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The systematic study of dilepton production in heavy-
ion collisions across a large range of collision energies 
makes it possible to link experimental observables like 
yields and slopes of the spectra to features (phase transi-
tion(s) and possible critical point) in the QCD phase dia-
gram. As dileptons are emitted during the whole space-
time evolution of the collision, the resulting spectra com-
prise several contributions from first-chance NN colli-
sions, the hadronic freeze-out cocktail, but also thermal 
radiation which serves as messenger of the QCD matter 
properties inside the hot and dense medium. 

We couple in-medium thermal dilepton rates with a 
coarse-graining method of hadronic transport simulations 
to compute dilepton spectra at SIS18 beam energies, 
where hydrodynamic simulations may be less reliable. 
After checking the degree of thermalization of the system, 
local temperature, baryon and pion densities can be ex-
tracted in the nearly equilibrated parts of the fireball. This 
allows for the convolution of thermal rates with the space-
time evolution of the medium. 

The slope of the invariant-mass spectrum of thermal di-
lepton radiation in the intermediate mass region (IMR) 
between the ϕ and the J/Ψ mesons can be utilized as a 
thermometer of the fireball. If the electromagnetic spec-
tral function ImΠem/M2 is constant, the shape of the 
spectrum is given by dN

dM
 ∼  (MT)3/2 exp(−M/T). To 

good approximation, this is true for the IMR [1, 2]. The 
observed temperature necessarily represents an average 
over the space-time evolution of the fireball. It is however 
dominated by the radiation emanating from the hottest 
stage reached during the collision. 

Since the invariant-mass is Lorentz-invariant, the ex-
tracted temperature is not affected by a blue shift caused 
by the radial expansion of the medium.  

In heavy-ion collisions at beam energies in the SIS18 
range the conditions reached during the evolution com-
prise high baryon densities of several times normal nucle-
ar matter density and temperatures up to 85 MeV. 

Under those environments there are strong medium 
modifications to the spectral function of the ρ meson [3]. 
This leads to an almost structureless spectrum [4] as 
shown in figure 1.  

At energies accessible to the HADES experiment at 
SIS18, the IMR is hard to access. The statistics collected 
during the Au+Au beamtime with 1.23A GeV collision 
energy in the year 2012 was not enough to populate the 
spectrum above the ϕ meson with sufficient yield.  Theo-

retical modelling predicts T ~ 85 MeV, corresponding to 
the hottest space-time cells in the evolution [4, 5]. 

Due to the strong medium effects, ImΠem/M2 is also 
reasonably flat in the mass range 0.3-0.7 GeV/c2 as 
shown in figure 2. 
 

 
Figure 1: Invariant-mass spectrum of e+e− pairs radiated 
from a central Au+Au collision at 1.23A GeV [4]. 
 

 
Figure 2: In-medium ρ spectral function Im Dρ/M2  aver-
aged over different temperatures and baryon densities as 
they occur during the space-time evolution. 
 

This allows the use of the low mass region (LMR) for 
the temperature measurement instead. 

As the suppression from the thermal Boltzmann factor 
is weaker at lower masses, the radiation in this mass re-
gion is not restricted to the hottest stage and more cells 
with different conditions can contribute. This leads to an 
extracted temperature which is  ~ 20MeV lower, indicat-
ing that the measurement integrates over a longer time 
interval in the space-time evolution of the medium. 

The upcoming Ag+Ag beamtime of HADES at a slight-
ly higher collision energy will make it possible to test this 
relation between the temperatures extracted from the IMR 
and the LMR in experiment. 
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Introduction 
A major potential link between particle physics and 

cosmology is the nature of dark matter.  One of the most 
interesting dark matter candidates is the axion, a pseudo-
Goldstone boson whose existence would explain the ob-
served time-reversal symmetry of QCD. 

Highly coherent, nearly-at-rest axions can be created in 
the early Universe, and they make an ideal dark matter 
candidate.  If we can establish how efficient this process 
is, we can relate the axion mass to the axion’s role as dark 
matter.  If we assume that: 

1) the axion exists; 
2) PQ symmetry is restored in the early Universe or 

the axion field otherwise starts out randomly dif-
ferent through space; 

3) the axion makes up all of the dark matter, 
then we are able to make a unique prediction for the axion 
mass. 

Methodology 
The axion Lagrangian in terms of a complex scalar field 

  (1) 
can be solved directly as a real-time classical field theory, 
with random initial conditions for the scalar field, via 
lattice methods. The dynamics is rich because the scalar 
field can contain topological structures called axionic 
strings; close to such a string, in cylindrical coordinates, 
the field obeys 

 (2) 
such that the scalar changes by plus or minus 2pi in wind-
ing one time around in azimuth.  The energy associated 
with such a string diverges at short distances as the loga-
rithm of distance, cut off by the inverse of the mass in the 
Lagrangian.  This distance is of order 30 orders of magni-
tude shorter than the inter-string separation, giving rise to 
a logarithmically large string tension for such strings.  But 
numerical simulations cannot reproduce this, because 
both scales must be resolved on the lattice which cannot 
be much larger than 2000 points across.  Therefore simu-
lations feature strings with approximately 10 times too 
small a tension. 
We resolve this problem, and thereby present reliable 
simulations of axion production in the early Universe, by 
proposing a model with additional massive degrees of 
freedom, which are only active in the string core and 
which give rise to a much higher value for the string ten-
sion, with otherwise the same long-distance axionic dy-
namics.  We do this by studying a theory with two com-
plex scalars with different charges, and a single U(1) 
gauge field; one linear combination of fields is the axion, 
the other couples to the gauge field and forms abelian-
Higgs strings.  Each string has both an axionic and an 
abelian-Higgs character, with the abelian Higgs compo-
nent contributing only to its tension, which we can there-

fore tune. Details of the method are presented in [1] and 
the cosmological results are presented in [2]. 
   The most significant result is that the axion production 
is smaller than it would be, under the approximation that 
each region of space has a different starting angle and 
evolves independently (the misalignment approximation).  
The axion number increases as one increases the string 
tension, but quite weakly, as shown in Figure 1. 
 

 
Figure 1: Axion production efficiency (relative to the 
misalignment approximation) as a function of the extra 
contribution to the string tension (the log of the scale sep-
aration we want to simulate). 

Based on these results, we are able to establish the axi-
on decay constant, and axion mass, for which the axions 
would make up 100% of the dark matter.  Specifically, 
with the assumptions mentioned in the introduction, we 
find that the axion mass should be 26.2 plus or minus 3.4 
micro-electron volts.  This prediction narrows the fre-
quency range experiments must explore. 
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The transport coefficients of quark plasma are import-
ant input parameters for the hydrodynamical simulations
of  heavy-ion  collision  experiments.  In  this  context,  we
have  computed  all  first  order  transport  coefficients  of
two-flavor quark plasma close to the critical temperature
of chiral phase transition.  The quark matter is described
within the two-flavor Nambu Jona-Lasinio model which
is well-suited for studies of chiral phase transitions [1, 2].

The transport coefficients are extracted from the Kubo
type formulas by evaluating the specific correlation func-
tions required for the electrical and thermal conductivities
as well as shear and bulk viscosities. We apply the 1/Nc

expansion in order to truncate the infinite series of Feyn-
man  diagrams  contributing  to  the  correlation  functions
and find that the conductivities and the shear viscosity can
be described by a single-loop skeleton diagram with full
quark propagator. In contrary, the bulk viscosity requires a
resummation  of  a  full  series  of  multi-loop  diagrams.
Close to the critical temperature of chiral phase transition
the dispersive effects that lead to nonzero transport coeffi-
cients  arise  from  quark-meson  fluctuations  above  the
Mott-temperature TM for meson dissociation. 

We find that the conductivities and the shear viscosity
are decreasing functions of temperature and density for

Figure 1: The thermal conductivity κ (a) and the electrical
conductivity σ (b) as functions of the scaled temperature
T/TM at several values of the chemical potential. The tri-
angles reproduce the results of the fit formulas.

T>TM, see Fig. 1. These coefficients show a universal be-
havior as functions of the scaled temperature T/TM. 

The case of the bulk viscosity turns out to be special,
because the multi-loop contributions ζ1 and ζ2 dominate
the single-loop contribution ζ0 close to the Mott line in the
case where the chiral symmetry is explicitly broken, see
Fig. 2. We find that in this case only at high temperatures
the one-loop contribution becomes dominant. The result-
ing bulk viscosity has a mild minimum as a function of
temperature and exceeds the shear viscosity close to the
Mott temperature by factors 5 ÷ 20 when multi-loop con-
tributions are included.  In the high-temperature domain

the bulk viscosity is negligible compared to the shear vis-
cosity.

For practical applications we provide simple fits to the
transport coefficients, which can facilitate the implement-
ation of our results in hydrodynamic simulations.
Figure  2:  Three  components  of  the  bulk  viscosity  and
their sum as functions of temperature for two values of
the chemical potential. The dotted lines correspond to the
chiral limit. The results of the fits are shown by circles.
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The decay width of 𝑁(1535) → 𝑁𝑁 is as large as that 
of 𝑁(1535) → 𝑁𝑁. This is surprising, because consider-
ing flavor symmetry we would expect that  
 

𝛤N(1535)→𝑁𝑁

𝛤N(1535)→𝑁𝑁
≃  

cos2 𝜃𝑃
3

≃ 0.17 ,   
(1) 

 
where the factor 3 takes the pion triplet into account and 
𝜃𝑃 ≃ −44.6∘ [1] is the strange−non-strange mixing angle 
of the isoscalar-pseudoscalars. [Phase space reduces the 
ratio in Eq. (1) even further.] 
 
We propose that the axial 𝑈(1)𝐴 anomaly is responsible 
for the enhanced coupling of 𝑁(1535) to the 𝑁 meson. To 
test this idea, we consider the so-called extended linear 
sigma model (eLSM). It includes (pseudo)scalar and axi-
al(-vector) mesons [1] as well as glueballs [2] and fea-
tures the explicit, spontaneous, and anomalous breaking 
of chiral symmetry. In Refs. [3,4], chirally symmetric 
Lagrangians describing baryons and their chiral partners 
in the mirror assignment were constructed for the cases 
𝑁𝑓 = 2 and 𝑁𝑓 = 3, respectively. Both models cannot 
reproduce the decay width of 𝑁(1535) → 𝑁𝑁 [as ex-
pected because flavor symmetry holds in any chirally 
symmetric model, and thus Eq. (1) follows].  
However, treating baryons in the mirror assignment al-
lows to construct a further term in the baryonic sector, 
which preserves the chiral 𝑆𝑈�𝑁𝑓�𝐿 × 𝑆𝑈�𝑁𝑓�𝑅 sym-
metry but explicitly breaks the axial 𝑈(1)𝐴 symmetry, see 
Ref. [5].  Such anomalous terms induce additional inter-
actions of some baryons and their chiral partners with the 
𝑁 meson.  
 
The eLSM parametrizes (pseudo)scalar mesons via the 
field Φ(x), which behaves under chiral transformations as 
𝛷 → 𝑈𝐿𝛷 𝑈𝑅

†, where   𝑈𝐿(𝑅) ∈ 𝑈�𝑁𝑓�𝐿(𝑅)
. Thus, terms 

involving detΦ can be embodied to model the axial 
anomaly. We consider the following negative-parity term: 
 

det𝛷 − det𝛷†  . (2) 
 
Coupling this term to a baryonic field combination (equal 
to the one of the chirally invariant mass term, which ex-
ists only in the mirror assignment), yields a parity-even 
chiral invariant, see Ref. [5].  
 
For the case 𝑁𝑓 = 2 [and in the absence of (axial-)vector 
degrees of freedom], we obtain  
 

det𝛷 − det𝛷† =  −𝑖 (𝜎𝑁 + 𝜙𝑁)𝑁𝑁 + 𝑖 𝑎0 ⋅ 𝑁  , (3) 

 

where we shifted the isoscalar-scalar field 𝜎𝑁 by its non-
zero vacuum expectation value (𝜎𝑁 → 𝜎𝑁 + 𝜙𝑁), which 
arises from the spontaneous breaking of chiral symmetry. 
From Eq. (3) it is visible that the coupling of Eq. (2) to a 
baryonic combination induces a direct coupling of the 𝑁 
meson to some baryons. Indeed, incorporating such an 
anomalous term into the two-flavor eLSM of Ref. [3], an 
enhanced decay 𝑁(1535) → 𝑁𝑁 can be obtained by ad-
justing the respective coupling constant, see Ref. [5]. 

For the case 𝑁𝑓 = 3, we consider the eLSM as investi-
gated in Ref. [4], where four baryonic multiplets are pre-
sent. One can introduce analogous anomalous terms, 
which enhance the decay of chiral partners into baryons 
and an 𝑁 meson. Then, upon identifying 𝑁(1535) as the 
chiral partner of the nucleon and 𝛬(1670) as chiral part-
ner of 𝛬(1116), after fixing the decay width of 
𝑁(1535) → 𝑁𝑁,  the decay 𝛬(1670) → 𝑁𝑁 can be cor-
rectly described, see Ref. [5]. This approach predicts also 
a strong 𝑁(1535)𝑁𝑁′ coupling, which is important for 
studies of 𝑁′ production processes. 
 
Finally, the developed formalism can be used to couple a 
pseudoscalar glueball to baryons. We have found that it 
couples strongly to 𝑁(1535)𝑁 and possibly to 
𝑁(1440)𝑁, see Ref. [5]. Thus, we expect that the pseu-
doscalar glueball can be seen in the future PANDA exper-
iment by investigating the process 𝑝 + 𝑝̅ → 𝑝 +
 𝑝̅(1535) + h.c.. 
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Clustering in atomic nuclei is a ubiquitous phenome-
non. Although it is commonly accepted to be very im-
portant for many aspects, it is hard to describe and detect 
in numerical simulations. Earlier works showed, that clus-
tering can be revealed in nuclear mean-field calculations 
by the nucleonic localization function (NLF), which was 
adapted from quantum chemistry. In this work the NLF is 
applied to time-dependent density functional theory 
(TDDFT) calculations of collisions of intermediate mass 
nuclei. A special focus is put on the early stage of the 
collision, where -in contrast to the equilibrated compound 
nucleus- the freshly fused system (or pre-compound nu-
cleus) still carries a strong imprint of the entrance channel 
of the collision.  

Usually TDDFT calculations are analyzed using pre-
dominantly the nucleon density distribution. Examples of 
snapshots of the time evolution are shown in Fig. 1 left 
panels. However, the density contains only little infor-
mation of the internal structure of the nucleus. On the 
other hand, the NLF, which is based on the inverse prob-
ability of finding two nucleons with same spin and isospin 
in the vicinity of each other (Fig. 1 right panels), reveal 
distinct regions with localizations close to 1, signaling the 
presence of clusters. Regions of high localizations at the 
tips as in Fig. 1 (b) mark alpha clusters, since for an alpha 
particle the probability of finding two nucleons with same 
spin and isospin close to each other vanishes. Other clus-
ters like carbon clusters containing 6 neutrons and 6 pro-
tons manifest in ring structures. That can be easily veri-
fied by analyzing the nucleon content of the cluster re-
gions. In our study it was found that the collision of two 
oxygen nuclei at a center of mass energy of around 
20 MeV results in a pre-compound system where two 
alpha particles oscillate against two carbon clusters 

[1].Figure 1: Snapshots of oxygen + oxygen (top) and 
calcium + oxygen (bottom) TDDFT simulations of central 
collisions. Total densities normalized to nuclear saturation 
density ((a) and (c)) and nucleon localization ((b) and 
(d)). Collisions is cylindrically symmetric w.r.t. the z=0 
axis. Taken from [1]. 

Not only central collisions, but also collisions with a 
non-zero impact parameter were carried out. The alpha-C-
C-alpha structure displayed in Fig. 1 (b) is shown in Fig. 
2 for different impact parameters. While for the central 
collision the system conserves axial symmetry, for b > 0 
the alpha clusters shift slightly into the direction of rota-
tion thus creating more overlap with the carbon clusters, 
resulting in a lower localization. However, the overall 
structure of the state remains up to high impact parame-
ters.  

 

Figure 2: Alpha-C-C-alpha structure in oxygen + oxygen 
for the central collision (a), with b=2 fm (b), and b=4 fm 
(c). Taken from [1]. 

 
A study of oxygen + carbon collisions around the Cou-

lomb barrier reveals extreme alpha clustering for all im-
pact parameters where (intermediate) fusion occurs [1]. 
This supports experimental studies [2], which have de-
tected enhanced alpha emission in those reactions. The 
authors of [2] find that statistical models underestimate 
the alpha emission strongly for those reactions. The re-
sults suggest, that the cluster structure of the initial frag-
ment nuclei gives rise to strong entrance channel effects, 
neglected by the statistical models. This influences the 
alpha emissions following fusion. 

In summary it has been shown that the NLF provides a 
useful measure to reveal clustering also in the time-
dependent formalism.  The assumption of a fully equili-
brated compound nucleus in such reactions is incomplete 
and entrance channel effects play an important role, espe-
cially in reactions with short contact time. With the help 
of the NLF clusters can be traced and, with significant 
modifications and beyond mean-field techniques the 
emission probabilities could be extracted in future works. 
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Electromagnetic probes offer the unique pos-
sibility to gain undisturbed insights into strongly 
interacting matter produced by nucleus-nucleus 
collisions. This includes lepton pairs (di-
leptons) that are, for the here discussed low en-
ergy reactions, predominantly produced by de-
cays of resonances. Therefore, they offer the 
possibility to study resonance properties within 
a hadronic medium. In-medium changes to these 
properties e.g. the spectral function have been 
discussed to reveal features of the theory of the 
strong interaction (QCD) such as chiral sym-
metry restoration [1]. 

However, before probing in-medium proper-
ties, a solid baseline description for di-lepton 
production in absence of a medium needs to be 
established. This is possible in the context of the 
rich experimental data set from HADES with 
elementary reactions and small nucleus-nucleus 
reaction, which represent a superposition of el-
ementary reactions. 

The approach chosen for this work is a new 
hadronic transport model: SMASH 
(=Simulating Many Accelerated Strongly-
interacting Hadrons) [2]. As a transport model, 
it is based on the relativistic Boltzmann equa-
tion. The collision term is emulated by decays 
and binary collisions using a geometric collision 
criterion. All well-known resonance from the 
PDG [3] up to a mass of 2.3 GeV are included. 
Di-leptons are produced by decays of various 
resonance. This work focuses on di-electron 
production, for which mesonic decays of 
  

 

π,η, ρ,ω,φ  and baryonic decays from the 

 

∆  
resonance are included. New in this approach 
are contributions to the direct vector meson de-
cay channels below the hadronic thresholds, 
which equals the combined mass of the lightest 
hadronic decay products [4]. 

Results for the di-electron production in car-
bon-carbon collisions at EKin = 2.0A GeV are 
shown in Figure 1. In the invariant mass spec-
trum the dominant contribution for masses be-
low 500 MeV are the pseudo-scalar meson 

 

π  

and 

 

η decays. Above 500 MeV the vector me-
son channels are dominant. 

 

ρ  and 

 

ω  contribu-
tions below the hadronic threshold, which for 
the 

 

ρ  is at two 

 

π  masses, are observed. The 

 

ρ  
contribution is the second largest contribution 
around 250 MeV. The agreement with experi-
mental data [5] is excellent. Only around the 

 

ω  
pole a slight overestimation is seen. 

 
Figure 1: Invariant mass spectrum of di-
electrons produced by carbon-carbon collisions 
at EKin = 2.0A GeV compared to HADES data 
from [5].  

On this solid description of smaller systems, 
the dilation production for larger systems can be 
studied. The vector meson contributions are 
sensitive to modification to the spectral func-
tion, since they decay directly into a lepton pair. 
With HADES data available also for larger sys-
tem it is possible to probe for which systems the 
assumption of vacuum properties remains valid 
and for which the invariant mass spectrum of di-
leptons is senstive to medium modifications.  
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We have investigated the quark content of the low-lying
states in the I(JP) = 1(0+) sector, which are the quantum
numbers of the a0(980) meson, using lattice QCD (for de-
tails cf. our recent publication [1]).

We have considered correlation functions of six differ-
ent two- and four-quark interpolating fields:

We have evaluated  all  diagrams,  including  diagrams,
where  quarks  propagate  within  a  timeslice,  e.g.  with
closed quark loops. A necessary preparatory step was the
comparison of the efficiency of various methods to com-
pute  two-point  correlation  functions  of  two-quark  and
four-quark interpolating fields  of different structure,  in-
cluding  combinations  of  point-to-all  propagators,
stochastic timeslice-to-all  propagators,  the one-end trick
and sequential propagators (cf. Ref. [2]).

We have demonstrated that  diagrams containing such
closed quark loops have a drastic effect on the final res-
ults and, thus, may not be neglected. Our analysis, which
has been carried out at unphysically heavy u and d quark

mass corresponding to mpion = 296(3) MeV and in a single
spatial volume of extent 2.9 fm, shows that in addition to
the  expected  spectrum  of  two-meson  scattering  states
there is an additional energy level around the two-particle
thresholds of K + K and eta + pion. This state in the en-
ergy region of 1100 MeV to 1200 MeV is a candidate for
the a0(980) meson. It is predominantly generated by the
quark-antiquark interpolating field O1,  but  also receives
sizable contributions from the diquark-antidiquark inter-
polating field O4,  i.e. a likely interpretation is that it  is
mainly  a  quark-antiquark  state  with a  minor tetraquark
component. To some extent this is supported by a previ-
ous  computation,  where  we  have  neglected  quark
propagation within a timeslice [3].  Then the quark-anti-
quark  interpolating field  decouples  from the  four-quark
interpolating fields and an analysis of the four-quark cor-
relation matrix only yields the expected two-meson scat-
tering states.

Our analysis has been performed using AMIAS, a novel
statistical method based on the sampling of all possible
spectral  decompositions  of  the  considered  correlation
functions, as well as solving standard generalized eigen-
value problems.
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Core-collapse  supernovae  synthesize  lighter  heavy  ele-
ments  between Fe up to  possibly Ag depending on the
properties of the ejected matter. Despite the fast progress
in supernova simulations and experimental astrophysics,
the  astrophysical  and  nuclear  physics  uncertainties  are
still large and can critically influence the nucleosynthesis.
Therefore,  we  address  both  sources  of  uncertainty  and
study their impact on the nucleosynthesis in neutron-rich
neutrino-driven supernova ejecta. 

  To explore the variations in the astrophysical condi-
tions we rely on a steady-state model [1] because a sys-
tematic  study  based  only  on  trajectories  from  hydro-
dynamic  simulations  is  computationally  expensive.
Steady-state models allow to investigate all possible con-
ditions found in current and future supernova simulations.
We vary the mass and radius of the proto-neutron star as
well as the total luminosity and energy of the neutrinos,
which  are  input  parameters  in  the  wind  equations,  to
cover a wide range of astrophysical conditions and calcu-
late the nucleosynthesis [2]. In the final abundances, we
identify  four  abundance  patterns  (NSE1,  NSE2,  CPR1,
CPR2) by different neutron, alpha, and seed abundances
at T = 3 GK. The different nucleosynthesis groups distin-
guish  in  the  evolution  of  the  nucleosynthesis  path  and
each  groups  exhibits  characteristic  abundance  patterns
and peaks. The abundance patterns of the groups NSE1
and NSE2 are mainly determined during the nuclear stat-
istical equilibrium (NSE) phase and thus rather depend on
binding energies and partition functions. The group CPR1
describes the transition between NSE1 or NSE2 to CPR2.
After the breakdown of NSE, charged-particle reactions
still  redistribute the abundances but the nucleosynthesis
path cannot overcomes the neutron shell closure at  N =
50. Thus, the final abundances are given by Q-values of
(α,n)  reactions.  Within  the  groups  NSE1,  NSE2,  and
CPR1 the  nucleosynthesis  evolution  is  similar.  In  con-
trary, we find a lot of variations in the final abundances of
the  nucleosynthesis  group  CPR2 (see  Fig.1)  and  espe-
cially the heaviest synthesized elements vary. Individual
charged particle reactions can critically affect the abund-
ance  evolution  and  nuclei  heavier  than  Z~40  are  pro-
duced. 

For neutron-rich conditions, matter mainly evolves to-
wards heavy nuclei by charged-particles reactions, espe-
cially (α,n) reactions [3]. None of the relevant (α,n) reac-

tions has been measured in the energy range that is signi-
ficant for astrophysical conditions in neutrino-driven su-
pernova ejecta.  Therefore,  the reaction rates included in
our nucleosynthesis studies are calculated with theoretical
reaction codes based on the statistical  Hauser-Feshbach
model. The reaction rates contain some uncertainty due to
intrinsic technical aspects in the reaction codes and nuc-
lear physics input [4]. To estimate the uncertainty in the
(α,n) rates we calculate them using different alpha optical
potentials which are the main contribution to the uncer-
tainty  for   the  relevant  astrophysical  conditions  [5].
Moreover, we compare the theoretical reaction rates with
the few available measurements of stable nuclei in the ab-
sence of relevant experiments. We conclude that the reli-
ability of  the theoretical  (α,n) rates is  not  better than a
factor of 10.   

We investigate the influence of the rate uncertainties on
the nucleosynthesis for different astrophysical conditions
by varying all (α,n) reaction rates for nuclei between Fe
and Rh by factors of 5, 10, and 50 up and down. When the
(α,n)  rates  are  reduced  (increased)  less  (more)  matter
moves towards nuclei beyond Z=38 compared to the case
where no rates are varied. This result is robust for differ-
ent  astrophysical  conditions  unless  the  nucleosynthesis
evolution is close to the valley of stability. We conclude
that (α,n) rate uncertainties are crucial for the nucleosyn-
thesis  in  neutrino-driven  supernova  ejecta.  Thus,  more
studies are required to identify the individual important
reactions whose measurements will contribute to further
reduce the nuclear physics uncertainties.                  

Figure 1: Final abundances of the group CPR2.
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Introduction 
The first discovery at the Large Hadron Collider (LHC)  

occurred in 2010 when two-particle correlations at small 
relative azimuth angle extending over several units of 
rapidity were measured in high multiplicity proton-proton 
(p+p) collisions. This phenomenon, dubbed the ridge, had 
been previously measured in heavy-ion (A+A) collisions 
and considered to be a golden probe of quark-gluon plas-
ma (QGP) formation. In addition to the ridge, other QGP-
sensitive observables such as the flow harmonic coeffi-
cients and their correlations in terms of symmetric cumu-
lants have shown a similar behavior in p+p and in the 
A+A case [1]. At this point, a natural question arises: are 
small droplets of QGP being formed in p+p collisions at 
the TeV regime? 

An indispensable ingredient in any theoretical model 
attempting to describe the striking experimental results is  
the parametrization of the geometry of the collision.     

The model                                                                                
We propose a description of the proton geometry based 

on three main ingredients. First, the fundamental consti-
tuents of the proton are considered to be gluonic hot 
spots, by default we consider 3, that can be interpreted in 
a radiative picture as a valence quark surrounded by a 
gluonic cloud. Next, the positions of these hot spots in the 
transverse plane are subjected to short-range repulsive 
correlations that effectively enlarge the mean transverse 
separation between them (see Eq.2 in [2]). The inclusion 
of this effect is the main novelty of this work with respect 
to others in the literature. Finally, the radius of the hot 
spot grows with increasing energy of the collision. The 
theoretical justification for the last two assumptions is 
given in [3]. 

We implement this geometry in a Monte Carlo event 
generator à la Glauber including fluctuations in the hot 
spots positions and their entropy deposition. The entropy 
deposition is considered a proxy of particle production 
and, therefore, is constrained by the experimental data on 
the charged particle multiplicity distributions. Further,  it 
is the quantity that defines the centrality classes. 

Symmetric cumulants 
In Fig.1 the correlation between the eccentricity and the 

triangularity, NSC(2,3) (see Eq.2 in [4]), of p+p collisions 
at 13 TeV is shown. The most remarkable feature is that 
the negative sign of NSC(2,3) in the highest centrality 
bins is only achieved in the correlated scenario [4]. This is  
the first result in the literature that is, at least, in qualitati-
ve agreement with the experimental measurement where 
the correlation is measured in terms of elliptic and trian-
gular flow.   

Together with their drastic impact on the description of 
the hollowness effect [3] and the absolute values of the 
eccentricities [2], the symmetric cumulant study adds 
evidence to the fact that the inclusion of spatial correla-
tions between the sub nucleonic degrees of freedom of the 
proton modifies the initial state properties of proton-
proton interactions at LHC energies.  

Figure 1: Normalized symmetric cumulant as a function 
of the centrality. The light purple band contains the unco-
rrelated results while the red line corresponds to the corre-
lated scenario. 
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In this work we study the influence of the chiral phase 
transition on fluctuation observables in strongly interact-
ing matter at non-zero temperature and net baryon density 
[1]. We focus on the properties of net-baryon-number 
fluctuations, which are quantified by the baryon number 
cumulants. These are directly influenced by the chiral 
phase transition, owing to the coupling of the quarks to 
the scalar order parameter. Furthermore, since the cumu-
lants can be related to the fluctuations of the net proton 
number, which are accessible experimentally, they are 
ideal observables for identifying the phase boundary and 
critical structures in the QCD phase diagram. 

We model chiral dynamics with the Polyakov-loop ex-
tended Quark-Meson (PQM) model. To correctly account 
for the critical behaviour at the chiral symmetry restora-
tion transition in the O(4) and Z(2) universality classes, 
we employ the Functional Renormalization Group (FRG) 
[2]. We formulate the FRG equations in the presence of 
repulsive interactions and derived the flow equations for 
derivatives of the thermodynamic pressure. 

The main focus of our studies is the analysis of the 
STAR data on proton number fluctuations and the com-
parison with model predictions. To reduce the influence 
of the non-critical characteristics of the model, like e.g. 
the mass spectrum or the kinematical cuts on particle 
momentum distributions, we compute ratios of suscepti-
bilities. We fix the freeze-out line in our model using the 
skewness data measured by STAR. By doing so, we 
qualitatively reproduce the behaviour of all cumulant rati-
os with multiple parameter sets, except for the rise of the 
kurtosis at low energies (Fig. 1). We conclude that, since 
our model calculations do not reproduce this behaviour, 
this rise cannot be solely attributed to chiral criticality in 
equilibrium. 

We also computed the baryon number cumulants of 
fifth and sixth order along the freeze-out line. Figure 2 
shows that the sixth to second and fifth to first cumulant 
ratios agree at high beam energies. Since non-equilibrium 
effects are expected to spoil this relation, we propose to 
use the ratios of cumulants as probes of equilibration. 
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Figure 1: Baryon number cumulant ratios in the PQM 

model on the freeze-out line fitted to STAR data. 

 
Figure 2: Higher order cumulant ratios in the PQM model 
along the freeze-out line. 
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Structureless N-body scattering
According to the S-matrix formulation of statistical mech-
anics, the contribution to the thermodynamic pressure due
to interactions takes the following form:

Here B(M) is an effective spectral function and Q(M) is
the corresponding phase  shift  function.  For  the case of
elastic 2 -> 2 scattering processes, Q(M) can be formally
identified with the usual scattering phase shift. In terms of
quantum field theory amplitudes, we can write

The  amplitude  can  be  constructed  using  the  standard
Feynman  rules.  The  integration  over  the  2-body  phase
space means

The general N-body phase shift function Q(M) is difficult
to  obtain.  However,  if  we restrict  our  attention to  pro-
cesses involving only structureless scatterings, that is, re-
placing the ampltidue with a (dimensionful) coupling con-
stant

the problem reduces to that of calculating the N-body 
phase space function. An efficient way to accomplish this 
task is to employ the Kallen expansion, which provides a 
recursive definition of the N-body phase space function 
via

To demonstrate how the N-body phase space function in-

creases with s=M^2, we compute them numerically for a 
system of pions. The result is shown in Fig. [1].

Figure 1: (N=2,3,4)-body phase space functions, scaled 
by the appropriate powers of pion mass, versus the center 
of mass energy sqrt(s). 

From a purely kinematical point of view, effects from 
higher N-body phase space are generally suppressed com-
pared to the lower ones at low invariant mass. However, 
their effects will show up and will eventually be dominat-
ing at high invariant masses in the manner dictated. In 
case of finite density or chemical potential, the takeover 
by higher N-body phase spaces can occur more rapidly 
due to the fugacity factor associated with an N-body state.

The phase space dominance model discussed here may be
of interest to phenomenological studies. Performing mod-
elling on the level of S-matrix elements or amplitudes, 
e.g. the invariant mass dependence of the coupling, can 
establish closer connection between observables and 
model parameters. Moreover, symmetries and physical 
conditions can be imposed on the S-matrix elements to 
constrain their functional form. Finally, we note that the 
purely kinematical consideration presented here can be 
non-trivially modified by interaction dynamics. [1]
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We have studied the single electron spectra from D- 
and B-meson semileptonic decays in Au+Au collisions at 
√𝑠𝑁𝑁 = 200, 62.4, and 19.2 GeV by employing the par-
ton-hadron-string dynamics (PHSD) transport approach 
that has been shown to reasonably describe the charm 
dynamics at Relativistic-Heavy-Ion-Collider (RHIC) and 
Large-Hadron-Collider (LHC) energies on a microscopic 
level. In this approach the initial charm and bottom 
quarks are produced by using the PYTHIA event genera-
tor which is tuned to reproduce the fixed-order next-to-
leading logarithm (FONLL) calculations for charm and 
bottom production. The produced charm and bottom 
quarks interact with off-shell (massive) partons in the 
quark-gluon plasma with scattering cross sections which 
are calculated in the dynamical quasi-particle model 
(DQPM) that is matched to reproduce the equation of 
state of the partonic system above the deconfinement 
temperature Tc. At energy densities close to the critical 
energy density (≈ 0.5 𝐺𝐺𝐺/𝑓𝑓3) the charm and bottom 
quarks are hadronized into D- and B-mesons through ei-
ther coalescence or fragmentation. After hadronization the 
D- and B-mesons interact with the light hadrons by em-
ploying the scattering cross sections from an effective 
Lagrangian. The final D- and B-mesons then produce 
single electrons through semileptonic decay.  

Figures 1 and 2 show, respectively, the 𝑅𝐴𝐴 and 𝑣2 of 
single electrons from D-meson and B-meson semileptonic 
decays in Au+Au collisions at √𝑠𝑁𝑁 = 200 GeV. The 
shadowing effect enhances the bottom production and 
suppresses the charm production at low transverse mo-
mentum. The single electrons from B decay have a larger 
contribution than that from D decay above 𝑝𝑇 ≈ 2.7 −
2.8 𝐺𝐺𝐺/𝑐. The dotted lines are the 𝑅𝐴𝐴  of single elec-
trons including both shadowing and Cronin effects. Alt-
hough the Cronin effect enhances the 𝑅𝐴𝐴, it is not signif-
icant. 

We have found that the PHSD approach well describes 
the nuclear modification factor 𝑅𝐴𝐴 and elliptic flow 𝑣2 of 
single electrons in d+Au and Au+Au collisions at 
√𝑠𝑁𝑁 =200 GeV and the elliptic flow in Au+Au reactions 
at √𝑠𝑁𝑁 = 62.4 GeV from the PHENIX collaboration, 
however, the large 𝑅𝐴𝐴  at √𝑠𝑁𝑁 = 62.4 GeV is not de-
scribed at all. Furthermore, we have made predictions for 
the 𝑅𝐴𝐴 of D-mesons and of single electrons at the lower 
energy of √𝑠𝑁𝑁 = 19.2 GeV. Additionally, the medium 
modification of the azimuthal angle 𝜙 between a heavy 
quark and a heavy antiquark has been studied. We have 
found that the transverse flow enhances the azimuthal 
angular distributions close to 𝜙 =  0 because the heavy 
flavors strongly interact with the medium in relativistic 
heavy-ion collisions and almost flow with the bulk matter.  

Figure 1: 𝑅𝐴𝐴 of single electrons from the semi-leptonic 
decay of D-mesons (dashed) and of B-mesons (dot-
dashed) and the sum of them (solid) with shadowing ef-
fect in 0-10 % central Au+Au collisions at √𝑠𝑁𝑁 = 200 
GeV in comparison to the experimental data from the 
PHENIX collaboration. The dotted line is the 𝑅𝐴𝐴 includ-
ing both shadowing and Cronin effects. 

Figure 2: The elliptic flow 𝑣2 of single electrons from the 
semi-leptonic decay of D-mesons (dashed) and of B-
mesons (dot-dashed) and of both of them (solid) with 
shadowing effect in 0-60 % central Au+Au collisions at 
√𝑠𝑁𝑁 = 200 GeV in comparison to the experimental data 
from the PHENIX and STAR collaborations. The dotted 
line is the 𝑣2 of single electrons including both shadowing 
and Cronin effects. 
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The Trojan-Horse (TH) method has been proposed by
G. Baur in 1986 as an indirect approach to extract low-en-
ergy cross sections of a rearrangement reaction 

A + x → C + c                                                 (1)
of astrophysical interest by studying the breakup reaction 

A + a → C + c + b                                           (2)
in  the  laboratory  at  much higher  energies  [1].  The TH
nucleus  a is  assumed  to  be  well  described  by  a  two-
cluster system b+x where x is the transferred particle and
b acts as a spectator. The connection of the cross section
of reaction (1) with that of the surrogate reaction (2) was
established with the help of direct  reaction theory. This
concept  was already suggested in  G.  Baur’s  talk at  the
1985  Varna  International  Summer  School  on  Nuclear
Physics [2]. The direct measurement of cross sections of
reaction (1) at astrophysical energies is extremely difficult
because of low-reaction rates and thus many experimental
challenges arise. In contrast, reaction (2) is performed at
energies  above  the  Coulomb barrier  without  the  strong
suppression of the cross section caused by the Coulomb
repulsion at very low energies.  In addition, reaction (2)
does not suffer from electron screening effects.

In the original  proposal  [1],  G.  Baur argued that  the
Fermi motion of x inside a would compensate the relative
motion of  A and  x making small  energies  accessible in
this system. However it was realized by Claudio Spitaleri
and his group in Catania that the surrogate reaction (2)
has to be studied at quasi-free scattering conditions, cor-
responding to a small momentum transfer to the spectator
b, to exploit the virtues of the TH method, see, e.g., refer-
ence [3] and publications cited therein. 

In first experimental attempts to apply the TH method it
remained unclear how to establish the connection between
the cross sections of reactions (1) and (2). Using detailed
theoretical considerations [4,5] the cross section of reac-
tion  (2)  could  be  factorized  by  employing  a  modified

plane-wave impulse approximation (PWIA). The product
contains a kinematic factor, the momentum distribution of
relative motion |Φa(pbx)|2 of b and x inside a, and the half-
off-shell cross section dσHOES/dΩ of reaction (1). The lat-
ter is related to the on-shell cross section by a simple pen-
etrability factor. Applying this formulation, extensive ap-
plications  of  the  TH  method  followed  and  low-energy
cross sections of astrophysical reactions were determined
with success, see, e.g., reference [6].

The conventional formulation of direct reaction theory
for reaction (2) can be derived from the post form of the
transition matrix element in distorted wave Born approx-
imation (DWBA) with additional assumptions, in particu-
lar  the  so-called  surface  approximation.  Formally,  the
matrix element is a first-order amplitude in reaction the-
ory. The factors |Φa(pbx)|2 and dσHOES/dΩ can be related to
two processes: the breakup of the Trojan horse a and reac-
tion (1) as a subprocess of (2). Hence, the TH reaction can
also be viewed as a two-step process with an intermediate
off-shell propagation of the transferred particle x. 

The connection between the one-step and two-step de-
scriptions of the TH reaction was recently established in
reference [7]. It was observed that the TH cross section is
the direct part of the inclusive non-elastic breakup cross
section. The corresponding transition matrix element con-
tains the source function ρ with the exact three-body wave
function. In the post representation within DWBA it has
the  Ichimura-Austern-Vincent  form  ρIAV=ρUT+ρHM with
two  contributions.  The  Udagawa-Tamura  term  ρUT de-
scribes the elastic breakup of a and the fusion of x with A
remaining in the ground state. The Hussein-McVoy term
ρHM contains  all  other  processes  where  A is  excited  or
other channels in the  A+x system are reached. The new
formulation can be used for improvements in the analysis
of experiments in order to access the validity of the ap-
proximations in the standard approach to the TH method.
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Abstract
One-dimensional (1D) time sequences of spatial, three-

dimensional (3D) simulation or image data may implicitly
carry  dynamical  information  of  their  embedded  subre-
gions. Continuous hyper-surfaces can be constructed for
the full 3+1D data that enclose certain spacetime regions.
Here,  we demonstrate  that  such  hyper-surfaces  may be
viewed as 3D velocity vector fields, which explicitly char-
acterize dynamically evolving 3D shapes contained in 4D.

Introduction
In this report, we consider the special case of 4D space-

time, where three dimensions refer to space, and a fourth
dimension refers to time (i.e., 3+1D). E.g., relativistic hy-
drodynamical models that simulate relativistic heavy ion
collisions may require the extraction of a so-called freeze-
out hyper-surface (FOHS) from the 3+1D simulation data
(cf.,  e.g.,  Ref.  [1]  and  Ref.s  therein).  The  STEVE  al-
gorithm [2,  3]  generates  iso-valued  hyper-surfaces  that
may  implicitly  be  contained  in  four-dimensional  (4D)
data sets. A FOHS generated by STEVE consist of a finite
set of tetrahedrons, which are embedded in 4D. For each
tetrahedron  (3-simplex),  a  covariant  4-normal,
dσµ(x

µ)=(dσ x ,dσ y ,dσz ,dσ t) ,  at  the contravariant
event, xµ=(x , y , z , t ) , with the three spatial cartesian
coordinates x, y, and z, and the time t, respectively, can be
calculated due to Ref. [2].

Approach and Results
Using the components of the 4-normals, let us define a 3-
velocity

v⃗=(vx , v y , vz)≡
−dσ t

dσ x
2+dσ y

2+dσ z
2 (dσx ,dσ y , dσ z) (1)

for each 3-simplex of a given hyper-surface that is em-
bedded in 4D spacetime.

The magnitude  v=√vx2+v y2+v z2 of each single 3-ve-
locity, (cf., Eq. (1)) can be encoded with a colour, which
may then be assigned to its corresponding tetrahedron.

Fig.1 shows an example (cf., also Ref. [2]) of a tem-
poral sequence of intersections of a FOHS. The resulting
3D isothermes consist of triangles, which have inherited
their colour from an intersected tetrahedron. In the figure,
the colour red refers to regions of high speed, whereas the
colour purple refers to zero and/or very low speeds.

We conclude our presentation with the notion that such
processing  may be  useful  also for  medical  applications
[4],  e.g.,  in  the  field  of  time-varying  computed  tomo-
graphy [5].
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Figure 1: (a) – (j) Chronologically developing isothermes as a result of spatial hyper-surface intersections at equidistant
times; (j) shows in addition a colour bar which decodes the relative velocity magnitudes of all images, (a) – (j). Note
that the colour red refers to relative velocity magnitudes in the range of [1.0,+∞) . 
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The formation of hypernuclei clusters in heavy-ion re-
actions has been a subject of many theoretical studies. 
Recent experimental results have shown that the hypernu-
clei and anti-hypernuclei can be produced in relativistic 
heavy-ion collisions (HIC) from SIS to LHC energies. 
Detailed investigations of the theoretical predictions have 
identified two sources of hypernuclei in these reactions: 

a) In the overlap region of projectile and target, called 
participant region, strange baryons are produced in initial 
collisions between projectile and target nucleons. These 
strange baryons can migrate into the cold spectator matter 
where they can be absorbed and form heavy hypernuclei 
which have a rapidity close to projectile or target rapidity. 

b) The Λ's may stay in the participant region, which 
expands and their interaction with the surrounding nucle-
ons allows forming light clusters and hence lighting hy-
pernuclei. In view of their small binding energy and their 
hot environment, this is like the creation of “ice in a fire”. 
Nevertheless, such hypernuclei have been found around 
mid-rapidity in RHIC and LHC experiments, a phenome-
non which awaits an explanation. 

In addition, the production of both types of hypernuclei 
may shed light on our theoretical understanding of the 
dynamics of heavy-ion reactions, which cannot be ad-
dressed by other probes. In particular, the formation of 
heavy projectile/target like hypernuclei elucidates the 
physics at the interface between spectator and projectile 
matter. Since the strange baryon comes necessarily from 
the overlap region the multiplicity as well as the rapidity 
distribution of the hypernuclei is related to the probability 
that strange baryons of a given rapidity are absorbed by 
the spectator matter by means of their potential interac-
tion with the cold spectator matter. On the other hand, 
mid-rapidity hypernuclei test the phase space distribution 
of baryons in the expanding participant matter, especially 
whether strange and non strange baryons are in thermal 
equilibrium and whether their space time distribution is 
similar. This may contribute to clarifying the origin of 
their formation. 

 We have developed the novel microscopic n-body dy-
namical transport approach PHQMD (Parton-Hadron-
Quantum-Molecular-Dynamics) for the description of 
particle production and cluster formation in heavy-ion 
reactions at relativistic energies. The PHQMD extends the 
established PHSD (Parton-Hadron-String-Dynamics) 
transport approach by introducing n-body quantum mo-
lecular dynamic type propagation of hadrons. This allows 
for a dynamical description of cluster formation based on 
the FRIGA (‘Fragment Recognition In General Applica-
tion’) model. It keeps the collision integral (which de-
scribes the particle collisions) of the PHSD. This allows 
to use the PHQMD transport approach in different modes: 

the mean-field based PHSD mode and the QMD mode 
based on two and three-body potential interactions be-
tween the nucleons and, thus, to study the sensitivity of 
observables for the different ways of the description of 
the heavy-ion dynamics. 

The PHQMD includes the following features for the 
dynamical fragment identification: the final fragment 
yield can either be determined with a minimum spanning 
tree (MST) procedure [2] or with cluster finding algo-
rithms based on the Simulated Annealing Clusterization 
Algorithm (FRIGA) [3]. First results from combining the 
PHSD with the FRIGA code have been reported in [4]. 

In Figure 1 we validate our approach by showing that 
we can reproduce the complex fragment pattern observed 
by the ALADIN collaboration at the highest energies 
where experimental data for heavy fragments are availa-
ble. These heavy fragments have a rapidity close to beam 
and target rapidity and with increasing energy also hyper-
fragments can be formed in this kinematical region. 
Within the PHQMD we have obtained the first results for 
hadronic 'bulk' observables - as clusters production at SIS 
and FAIR/NICA energies, rapidity distributions and 
transverse mass spectra [5]. 

 
Figure 1: Rise and fall of the multiplicity of intermedi-

ate mass fragments as a function of the total bound 
charge. Both quantities are measured for forward emitted 
fragments. We compare the results of PHQMD for differ-
ent times to identify fragments with the experimental data 
[1]. 
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The r-process is responsible for the production of about
half of the heavy elements observed in the solar abund-
ances. The site of the r-process was unknown until recent
observations.  The gravitational  wave event  GW170817,
which  was  identified  as  a  binary  Neutron  Star  Merger
(NSM), was followed by the detection of  an electromag-
netic counterpart (EM170817) that is consistent with pre-
dictions for a kilonova/macronova associated with r-pro-
cess nucleosynthesis [1,2]. In particular the observation of
a bright fast fading UV component.

Since   the complicated atomic structure of lanthanides
implies high opacity ejecta, this indicates the presence of
material with relatively high electron fractions and con-
sequently  low  lanthanide  production[3,4,5]. While  the
distinction between s and r-process produced elements is
well defined for heavy elements, this is not the case for
lighter elements. This is also partly due to the impact of
other  proposed processes  like the i-process and the  νp-
process that are thought to have a contribution in this re-
gion.  We study the nucleosynthesis for the conditions of
high Ye outflows from NSMs to try to see if this could be
the site for the production of the r-process abundance pat-
tern for A <100.

Calculations-Results
We use a range of Ye (0.35, 0.36, 0.37, 0.38) which we

average with ejecta velocity v/c = 0.2 and entropy 15 kB

per  baryon  following  the  presciption  of  [7].  Figure  1
shows that  we can reproduce the peaks seen A=80 and
A=84  in  the  r-process  abundance  pattern  and  have  an

overall agreement in the region. The details of the r-pro-
cess abundance pattern are very sensitive to the nuclear
physics  underlying  this  process.  Nuclear  information
(namely:  masses,  beta decay rates,  and  neutron capture
rates) in this region are not known for all the neutron rich
nuclei participating in the r-process. As a result of ongo-
ing  experimental  campaigns   more  and  more  data  be-
comes available. With the current knowledge of nuclear
physics underlying this process we can conclude that we
can not exclude NSM as the source of light r-process ele-
ments but a final conclusion require a better understand-
ing of the properties of n-rich nuclei.

Figure  1:  Filled  black  circles  represent  the  r-process
abundances as presented in the paper of Cowan et al. [6]
Green open circles represent the average abundance for
Ye between 0.35 and 0.38, ejecta velocity of 0.2c and en-
tropy of  15 keV per baryon.
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Short-range and tensor correlations in back-to-back nucleon pairs 
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Short-range correlations (SRC) in nuclei reflect the repul-
sive core and the strong tensor component of the nucleon-
nucleon interaction. To study SRC in nuclei we combine 
many-body calculations in the ab-initio no-core shell 
model with unitarily transformed interactions and opera-
tors using the similarity renormalization group (SRG). The 
SRG transformation softens the interaction and makes 
solving the many-body problem possible. It is important to 
note that a consistent approach requires that not only the 
Hamiltonian but also all operators are transformed. Due to 
the short-range nature of the transformation long-range ob-
servables like radii or electromagnetic transition strengths 
are only weakly sensitive to the transformation. The situa-
tion is totally different for observables that are sensitive to 
the short-range behaviour of the wave function.  
 
This is the case for the high-momentum components that 
are also studied in great detail experimentally. Up to now 
one of the clearest approaches have been (e,e'NN) reac-
tions, i.e. the knockout of nucleon pairs by electrons. The 
experimental information has to be compared to theoretical 
predictions and it is important to identify as clearly as pos-
sible the experimental and theoretical observables. In the 
knockout process nucleon-nucleon pairs are observed as a 
function of relative momentum. However there are experi-
mental cuts that restrict the total pair momenta. That the 
relative momentum distributions depend very strongly on  
 
 

 
Figure 1: Contribution of the different spin-isospin chan-
nels to the total relative momentum distribution as a func-
tion of relative momentum. On top for all pair momenta, 
on the bottom for back-to-back pairs only. On the left for 
the AV8' interaction on the right for the N3LO interaction.  

 

the pair momentum is shown in Fig. 1 where we show the 
contributions to the total  relative momentum distributions 
from nucleon pairs with total spin S and total isospin T in 
the alpha particle as a function of relative momentum. The 
first observation is that the momentum distributions are 
very different from what would be expected in a mean-field 
description. In this simple picture the contributions of the 
two even channels (S,T)=(1,0) and (S,T)=(0,1) would be 
both 0.5 independent from relative momentum. The contri-
butions from the odd channels would be zero. What we ob-
serve is quite different. The situation is very clear for back-
to-back pairs shown on the bottom. Here we find a situation 
close to what would be expected in the mean-field for pairs 
with relative momentum well below Fermi momentum. 
Around Fermi momentum however almost all pairs found 
are deuteron-like (S,T)=(1,0). This is caused by tensor cor-
relations that dominate in that momentum region. We ob-
serve similar but not identical results for the different in-
teractions. The situation is much more complicated when 
we do not restrict the total momentum as shown on top. 
Whereas back-to-back pairs only show two-body correla-
tions we find significant contributions from many-body 
correlations if we look at all pairs. These are especially vis-
ible in the significant contribution of (S,T)=(1,1) pairs that 
can be traced backed to three-body correlations induced by 
the tensor force. In Fig. 2 we show the same information in 
a different way that allows to compare with experimental 
data from JLAB measuring the ratio of proton-proton to 
proton-neutron pairs as a function of relative momentum.  
 

 
Figure 2: Ratio of proton-proton pairs to proton-neutron 
pairs for the AV8' interaction on the left and the N3LO in-
teraction on the right. Full curves show the ratio for all 
pairs, dashed curves show the ratio for the back-to-back 
pairs. Experimental data are from [2] 
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Heavy ion collisions, at the Relativistic Heavy Ion Col-

lider (RHIC) and the Large Hadron Collider (LHC), are 
experimental tools to explore high-temperature QCD mat-
ter. Realistic dynamical models are indispensable to con-
nect the experimental results with the properties (equation 
of state and transport coefficients) of hot QCD matter. 

The current state-of-the-art are so called hybrid ap-
proaches, which combine viscous hydrodynamics and 
microscopic transport to take increasing mean free path 
into account. The transition from hydrodynamics to mi-
croscopic transport (dubbed 'particlization') is based on 
the Cooper-Frye formalism [1], which provides a connec-
tion between Boltzmann distribution function and mo-
mentum-space distribution emerging from specific 3-
dimensional hypersurface such that energy and momen-
tum are conserved. 
 
𝑑𝑑
𝑑3𝑝

=
𝑑

(2𝜋)3 � 𝑓(𝑥, 𝑝)
Σ

𝑝𝜇𝑑3𝛴𝜇
𝐸𝑝

 
 
(1) 
 

where 𝑑 and 𝛴 are respectively degeneracy and hypersur-
face. 

The simplest way to implement this formalism, which 
is also used in Ref. [2], is to sample each species at each 
space-time point independently, assuming grand canoni-
cal ensemble. Conservation of charges, energy and mo-
mentum is achieved only on average over events. This so-
called “conventional” sampling starts by multiplicity 
sampling from Poisson distribution with average 
 

〈𝑑𝑖〉1−𝑐𝑐𝑐𝑐 = 𝑑𝑖 ��
𝑑3𝑘

(2𝜋)3  𝑓𝑖(𝑘)�  𝑢𝜇𝛥𝛴𝜇 
 
(2) 
 

where 𝑢𝜇 and 𝛥𝛴𝜇 are the flow velocity and normal vec-
tor of the hypersurface, respectively.  Then, the momenta 
of particles are sampled from the distribution function 
𝑓(𝑥, 𝑝) near thermal equilibrium. 

Even though the conventional way of particlization, in 
conjunction with oversampling, can be used to study sin-
gle-particle distribution, the event-by-event conservation 
must be ensured to investigate fluctuations and correla-
tions. It is shown in [3] that charge and energy can be 
globally conserved in each event by the Single Particle 
Rejection with Exponential Weights (SPREW) method. 

 To implement global charge conservation in the 
SPREW sampling, the average of conserved charge 𝑋 
(baryon number 𝐵, strangeness 𝑆 and electric charge 𝑄) is 
evaluated according to 

𝑋𝑠𝑠𝑠𝑠𝑠𝑐𝑐 = �𝑋𝑖𝑑𝑖 � 𝑛𝑖(𝑥) 𝑢𝜇𝑑3𝛴𝜇
𝛴𝑖

 
 
(3) 
 

where the summation goes over all particles species. If 
the newly sampled particle would result in larger devia-
tions of the total charge from its average value (i.e., 
𝑋𝑛𝑐𝑛 𝑝𝑠𝑠𝑝𝑖𝑐𝑐𝑐  and 𝑋𝑠𝑠𝑠𝑝𝑐𝑐 − 𝑋𝑠𝑠𝑠𝑠𝑠𝑐𝑐  have the same sign), 
it is rejected with the following probability. 
𝑃𝑠𝑐𝑟𝑐𝑐𝑝 = 1 − 𝑒−|𝑋𝑠𝑠𝑠𝑠𝑠𝑠−𝑋𝑠𝑠𝑠𝑠𝑠𝑠𝑠| (4) 
After momenta are sampled in the same way as the con-
ventional sampling, they are rescaled for energy conser-
vation. 
𝐸𝑠𝑠𝑠𝑠𝑠𝑐𝑐 = ∑ �(1 + 𝑎)2𝑝𝑛2 + 𝑚𝑛

2
𝑛   (5) 

In the case of Au-Au collisions, the typical value of 𝑎 is 
very small (|𝑎| ≃ 3 %). Therefore, one finds that charge 
conservation does not lead to significant deformation of 
momentum-space distribution. Figure 1 shows global bar-
yon number conservation in the SPREW sampling algo-
rithm. These conservation laws are important for the fluc-
tuation observables to measure the phase transition as it 
will be done at FAIR. 

Figure 1: Probability distribution of net baryon number in 
Au-Au collisions with √𝑠𝑁𝑁 = 200 GeV. Taken from 
Ref. [3]. 

References 
[1] F. Cooper and G. Frye, Phys. Rev. D 10, 186 (1974). 
[2] S. Ryu, J.-F. Paquet, C. Shen, G. S. Denicol, B. 

Schenke, S. Jeon and C. Gale, Phys. Rev. Lett. 115, 
no. 13, 132301 (2015) [arXiv:1502.01675 [nucl-th]]. 

[3] C. Schwarz, D. Oliinychenko, L.-G. Pang, S. Ryu 
and H. Petersen, J. Phys. G 45, no. 1, 015001 (2018) 
[arXiv:1707.07026 [hep-ph]]. 

Grants: Helmholtz Young Investigator Group VH-NG-
822 from the Helmholtz Association and GSI

 

RESEARCH-THEORY-18 GSI-FAIR SCIENTIFIC REPORT 2017

322 DOI:10.15120/GR-2018-1




