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The essence of high energy nuclear physics: The QCD phase diagram

This sketch summarizes how the EoS should
be viewed.

There is a continuation.

Direct QCD simulations face the sign problem
and expansions break down for �B=T ’ 3� 4.

Results at low density: Crossover is now
confirmed.

Established Tcep / 120 MeV.

High density: room for speculations.

We have to rely on effective model
descriptions of the EoS and experimental data
from HIC and astrophysics.
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What (we think) we know
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Direct approach: lattice QCD

Ideally one would like input from first principle
calculations.

Available only for small baryon densities.

Still useful as we see very smooth behavior of
the speed of sound.

But there is more, even at vanishing net
density:

The behavior and origin of the nucleon mass is
essential for high density nuclear physics as
well.

Lattice QCD: effective mass of baryons is not
created by coupling to the (scalar) chiral field.

Useful to constrain the repulsive couplings of
deconfined quarks ! very high densities.
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The baryonic problem
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Why does the method break down
around µB/T � π

Sudden change of isobaric lines at this
point.

From Boson (mesons/gluons)
dominated matter to fermionic matter
(nucleons/quarks).

Calculations seem to fail for matter
where (multi-) baryonic interactions
become important.

Positive: for the region of interest a
density dependent EoS may be enough.

A. Motornenko, JS, V. Vovchenko, S. Schramm and H. Stoecker, Nucl. Phys. A 1005 (2021), 121836
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Regions of access to the PD - cold NeutronStars

Starting from the phase diagram in Temperature and density.

For T = 0 we can use the mass-radius relation of observed stars.

For example NICER Data ! not highly-constrained. Model
dependence!

Constraints from neutron star mergers (pre-merger).

TOV equation:

dP
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= �(P + �)
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Disclaimer: At the moment we will ignore any isospin dependence ! will discuss that later 6 / 27
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Regions of access to the PD - Heavy Ion Collisions

Ways to study the EoS
1 Pion production, assuming equilibration at

different temperatures (e.g. R. Stock et.al.)

2 Kaon production below threshold:
compression allows more secondary
scatterings. IMHO: Highly model dependent!

3 The complex 3D structure of the system gives
rise to a complex shape in momentum space.

4 Since this shape is a result of pressure
gradients its sensitive to the EoS.

5 Collective flow: Fourier coefficients of the
azimuth distributions are analyzed.

6 Lots of high quality recent data and possibly
in the future (FRIB?)

7 / 27



Regions of access to the PD - Heavy Ion Collisions

Ways to study the EoS
1 Pion production, assuming equilibration at

different temperatures (e.g. R. Stock et.al.)

2 Kaon production below threshold:
compression allows more secondary
scatterings. IMHO: Highly model dependent!

3 The complex 3D structure of the system gives
rise to a complex shape in momentum space.

4 Since this shape is a result of pressure
gradients its sensitive to the EoS.

5 Collective flow: Fourier coefficients of the
azimuth distributions are analyzed.

6 Lots of high quality recent data and possibly
in the future (FRIB?)

7 / 27



Regions of access to the PD - Heavy Ion Collisions

Ways to study the EoS
1 Pion production, assuming equilibration at

different temperatures (e.g. R. Stock et.al.)

2 Kaon production below threshold:
compression allows more secondary
scatterings. IMHO: Highly model dependent!

3 The complex 3D structure of the system gives
rise to a complex shape in momentum space.

4 Since this shape is a result of pressure
gradients its sensitive to the EoS.

5 Collective flow: Fourier coefficients of the
azimuth distributions are analyzed.

6 Lots of high quality recent data and possibly
in the future (FRIB?)

Protons

1.0 < p
t
 < 1.5 GeV/c

Centrality 20-30%

 = 2.4 GeVNNs
HADES
Au+Au

 0.0
 0.2
 0.4
 0.6
 0.8

ycm

0.5

1.0

1.5

2.0

 = 0φ

π2
1

π

π3
2

  0.0

  0.2

- 0.2
- 0.4
- 0.6

  0.4

  0.6

  0.8

 = 0φ

π2
1

π

π2
3

ycm

J. Adamczewski Musch et al. [HADES], Phys. Rev. Lett. 125 (2020), 262301
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