blue solid line the free p+ n from PHQMD (potential mode).
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FIG. 8. Transverse distance of unbound nucleons (p + n) and deuterons at 30 fm/c (left) and at 70 fm/c (right). The color
scheme is the same as on the Fig. 7. Additionally, the dot dashed blue line shows PHQMD deuterons found by the MST
algorithm.

very soft collisions apparently extending the freeze-out
time. These collisions among nucleons bound in clusters
are suppressed in PHQMD by a minimal energy thresh-
old. When turning to the transverse distribution of the
nucleons and deuterons at freeze-out we observe that the
majority (defined again by 10% of the peak probability)
nucleons and deuterons freeze-out within 15 fm from the
center of the reaction. Here we also observe the long tail
for the UrQMD potential calculations which is due to the
soft scattering discussed above.

Let us now explore the transverse spacial distribution
of nucleons and deuterons in more detail. In Fig. 8 we
show on the left hand side the normalized distribution at
a fixed center-of-mass time of 30 fm/c and on the right
hand side at a fixed center-of-mass time of 70 fm/c. One
should note, that this time cut is different from the one

used in Fig. 7 (right) where the location of the nucleons
and deuterons at the freeze-out time was shown. The
color and line style coding is the same as in the previous
Fig. 7. Again, the deuterons are identified by the coales-
cence procedure. We show additionally for PHQMD the
results for the MST procedure which gives nearly identi-
cal results as the coalescence and do not show the MST
results for the other models to avoid to overcrowd the
figure.

One clearly observes that the nucleon and deuteron po-
sitions follow the expansion flow with the maxima of the
distributions shifting by approximately 20 fm/c over the
duration from 30 fm/c to 70 fm/c. An interesting obser-
vation is however that the deuterons remain at smaller
radial distances than the nucleons (also the average rT
of deuterons is in all transport approaches smaller than
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that of the free nucleons). We quantify this difference be-
tween nucleons and deuterons using the location of the
peak value Pmax and summarize the results in Tab. I and
II for fixed times of 30 fm/c and 70 fm/c. One should
remember that the B2 distribution, Fig. 6, is almost flat.
The deuterons have therefore a similar velocity as the nu-
cleons, but their distance to the reaction center, Fig. 8,
is smaller than that of the free nucleons. Consequently,
the deuterons are produced at a smaller distance to the
reaction center than the free protons or probably at a
later time. This is a hint for a production at the end
of the hadronization of the QGP or from nucleons which
are closer to the center of the reaction than the average.

Model mode rT (fm) at Pmax

d p

UrQMD potential 17 19
UrQMD cascade 11 15
PHQMD potential 11 15
PHQMD potential (MST) 13 17

TABLE I. Transverse distance rT of nucleons and deuterons
at Pmax at 30 fm/c. The table corresponds to the lines in Fig.
8, left.

Model mode rT (fm) at Pmax

d p

UrQMD potential 35 41
UrQMD cascade 29 35
PHQMD potential 27 35
PHQMD potential (MST) 29 35

TABLE II. Transverse distance rT of nucleons and deuterons
at Pmax at 70 fm/c. The table corresponds to the lines in Fig.
8, right.

VI. CONCLUSION

We have presented and compared the coalescence and
Minimum Spanning Tree (MST) procedures to calculate
deuteron production in the PHQMD and UrQMD mod-
els, both with and without nuclear potential interactions.
The coalescence procedure assumes that deuterons are
created when the last collision of the nucleons of the pair
takes place and if at this time the relative distance of the
two nucleons in coordinate and momentum space is lower
than the coalescence parameters. In the MST procedure
one follows the nucleons and determines at a much later
(ideally asymptotically large) time whether the spacial
distance between the proton-neutron pair is smaller than
r0 = 4 fm. If this is the case and no other baryon is
closer than 4 fm to one of the nucleons of the cluster

this pair is considered as a deuteron. Based on this set-
up, we have calculated the multiplicities, rapidity spec-
tra and transverse momentum spectra of nucleons and
deuterons in central Pb+Pb at

√
sNN = 8.8 GeV for all

model/clustering combinations.
Our main findings are the following:

• When applied to one of the transport codes the
coalescence and the MST procedures provide very
similar multiplicities and very similar rapidity and
pT distributions.

• The deuteron rapidity distributions and pT spectra
obtained from the PHQMD code are very similar to
those obtain from the UrQMD code, i.e. the results
are model independent.

• The deuteron rapidity distribution and pT spectra
from central Pb+Pb at

√
sNN = 8.8 GeV agree

quite well with the experimental data of the NA49
Collaboration.

• The coalescence as well as the MST procedure show
that the deuterons remain in transverse direction
closer to the center of the heavy-ion collision than
free nucleons. The results of the transport ap-
proaches are therefore different from the statisti-
cal model assumptions that assume a homogeneous
distribution of nucleons and deuterons.

• In this geometry, the deuterons do not pass the
expanding baryonic fireball, but are spatially sep-
arated which might explain why they are not de-
stroyed by collisions with the hot fireball hadrons.
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