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In 2013, Tamas as EiC of EPJA invited me to the Editorial Board, now I am EiC! 
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Laser-induced Fusion Plasmas … The NAPLIFE Project 

PiConGPU simulations of 
Laser-induced plasmas at
HZDR
arXiv:2605.16206 

DB,Optolowicz, Meyer-Ter-Vehn
at Hirschegg Workshop on High-
Energy Density Matter, 01/2026
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Quark Clusters and Hadronisation 



David Blaschke  

Contents:
1. Introduction: Phase diagram & CFO
    Particle Clustering & Mott transition
2. Hypothesis: 
    CFO = inverse Mott transition
3. Applications:
    - High-energy HIC: Hadronization
    - Low-energy HIC: Clusters
    - Cosmology: r-process elements  

Quark Clustering and Chemical Freeze-Out 

Peter Senger, Tamas Biro, Jozef Zimanyi (2002) → 



Exploring the QCD Phase Diagram 
3

G. Endrödi, SQM2024 

The Goal: Proving the phase structure!

Lattice QCD results only for pseudocritical
temperature Tc near μ ~ 0 (sign problem) 

Liquid-gas PT indicated in experiment

Other structures are so far model dependent 
conjectures!! 



Exploring the QCD Phase Diagram 
6

© Veronica Dexheimer This Talk:
Chemical freeze-out as inverse Mott effect:
Mott „localization“ = collapse of the cluster 
wave functions in expanding, cooling matter 

(1) QCD transition = hadron dissociation /  
      localization in meson dominated matter 
      at high temperatures for T>130 MeV 

(2) Freeze-out of alpha clusters as „inverse 
     Mott effect“ signals chemical freezeout in 
     baryon-dominated region for T<100 MeV
   
(3) Heavy r-process elements by freezeout
     from a (cosmological) thermal source

(1)

(2)

(3)



D. Blaschke, B. Dönigus, S. Liebing, G. Röpke, 
arXiv:2408.01399, PLB accepted

(1)+(2) Statistical Model Fit for CFO, T – μ Diagram 

The freeze-out line (blue): 

interpolates between lattice QCD 
chiral restoration crossover (yellow)
and CEP of the liquid-gas transition

Mott dissociation line for alphas is well 
correlated in baryon-dominant region  
(a ) Typel et al., PRC 81, 015803 (2010)

(c ) Poberezhnyuk et al., PRC 100, 054904 (2019)

(e ) Natowitz et al., PRL 104, 202501 (2010) 
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Primordial accumulated 
mass fraction (red plusses) 
compared to the solar one 
(blue crosses)

Modified by: 1) neutron evaporation ...

… and 2) fission (A~330 → 165) and 
3) alpha decays (A>212 → A~200)

EPJA 61 (2025) 170; arXiv:2505.05463

(3)





Zimanyi School 2025



Mott dissociation for bound states in a plasma 
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Mott dissociation for bound states in a plasma 
13

[Derivation of a „Plasma Hamiltonian“ from a Bethe-Goldstone Eq. for two-particle 
states]

[R. Zimmermann et al. (5-men-work), Phys. Stat. Sol. (b) 90 (1978) 
175]



Mott dissociation for clusters in nuclear matter 
14



Mott dissociation for clusters in nuclear matter 
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Che-Ming Ko
& Peter Levai
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Mott dissociation for clusters in nuclear matter 
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Mott dissociation for clusters in nuclear matter 
22

Present state-of-the-art: 

Scalar and vector mean fields from RDF EoS DD2 
S. Typel et al., Phys. Rev. C 81, 015803 (2010)

Parameter fit provided by G. Röpke et al., 
Phys. Part. Nucl. Lett. 15, 225 (2018)  

with the isospin asymmetry



Binding energies for light clusters in T – n plane 
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Binding energies for light clusters in T – n plane 
14



Pauli blocking: phase space occupation 
25



Momentum-dependent binding energies 
26



Mott momentum for bound states in matter

Based on the Pauli principle (100th anniversary), the Mott momentum is a general effect for bound states in matter, e.g. excitons in graphene!

Biplab Mahato, D.B., D. Ebert, 
Beth-Uhlenbeck equation for the thermodynamics of fluctuations in a generalized 2+1D Gross-Neveu model, Phys. Rev. D 112, 036013 (2025)

See also: Pauli potential effects on the tetraquark spectrum [Morgan Kuchta, Master Thesis, University of Wroclaw (2024)]  
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D. Blaschke, B. Dönigus, S. Liebing, G. Röpke, 
arXiv:2408.01399, PLB 860 (2025) 139206

The mass action law of the 
chemical picture
(nuclear statistical equilibrium) 
is modified by quantum effects 
(compositeness): 

   

CFO in the Temperature – density plane
28



D. Blaschke, B. Dönigus, S. Liebing, G. Röpke, 
arXiv:2408.01399, PLB 860 (2025) 139206

The mass action law of the 
chemical picture
(nuclear statistical equilibrium) 
is modified by quantum effects 
(compositeness): 

Pauli blocking →  
        → Mott dissociation

   

CFO in the Temperature – density plane
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D. Blaschke, B. Dönigus, S. Liebing, G. Röpke, 
arXiv:2408.01399, PLB 860 (2025) 139206

The mass action law of the 
chemical picture
(nuclear statistical equilibrium) 
is modified by quantum effects 
(compositeness): 

Pauli blocking →  
        → Mott dissociation

Mott-line for alpha clusters 
(equivalent to the line of 
maximum alpha fraction) 
is well correlated with the 
Chemical Freeze-Out (CFO) line 
  

CFO in the Temperature – density plane
30



D. Blaschke, B. Dönigus, S. Liebing, G. Röpke, 
arXiv:2408.01399, PLB 860 (2025) 139206

CFO in the Temperature – density plane

Main result:

Chemical freeze-out may be
interpreted as „inverse“ 
Mott transition: 

Strong localization effect of 
nucleon-nucleon 
correlations in bound states 
(clusters) entails freeze out 
of the nuclear composition

„collapse of wave function“ 

31



Madeleine Soyeur
Burkhard Kämpfer

Bela Lukacs, NN,
Tamas Biro



PBH Formation and CFO of heavy elements?  
32

QCD hadronization transition plays key role for PBH formation  !

JWST results – primordial black holes !

2) Quark Nuggets &
    Nuclear Droplets 

1)













„Sudden Switch“ from HRG to QGP 

arXiv:2507.10497; PoS (QCHS2024) 247 

Chemical Freeze-out: „inverse“ Mott effect – hadron localization = collapse of the wave function 



PBH Formation and Nuclear Droplets?  
32

Two paths @ QCD hadronization: 1) PBH formation & 2) Nuclear droplets !



PBH Formation and CFO of heavy elements?  
32

QCD hadronization transition plays key role plays for PBH formation  !



33

Different peaks correspond to 
different particles created at the early 
universe phase transitions and the 
corresponding reduction in the sound 
velocity.

BH mass corresponds to the horizon 
size at each time.

Only requirement is enough 
fluctuation power in a volume fraction 
of 10-9 of the early Universe.

Carr, Clesse, García-Bellido 2019

QCD hadronization transition plays key role plays for PBH formation  !

JWST results – primordial black holes !

PBH Formation and CFO of heavy elements?  



Surprised: Dirk Rischke with Nu Xu and Ramona Vogt



PBH Formation and CFO of heavy elements?  
32

LIGO BBH
Merger Mass
Distribution

Crazy 
conjecture:

Peak mass 
“measures“
Cosmic QCD
Transition
TemperatureT
_H~50 MeV ? 



PBH Formation and CFO of heavy elements?  
32



Can the primordial evolution of the 
Universe lead to these freeze-out 
Parameters (red star):

T=5 MeV, 
μn=940.317 MeV, 
μp= 845.069 MeV

Maybe inhomogeneous Big Bang?

The freeze-out point lies in the 
domain of supernova explosions 
and
binary neutron star mergers

34

G. Röpke, D. Blaschke, F. Röpke, arXiv:2411.00535

PBH Formation and Nuclear Droplet Formation?  



G. Röpke, D. Blaschke, F. Röpke, arXiv:2411.00535

Accumulated mass fraction vs. mass 
number Â for solar element abundances 
compared with freeze-out model after 
neutron evaporation for T=5 MeV, 
μn=940.317 MeV, μp= 845.069 MeV

35

QCD phase transition → Quark Matter nuggets  



Task:  Explain how primordial evolution leads to Lagrange parameters 
T=5 MeV and n_B=n_sat/10  

Simon Schettler, Tillmann Boeckel, Jürgen Schaffner-Bielich, arXiv:1010.4857
Tillmann Boeckel, Jürgen Schaffner-Bielich, arXiv:1105.0832



Preliminary result 

for isentropic evolution of a quark 
nugget with high mu_b/T ~ 100 in the
QCD phase diagram under cosmic 
plasma conditions with photons, 
leptons, charge neutrality and beta 
equilibrium.

S/N = const 

0.1 (blue)
1.0 (magenta)
2.0 (green)
3.0 (yellow)
4.0 (red)

Red dot = freeze-out parameter set
by Oleksii Ivanytskyi (05.09.2025)



Task:  Explain how primordial evolution leads to Lagrange parameters 
T=5 MeV and n_B=n_sat/10  

Simon Schettler, Tillmann Boeckel, Jürgen Schaffner-Bielich, arXiv:1010.4857
Tillmann Boeckel, Jürgen Schaffner-Bielich, arXiv:1105.0832

Supercooling, Mini-Inflation, Reheating Gravitational wave spectrum: PTA, SKA, ... 



G. Röpke, D. Blaschke, F. Röpke, arXiv:2411.00535

Accumulated mass fraction vs. mass 
number Â for solar element abundances 
compared with freeze-out model after 
neutron evaporation for T=5 MeV, 
μn=940.317 MeV, μp= 845.069 MeV

36

Heavy element distribution 
described by primordial CFO
→ inhomogeneous big-bang ...

PBH Formation and CFO of heavy elements?  





International Conference on 
Quark Confinement and the 
Hadron Spectrum (QCHS 2026)
29.6. - 4.7.2026, Wroclaw, Poland

David Blaschke (Uni Wroclaw & HZDR/CASUS), 
Nora Brambilla (TU Munich), 
Pior Surowka (Wroclaw Univ. Science & 
Technology)

https://indico.cern.ch/event/1531304







BP 2002:

Ivan Vitev

Jozef Zimanyi

Magdolna Zimanyi

Istvan Lovas

His wife

Husband of Judit

Judit Nemeth

Peter Levai
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