
1 Research objectives
One of the fundamental questions in the field of high-energy physics is what the properties of strongly
interacting matter are at high temperature or density, where one expects a transition from hadronic de-
grees of freedom to deconfined matter, the quark-gluon plasma (QGP), where the degrees of freedom
are quarks and gluons. Experimentally such matter can be studied in relativistic heavy-ion collisions,
and there are currently two major collider experiments, the Relativistic Heavy-Ion Collider (RHIC) at
Brookhaven National Laboratory (BNL) and the Large Hadron Collider (LHC) at CERN, performing
such studies. In the future, the FAIR facility at Darmstadt will conduct fixed-target experiments at
the SIS-100 and SIS-300. There, the collision energy is lower but, in turn, the net-baryon densities
reached will be higher. This opens the venue to explore regions of the phase diagram of strongly
interacting matter not accessible at LHC and the highest RHIC energies.

Currently, there are strong indications that a small droplet of nearly thermalised QGP is formed
in heavy-ion collisions at RHIC and LHC. Extracting the properties of the matter from experimental
data is, however, challenging, and requires a good understanding of the dynamical evolution of the
system. With the present computational techniques it is not possible to compute the evolution directly
from the theory of the strong interaction, QCD. Therefore effective theories or models are needed to
describe the evolution and to determine how the properties of the matter are reflected in experimen-
tal observables. Fluid dynamics is such an effective theory: given a certain microscopic theory, it
describes the macroscopic, i.e. long-wavelength, small-frequency limit of this theory. Microphysics
enters fluid dynamics in terms of the equation of state and transport coefficients.

The main goal of the proposed research is to find constraints to the dissipative properties of
strongly interacting matter from the currently available experimental data. We use dissipative fluid-
dynamical model to describe the evolution of the collision, and aim to describe simultaneously as
many experimental observables as possible. We aim to fit the available low-pT data at RHIC and
LHC, i.e. the particle yields, their pT -distributions, HBT-radii, anisotropies and correlations, and
the event-by-event fluctuations of the anisotropies. Such a global fit is expected to give constraints
not only to the effective value of the shear viscosity over entropy density ratio η/s of the strongly
interacting matter, but also to its temperature dependence, (η/s)(T ). We hope that the constraints ob-
tained would be strong enough to constrain the bulk viscosity coefficient, ζ (T ), and its temperature
dependence as well.

After constraining the dissipative properties of the matter by the A+A data at RHIC and LHC, we
attempt to model the high multiplicity p+A collisions using the same parametrisations for the fluid
properties. It is currently unclear whether fluid dynamics is applicable in such a small systems, but the
minimum requirement for its applicability is that the fluid properties must not depend on the system
size, or the energy of the collision where it was formed. The properties of the fluid must depend on
quantities like temperature and chemical potential only.

The third aim of this project is to extend the study of the transport properties to charge diffusion,
i.e. heat conductivity. We augment our model to include charge diffusion, and attempt to fit the data at
RHIC beam energy scan and CERN SPS energies to find the heat conductivity of strongly interacting
matter, and to constrain how bulk and shear viscosities depend on baryochemical potential µB.

2 Significance of the planned research
Fluid dynamics has always been an important qualitative tool to describe the collective flow of hot and
dense matter created in heavy-ion collisions [1]. However, the great success of the fluid-dynamical
model only came with nuclear collisions at RHIC energies where, for the first time, fluid dynamics
was able to describe flow observables, such as the elliptic flow [2], on a quantitative level [3]. The
respective calculations [3] of the elliptic flow at RHIC energies were based on ideal fluid dynamics,
i.e. all dissipative effects were neglected. The good agreement between data and the ideal fluid-
dynamical calculations lead to the need to apply viscous fluid dynamics to figure out how small the
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shear viscosity of matter produced at RHIC actually is.
Nowadays, dissipative relativistic fluid dynamics has been established as one of the main tools

in describing the dynamical evolution of the system and extracting the properties of the strongly in-
teracting matter. Recently, it has been demonstrated that fluid-dynamical models can give a good
quantitative description of, e.g. the azimuthal asymmetries of the hadron transverse momentum spec-
tra, observed at RHIC and LHC. This is one of the strongest signals that point towards the formation
of a small droplet of QGP in heavy-ion collisions.

Comparisons between the currently available experimental data with fluid-dynamical models [4,
5, 6, 7] suggest that the ratio of shear viscosity over the entropy density, η/s, of the fluid formed in
heavy-ion collisions is very close to the conjectured minimum of 1/(4π) [8]. There are, however,
still several uncertainties associated with fluid-dynamical models, which make the extraction of the
transport coefficients from experimental data quite challenging:

• Longitudinal structure. The fluid-dynamical models used at RHIC and LHC energies usually
assume boost invariance which reduces the computational problem from 3+1 to 2+1 dimen-
sions, and thus reduces the required computational power significantly. At those energies boost
invariance is a good approximation, but the price to be paid is that it assumes the system to be
homogeneous in longitudinal direction, and all the information about longitudinal fluctuations
is lost. This was not considered to be a problem until it was realised that the longitudinal fluc-
tuations cause decorrelation of the anisotropies at different rapidities [9]. This decorrelation
must be taken into account when comparing to data analysed using large pseudo-rapidity gap
to reduce non-flow effects. The most consistent way for this is to relax the assumption of boost
invariance, and use genuine 3+1D models with longitudinally fluctuating initial conditions. Fur-
thermore, the rapidity dependence of anisotropies [10] seems to require stronger temperature
dependence of η/s in hadron gas than the correlations of the flow angles at midrapidity [11].
Resolving this tension requires evaluating both simultaneously.

• Temperature dependence of the shear viscosity. For simplicity, it is typically assumed that the
shear viscosity over entropy density ratio, η/s, is constant, independent of the temperature
of the matter. One, however, knows that in most physical systems η/s depends strongly on
temperature [12]. This complicates the extraction of η/s of the QGP. A constant η/s can be
thought of as an effective viscosity parameter, integrated over the whole space-time history of
the system, and not something one could directly compare to e.g. values of η/s from theoretical
calculations at fixed temperature. So far, it has been shown that the temperature dependence
of η/s affects the observables differently at different centralities, collision energies, and rapidi-
ties [13, 14, 15], and thus it is possible, although tedious, to constrain (η/s)(T ) by a global fit
of data, i.e. by fitting pT distributions, vn’s, correlations, and HBT-radii as function of centrality,
rapidity, and collision energy.

• Bulk viscosity and particle diffusion currents. Currently the shear viscosity is the most con-
strained transport coefficient of strongly interacting matter, and typically the effects of bulk
viscosity and diffusion currents are neglected in modeling relativistic nuclear collisions. While
bulk viscosity is expected to be small in dilute gases, it can become important near phase tran-
sitions to such an extent that its effects have been claimed to be essential for proper description
of the data [16]. As bulk and shear viscosity can have similar effects on experimental ob-
servables, constraining the bulk viscosity is important also in determining the shear viscosity.
Usually, the diffusion currents are neglected on the basis that the net-baryon density is small
at ultrarelativistic collision energies. However, at lower energies the net-baryon density be-
comes large, and one expects that net-baryon diffusion current also starts to play a significant
role. Therefore, constraining the diffusion coefficients becomes important when extending the
analysis towards high baryon density matter created in low-energy collisions, e.g. in the future
FAIR and NICA experiments. On the other hand, in cases where the net-baryon density is
small, there can be other nearly conserved particle numbers in the system. For example, the
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number of pions can be approximately conserved in the late stage evolution of hadronic matter,
and a large pion diffusion current can affect the evolution. As well, theoretical calculations for
the initial particle production predict that the initial state of the fluid-dynamical evolution would
consist mostly of gluons. How such a state approaches chemical equilibrium, and how an initial
non-equilibrium state would affect the expansion [17] is largely unexplored, although chemical
non-equilibrium has been suggested for the explanation for the surprisingly large pion yield at
low values of pT [18], a feature of the data, which has turned out to be surprisingly difficult to
reproduce [19].

• Small systems like p+A. The recent measurements of high-multiplicity proton–nucleus (p+A)
collisions at the LHC indicate strong collective behaviour [20]. Whether this behaviour is
fluid-dynamical is still unknown. In some fluid-dynamical calculations the data have been re-
produced [21, 22], whereas in some others they have not [23]. The system created in these
collisions is even smaller than those formed in nucleus–nucleus collisions, and challenges our
current understanding of the fluid-dynamical behaviour [24, 25]. A consistent description of
heavy-ion collisions would require that the transport coefficients are the properties of the matter
itself, i.e. functions of temperature and chemical potentials, rather than properties of the par-
ticular realisation of the system that need to be tuned separately e.g. for each collision energy.
If the system really behaves quantitatively according to fluid dynamics, the same (temperature
and chemical potential dependent) equation of state and transport coefficients should work for
all systems as long as the fluid-dynamical description is valid, i.e. it must be possible to describe
p+A collisions using the same coefficients than A+A collisions. Demonstrating that this is the
case would constitute an important test for the validity of the fluid-dynamical description.

3 Work plan

3.1 Event-by-event analysis of nuclear collisions
A full dynamical description of ultrarelativistic heavy-ion collisions using fluid dynamics requires
several ingredients. First, one needs certain input for the fluid-dynamical equations. These are the
thermodynamical properties of the matter, given by the equation of state and the transport coefficients.
Furthermore, the two approaching nuclei cannot be used as an initial condition for fluid dynamics,
but the early particle production in nuclear collisions, which forms the initial state for fluid dynamics,
must be treated separately. The initial state can be either parametrised and constrained by experimen-
tal data or calculated from some initial production model. The fluid-dynamical equations of motion
are a complicated system of partial differential equations and must be solved numerically. Eventu-
ally, the system becomes so dilute that it breaks up into free hadrons, and this freeze-out process
must be modeled separately from the fluid-dynamical model. Most of the hadrons that can be pro-
duced in heavy-ion collisions are unstable and decay into other particles before they can be detected.
Therefore, also the decay kinematics of the unstable hadrons has to be taken into account.

We have currently a fully working framework that includes all the necessary parts described above.
We have a tested 3+1 dimensional viscous fluid dynamical code [15], where the evolution equation
for shear stress includes all terms up to second order in Knudsen and inverse Reynolds numbers
as given by the RTRFD approach by Denicol et al. [26]. The extension of the model to include
bulk viscosity with all terms up to second order is currently underway, and expected to be completed
before the beginning of this project. We have applied the model to study the effects of the temperature
dependence of shear viscosity, especially its effects on the azimuthal asymmetry of the hadron spectra,
and to see how these effects change with rapidity and collision energy [15].

It is essential to include event-by-event fluctuations into the modeling of heavy-ion collisions. We
have published first results in Ref. [29], where we showed that the relative fluctuation spectra of the
Fourier coefficients of azimuthal hadron spectra are an excellent tool for analysing the properties of
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initial particle production, as they are independent of the details of the fluid-dynamical evolution. To
create event-by-event fluctuating initial states, we employ a modified Monte-Carlo Glauber model
constrained to fit the observed anisotropy fluctuation spectrum [29, 30], and to mimic the perturbative
QCD-based saturation model [31], and extended in longitudinal direction along the lines described
in [32]. Alternatively we use the AMPT event generator [33] or UrQMD hadron cascade [28] to create
the initial state of fluid-dynamical evolution.

Our code can be used as a pure fluid-dynamical model [15] or as a part of a hybrid model [27]
where the hadronic stage is described using UrQMD hadron cascade [28]. We plan to use both pure
fluid and hybrid approaches, since the ability to adjust viscosity in hadron gas seems to be necessary
for the reproduction of the data [11, 16].

In this project we take seriously our earlier claim that it is possible to experimentally constrain the
temperature dependence of the shear viscosity to entropy density ratio [14, 15], and aim to provide an
experimentally constrained parametrisations for (η/s)(T ) and (ζ/s)(T ). We look for parametriza-
tions of (η/s)(T ) which fit the multiplicities, pT -distributions, anisotropies, correlations, and HBT-
radii measured in nucleus-nucleus collisions at RHIC and LHC. Once we have found (a family of)
them, we extend our study to p+A collisions at LHC to see how small systems we can describe with
fluid dynamics using the same description for the fluid properties.

While looking for the temperature dependence of the shear and bulk viscosity coefficients, we
also extend the description to include charge diffusion as described by the RTRFD approach [26].
Inclusion of charge diffusion is especially important for a reliable description of collisions at FAIR
energies, where the net-baryon charge density is significantly larger than in collisions at RHIC and
LHC. To take full advantage of the ability to handle diffusive currents, we also extend the model to
allow for chemical non-equilibrium, and particle diffusion during chemical equilibration to test the
QCD predictions that the initially produced particles are mostly gluons.

The main goal of this project is thus to constrain the dissipative properties of strongly interacting
matter as much as the present data allows. Such constraints will also constrain the temperature evolu-
tion of the system, which provides a solid background to further study hard QCD signals, like photon
production and jet quenching.

3.2 Collaboration network
Prof. Krzysztof Redlich is the head of the Elementary Particle Theory division of the Institute of
Theoretical Physics, and internationally know expert in heavy-ion physics. The main part of the
project will be carried out in the collaboration with his group (Prof. UWr Dr. Chihiro Sasaki, Dr. Pok
Man Lo and their post-docs and students). We will also collaborate with Prof. David Blaschke and
his group at the University of Wrocław on the non-equilibrium aspects of the early plasma stage.

We plan to continue and further develop an international collaboration with Dr. Harri Niemi at the
Goethe University Frankfurt and Dr. Yuriy Karpenko at the University of Florence. With Dr. Niemi
we will collaborate on different aspects of the initial conditions in the context of the pQCD+saturation
model (EKRT) [31]. He will also be involved in the calculations of the correlations and fluctuations.
Dr. Karpenko will participate in the HBT analysis and in the application of the UrQMD cascade to
describe the hadronic stage of the collision.

We plan to invite a PhD. student in computer science at the University of Wrocław to the project.
His/her main task would be the adaptation of the emulator to our model and observables, see Section 4.

We also envision collaboration with Dr. Peter Petreczky at Brookhaven National Laboratory for
further development of the lattice based equation state at finite baryon densities.

3.3 Milestones and work plan
According to the goals presented in Sec. 3.1 we identify the following milestones:
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1. Analysis of high-energy nuclear collisions. In this analysis the purpose is to find several
parametrizations of viscosity and initial states that are simultaneously consistent with data from
high-energy Au+Au collisions at RHIC and Pb+Pb collisions at the LHC. This forms the basis
for further analysis.

2. Extension of the analysis to low-energy collision and other collision systems. We extend
the analysis to low-energy nuclear collisions at RHIC and SPS, and also to other collision sys-
tems where data is available, such as p+Pb collisions at the LHC. The main goal is to understand
whether one can describe all systems with fluid dynamics with a single viscosity parametrisa-
tion.

3. Inclusion of the diffusion currents for strongly interacting matter. We include the diffusion
currents, i.e. heat conductivity, into the model. In particular we include the net-baryon diffusion
current and investigate its effect especially in low-energy collisions.

4. Chemical non-equilibrium in plasma We investigate the effects of chemical non-equilibrium
in the quark-gluon plasma by introducing e.g. quark fugacities and the corresponding rate equa-
tions describing chemical equilibration and associated diffusion.

The detailed work plan is illustrated with the following bar diagram.

MS 09/16–12/16 01/17–12/17 01/18–8/17
1
2
3
4

4 Research methodology
We use dissipative fluid-dynamical model to model the heavy-ion collisions on event-by event basis
to constrain the dissipative properties of the strongly interacting matter. Since the initial state of fluid-
dynamical expansion is unknown, we have to select an initial parametrization for both the initial state
and dissipative coefficients, evaluate suitable number of events to calculate the simplest observables,
i.e. yields, pT -distributions and pT -averaged anisotropies. If they are not reproduced in acceptable
fashion, the parameter values must be changed, and a new set of events evaluated. Once the required
accuracy is obtained, one may evaluate more events required to calculate the more differential ob-
servables - pT -differential anisotropies and correlations. Again, if the data is not reproduced, the
parameter values have to be changed, and the iterative procedure repeated until satisfactory reproduc-
tion of the data is achieved. If reproduction of the data is not achieved, the parametrisation can be
considered disfavoured by the data.

The initial task for selecting the parametrizations and parameter values is simplified by the existing
examples in the literature. As starting points we can take what is already found to reproduce at least
some features of the data (see e.g. Refs [11, 16] and Ref. [32]) and start adjusting those as necessary.

The major technical challenge here is that as the models get more complete and complex, the
required computational time also increases. A practical way to work towards a full global statistical
analysis was recently suggested in Ref. [34], where a concept of emulators was introduced. The
emulator essentially interpolates between the pre-calculated full model runs and, therefore, makes a
global statistical analysis feasible. Eventually, we plan to implement this strategy, and use the publicly
available emulator currently under development at Duke University [35, 36].

The event-by-event calculations are very computing intensive. As part of the collaboration with
the Goethe University Frankfurt, we have access to the high performance computer clusters “Fuchs”
and “LOEWE-CSC” at The Center for Scientific Computing (CSC) of the Goethe University Frank-
furt. Most of the computations will be carried out using these two clusters.
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