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The formation of weakly bound clusters in the hot and dense environment at midrapidity is one
of the surprising phenomena observed experimentally in heavy-ion collisions from a low center of
mass energy of a few GeV up to a ultra-relativistic energy of several TeV. Three approaches have
been advanced to describe the cluster formation: coalescence at kinetic freeze-out, cluster formation
during the entire heavy-ion collision by potential interaction between nucleons and deuteron pro-
duction by hadronic kinetic reactions. Based on the Parton-Hadron-Quantum Molecular Dynamics
(PHQMD) microscopic transport approach, which incorporates all 3 mechanisms for deuteron pro-
duction, we identify experimental observables, which can discriminate these production mechanisms
for deuterons.

I. INTRODUCTION

The observation of light clusters at midrapidity [1, 2]
was one of the biggest surprises of the heavy ion exper-
iments at ultra-relativistic energies. At midrapidity the
transverse energy spectra of all hadrons have slopes of
more than 100 MeV and point towards a very hot inter-
action region. Simulations of these reactions by transport
and hydrodynamic models predict energy densities of well
above 1 GeV/fm3 and hence a very dense interaction
zone. In such an environment it is difficult to understand
how loosely bound objects like d and t, with binding en-
ergies in the one MeV region, can survive. The thermal
momentum of possible interaction partners would be suf-
ficient to destroy them. This observation has been named
“ice in the fire puzzle”.

It was even more surprising that in ultra-relativistic
heavy-ion collisions the multiplicity of these clusters fol-
lows, without exception, the prediction of the statistical
model if the same value of the temperature as for all
the other hadrons is employed [3]. The statistical model
predicts the multiplicity of hadrons at chemical freeze-
out and hence before the final state interactions among
the hadrons which continue until the kinetic freeze-out.
Taken for granted that the prediction of the cluster mul-
tiplicity by statistical model calculations is not a pure
accident, one has to understand how it is possible that
clusters survive the hadronic expansion from chemical to
kinetic freeze-out.

II. KINETIC MODELS FOR DEUTERON
PRODUCTION

The observation of these light clusters has also renewed
the general theoretical interest in cluster production in
heavy ion reactions. Besides the statistical model three
approaches have been advanced and applied for the clus-
ter production within the kinetic transport approaches:
• Coalescence mechanism (cf. [4–6] and reference

therein).
The coalescence mechanism is mostly used for deuteron
production and assumes that clusters are formed at ki-
netic freeze-out, i.e. after the hadronic expansion phase,
when the last of the two constituents of the deuteron had
its last hadronic collisions. If at that time a fellow nu-
cleon with the right charge is in the coalescence radius in
coordinate and momentum space, the two nucleons are
considered as a deuteron. The radii are determined by a
fit of the experimental multiplicities. Another variance
of the coalescence model uses the Wigner density of the
deuteron to determine the coalescence probability [7, 8].
The model can be extended to larger clusters, however
the number of parameters, necessary to determine larger
clusters, increases fast.
• Cluster by potential interactions among nucle-
ons - ’potential’ mechanism [9–11].
The potential interaction of nucleons during the hadronic
phase creates bound clusters of any size whose multiplic-
ity depends on the details of the expansion of the hot
interaction zone and its composition. This dynamical
formation of clusters by potential interactions of nucle-
ons can be modeled by propagating the n-body phase
space density as done in the quantum molecular dynam-
ics (QMD) approach. Clusters are not suddenly produced
but identified during the dynamical evolution of the sys-
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tem by the Minimum Spanning Tree (MST) procedure.
The MST combines nucleons to clusters using a closest
distance algorithm, i.e. a nucleon is a part of a cluster if
its distance to the closest nucleon is smaller than a radius
rclus which is about the range of the nucleon-nucleon in-
teraction. The implementation of this procedure in the
PHQMD microscopic transport approach is explained in
Ref. [10]. The MST procedure has been advanced fur-
ther to aMST (”advanced MST”) in Ref. [12] by se-
lecting only clusters with negative binding energies and
by introducing a ’stabilization procedure’, which allows
to eliminate the artificial emission of nucleons of bound
clusters due to the semi-classical QMD dynamics. We
stress that MST is a cluster recognition procedure, not a
’cluster building’ mechanism, since the QMD transport
approach propagates baryons, not clusters.
•Cluster production by collisions - ’kinetic’ mech-
anism [12–15]
Light clusters - as deuterons - can be produced by
inelastic reactions of hadrons like NNπ → dπ and
NNN → dN with a pion or a nucleon as a “cata-
lyst” during hadronic phase of heavy-ion collisions. They
are called ‘kinetic’ deuterons. In the first application of
this ‘kinetic’ mechanism in the transport model SMASH,
the three-body 3 → 2 reactions have been replaced by
two two-body collisions with an intermediate fictitious
dibaryon resonance d∗ [13]. In the meantime the three-
body entrance channel has been modeled directly em-
ploying detailed balance to the experimentally measured
[15] inverse πd and Nd scattering.

In our recent work [12] we extend the study of Ref. [15]
by implementing all isospin channels for pion induced
reactions in the microscopic Parton-Hadron-Quantum
Molecular Dynamics approach (PHQMD) [10] as well
as deuteron finite size effects. In the ‘kinetic’ approach
deuteron production and destruction is possible during
the whole hadronic expansion of the hot interaction zone
but calculations show that only the later produced clus-
ter survive.

In all three approaches the transverse momentum
distribution of clusters has been calculated (cf. [11–
13, 15, 16]). The comparison with the experimental
spectra in a wide energy range - from center-of-mass en-
ergies between 2.5 GeV to several TeV - shows for all
approaches a reasonable agreement despite of the fact
that deuterons are produced very differently: i) at differ-
ent times: in the coalescence model deuterons are pro-
duced at freeze-out while in the other models they are
created by interactions during the hadronic expansion
phase; ii) according to different criteria: by phase-space
correlations of nucleons at freeze-out in the coalescence
scenario, by space correlations of nucleons with the condi-
tion that they are bound in the potential scenario, where
in both approaches the deuteron is an extended object,
by hadronic collisions where the deuterons are approxi-
mated as point like particles.

III. RESULTS WITHIN THE PHQMD

This situation that several theoretical models for clus-
ter production, based available on different assumptions,
describe the same experimental data (in the experimen-
tally available rapidity and pT range, which often doesn’t
cover the low pT domain) is enigmatic and unsatisfy-
ing. To understand the production of these clusters it
is, therefore, desirable to explore whether there are ex-
perimental observables, which can discriminate between
the different approaches. This is the goal of this study.
To make this possible we have developed the PHQMD

approach [10–12, 16, 17] further. It allows now to re-
alize all three mechanisms for deuteron production, ‘co-
alescence’ deuterons, ‘potential’ deuterons and ’kinetic’
deuterons, in the same transport approach. This allows
to study the three different production mechanisms in an
otherwise identical environment.
We recall that in PHQMD the ’potential’ deuterons are

identified by the aMST cluster finding algorithm during
the whole time evolution as described in Refs. [10, 12]
while the ’kinetic’ deuterons are produced by inelastic
hadronic collisions - cf. Ref. [12] for the details. The
coalescence mechanism in PHQMD [16] is adopted from
the UrQMD model [18, 19]: the deuterons are formed
at freeze-out if the relative momentum ∆P and distance
∆R between the proton and the neutron in its center-
mass frame ∆P < 0.285 GeV and ∆R < 3.575 fm. We
have made sure that PHQMD in the coalescence option
agrees with the previous PHQMD coalescence calcula-
tions [16] - where we compared the coalescence and MST
mechanisms implemented in the PHQMD and UrQMD
transport approaches.
We start out with the time evolution of the clusters.

The time evolution of the midrapidity multiplicity of
bound deuterons and of all ‘deuterons’ (bound and un-
bound) in the ‘potential’ production mechanism is shown
in Fig. 1 for central Au+Au collisions at three different
beam energies. The deuterons are identified by MST
as two nucleons with a distance r ≤ 4 fm, the range of
the NN potential, under the condition that no other
baryon has a distance smaller than 4 fm to one of the
two nucleons. As seen in Fig. 1, the total number of
deuterons (solid line) - identified by MST - grows with
time and then decreases because only bound clusters sur-
vive asymptotically (the solid line with filled squares)
[11]. The nucleons in unbound deuterons separate due
to their momentum difference and it is just a question of
time when their distance gets larger than 4 fm, the limit
that the nucleons are considered as a cluster. Freeze-out
takes place around 25 fm/c at

√
s = 2.52 GeV and de-

creases slightly with energy [11]. Roughly at that time
it is determined in the coalescence model whether two
nucleons form a deuteron. We see here that at this time
the number of MST ‘deuterons’ (solid line) is larger than
for t → ∞. Most of the MST ‘deuterons’ at freeze-out
are ‘unbound’ and the nucleons separate from each other
during the further propagation.
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FIG. 1: Multiplicity of deuterons in central collisions at
mid-rapidity, |y| < 0.5 in PHQMD simulations for Au+Au
at

√
sNN = 3.0 GeV (top), for Pb+Pb at

√
sNN = 8.8 GeV

(middle), and for Au+Au at
√
sNN = 200 GeV (bottom).

The solid lines are the results of MST, the solid lines with
filled squares show the bound clusters, (EB < 0 ) analyzed
with aMST, whose difference to MST is explained in Ref. [12].

The rapidity distributions of deuterons are presented
in Fig. 2 for the same center-of-mass energies as the mul-
tiplicities in Fig. 1. The orange dashed lines show the
results for potential deuterons with EB < 0 (aMST), the
dash-dotted red lines stand for the deuterons found in
the coalescence approach. For the coalescence radii we
used the values of Ref. [16]: |r1 − r2| ≤ 3.575 fm and
|p1 − p2| ≤ 285 MeV. These radii have been fitted to
data in order to reproduce the deuteron multiplicity if a
spin degeneracy factor of 3/8 [16] is applied. The mul-
tiplicity of ‘coalescence’ deuterons, which are formed at
freeze-out, is much larger than that of the final (bound)
‘potential’ deuterons. This can been inferred from Fig. 1,
which shows that the number of all ‘potential’ deuterons
at that time is larger than the asymptotic yield. There-
fore, if we apply the PHQMD nucleon-nucleon potential
most of the ‘coalescence’ deuterons are unbound. The
lines for ‘coalescence’ deuterons, presented in Fig. 2,
show the number of nucleon pairs, which fulfil the coales-
cence criteria, multiplied by the factor 3/8. Furthermore,
the dotted purple lines present the rapidity distribution
of the ‘kinetic’ deuterons, which are much suppressed in
PHQMD by including finite-size effects in coordinate and
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FIG. 2: Rapidity distribution of deuterons in central collisions
at a center-of-mass energy of

√
sNN = 3 GeV (top),

√
sNN =

8.8 GeV (middle), and
√
sNN = 200 GeV (bottom). The

orange dashed lines show the results of the aMST with EB < 0
for ‘potential’ deuterons, the dash-dotted red lines that for
coalescence deuterons and the dotted purple lines that for
‘kinetic’ deuterons produced by collisions. The solid blue lines
are for the sum of the aMST and kinetic deuterons. The green
dash triple-dot lines indicate the rapidity distribution of those
‘potential’ deuterons, identified by the aMST, which are at
the same time ‘coalescence’ deuterons without applying the
factor 3/8.

momentum space by two conditions - an excluded volume
(no surrounding particle in the radius of deuterons) and
momentum projection of nucleons forming a deuteron
onto the deuteron wave function [12]. The solid blue
lines represents the sum of the potential deuterons with
EB < 0 and ‘kinetic’ deuterons. Finally, the green dash
triple-dot lines indicate the rapidity distribution of ‘po-
tential’ deuterons, identified by the aMST, which are si-
multaneously ‘coalescence’ deuterons. We observe that
at midrapidity only about 20% of the MST deuterons
are also identified as deuterons in the coalescence ap-
proach - before multiplication of coalescence results by
the factor 3/8. Because potential deuterons and coales-
cence deuterons are composed of different nucleons we
may expect to see differences in the observables. In-
deed, the rapidity distribution of deuterons is rather dif-
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FIG. 3: Same as Fig.2 for deuterons with pT > 1.2 GeV/c.

ferent for the different approaches. At low energy the
rapidity distribution of coalescence deuterons is concave
and shows a maximum at midrapidity, which flattens out
for higher energies, whereas potential deuterons have a
rather flat distribution at low energy developing a convex
form around midrapidity at higher energies.

From Fig. 2 we see that for determining experimen-
tally the production mechanism one has to measure ex-
perimentally the ratio dN

dy (y = 0)/dN
dy (y = 0.6) for the

lowest energy and the ratio dN
dy (y = 0)/dN

dy (y = 1) for

the higher energies with a high enough precision, which
is, however experimentally achievable. For this ratio we
obtain 1.25 for

√
s = 3 and 1.5 for the reactions at higher

energies. This precision has almost been obtained in the
NA49 experiment [21] and will be achievable with more
modern detectors. In [21] the rapidity distribution of
deuteron is convex around midrapidity.

Fig. 3 shows the same rapidity distributions of
deuterons as Fig. 2 but with the transverse momentum
cut pT > 1.2 GeV/c in line with the present STAR ac-
ceptance. As seen in Fig. 3, a pT cut can change the
form of the rapidity distributions at both, low and high
energies. Thus, the measurement of low pT deuterons is
necessary to identify the production mechanism.

Is this distinction also true for other observables? In
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FIG. 4: Transverse momentum distribution of deuterons pro-
duced by different scenarios at midrapidity (|y| < 0.2). The
color coding is the same as in Fig 2.

Fig. 4 we display the transverse momentum distribu-
tion of the deuterons for the same three energies. The
color coding is the same as in Fig. 2. We observe that
the distribution of ‘coalescence’ and ‘potential’ deuterons
agree at large pT for the two lower energies, however, at
small pT the spectra differ. This means that the clus-
ters, which are produced by coalescence but which are
not bound at the end (and therefore do not appear as
‘potential’ deuterons), are concentrated at low pT . This
can also be inferred from Figs. 2 and 3. Thus, as said,
one has to measure the pT spectra to low momentum in
order to identify the deuteron production mechanism.

One may ask the question whether the presently avail-
able data in the interesting

√
s region are already suffi-

cient to identify the production mechanism for deuterons.
To address this question we show in Figs. 5 and 6 the
PHQMD calculations for the different scenarios in com-
parison to the experimental rapidity and transverse mo-
mentum distributions of deuterons for the 10% most cen-
tral Au+Au collisions at ELab = 11 AGeV (

√
s = 4.9

GeV) from the E864 Collaboration [20] and for the 7%
most central Pb+Pb collisions from the NA49 Collabo-
ration [21] for ELab = 20 and 40 AGeV.

We note that the experimental rapidity spectra are ob-
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FIG. 5: The rapdity distribution of deuterons for the 10%
most central Au+Au collisions at ELab = 11 AGeV (

√
s = 4.9

GeV) measured by the E864 Collaboration in the interval
0.2 ≤ pT ≤ 0.4 GeV/c [20] and for 7 % most central Pb+Pb
collisions from the NA49 Collaboration [21] for ELab = 20
and 40 AGeV in comparison to the PHQMD calculations for
the different scenarios. The color coding is the same as in Fig
2.

tained by the integration of the pT spectra for differ-
ent rapidity bins, which requires the extrapolation of the
measured pT distributions to the low pT region, which is
difficult to measure in experiments. This extrapolation
is usually done with a blast-wave fit. The slope of the
pT spectra at low pT might differ from the blast-wave fit
and, therefore, this extrapolation procedure introduces
uncertainties in the integrated dN/dy distributions.
As follows from Fig. 6, in the measured pT range

the NA49 transverse momentum spectra are nicely repro-
duced in the coalescence as well as in the MST + kinetic
scenario. However, the coalescence spectra are slightly
softer compared to the MST + kinetic spectra. The dif-
ference in the rapidity distributions in Fig. 5 - obtained
by the integrated pT yield - comes from the low pT region,
where experimental data are not available. Nevertheless,
the shape of the extrapolated NA49 experimental dN/dy
spectra is more in favour to the MST + kinetic scenario
for the both bombarding energies, 20 and 40 AGeV.

In the E864 experiment the low pT spectra has been
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FIG. 6: The transverse momentum distributions of deuterons
for the 10% most central Au+Au collisions at ELab = 11
AGeV (

√
s = 4.9 GeV) in the rapidity interval 0 ≤ y ≤ 0.2

from the E864 Collaboration [20] and for 7 % most cen-
tral Pb+Pb collisions from the NA49 Collaboration [21] for
ELab = 20 and 40 AGeV in the rapidity interval −0.4 ≤ y ≤ 0
in comparison to the PHQMD calculations for the different
scenarios. The color coding is the same as in Fig 2.

precisely measured but, as shown in Ref. [12], the MST
+ kinetic scenario under-predicts the deuteron yield by
about 15% in all rapidity intervals. However, from the
E864 data one may conclude with all caution that the
presently available data favour aMST + kinetic scenario
for deuteron production. More precise low pT deuteron
data are certainly necessary to confirm this conclusion.
It is also evident that a sufficient experimental precision
is in reach.

Furthermore, we have studied collective variables as
the directed flow, v1, and the elliptic flow, v2, which
are the first two coefficients of the Fourier series of the
azimuthal angular distribution, as a function of the ra-
pidity (integrated over the whole pT range). All three
approaches provide rather similar results for these ob-
servables, which, therefore, may be not well suited to
discriminate between the models for deuterons produc-
tion since it would require high precision measurements
of the v1, v2 flow coefficients, what is difficult to achieve
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experimentally.

IV. CONCLUSIONS

We have investigated three approaches for deuteron
production - coalescence, ‘potential and ‘kinetic’ mech-
anisms, which have been advanced to explain the finite
cluster yield at midrapidity, observed in ultra-relativistic
heavy ion collisions.

We have found that there are observables, which are
sensitive to the deuteron production mechanism: the ra-
pidity distribution has a different form and the trans-
verse momentum distribution has a different slope at low
pT . These differences are large enough to be measurable
and will allow, therefore, for discriminating between the
different mechanisms for deuteron production when con-
fronting these results with data. Knowing the mechanism

we can also identify how deuterons survive the hot and
dense medium created at midrapidity of heavy-ion colli-
sions and solve the ‘ice in the fire’ puzzle.
The analysis of the presently available data points tenta-
tively to the MST + kinetic scenario but further experi-
mental efforts are necessary to establish this mechanism.
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[11] S. Gläßel, V. Kireyeu, V. Voronyuk, J. Aichelin,
C. Blume, E. Bratkovskaya, G. Coci, V. Kolesnikov, and
M. Winn, Phys. Rev. C 105, 014908 (2022), 2106.14839.
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