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QCD Phase Diagram 

   Landscape of our investigations
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From: T. Kojo,
“QCD equations of state in 
quark-hadron continuity”,
Universe 4 (2018) 42 

Gluons ↔  Vector mesons
Quarks ↔  Baryons
Goldstones ↔ Pseudoscalar mesons

T. Schaefer & F. Wilczek, Phys. Rev. Lett. 82 (1999) 3956
C. Wetterich, Phys. Lett. B 462 (1999) 164
T. Hatsuda, M. Tachibana, T. Yamamoto & G. Baym, Phys. Rev. Lett. 97 (2006) 122001

Quark-Hadron 
Duality?

Mutual influence of
Order parameters for
χSB and CSC
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Unified EOS for quark-hadron matter

   & -   Cluster virial expansion Beth Uhlenbeck EoS
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Unified approach to quark-nuclear matter

      Clustering aspects in the QCD phase diagram
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Unified approach to quark-nuclear matter

-      derivable approach to cluster virial expansion
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Unified approach to quark-nuclear matter

’    - ,  .Green s function and T matrix separable approx
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Unified approach to quark-nuclear matter

   -  Useful relationships for many particle functions
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Unified approach to quark-nuclear matter

 -    Generalized Beth Uhlenbeck EOS from - .deriv
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Unified approach to quark-nuclear matter

:    Example deuterons in nuclear matter
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Unified approach to quark-nuclear matter

    -  Cluster virial expansion for quark hadron matter
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Unified approach to quark-nuclear matter

    -  Cluster virial expansion for quark hadron matter
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Unified approach to quark-nuclear matter

-    Polyakov loop modified distribution functions
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Unified approach to quark-hadron matter

:   &   ( )Inputs mass spectrum phase shifts models
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Unified approach to quark-hadron matter

:   (   )Inputs mass spectrum Particle Data Tables

21

Mesons
:

..

.

Baryons
:

..

.

… and colored clusters (model) !
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Unified approach to quark-hadron matter
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     ( )Inputs for the phase shifts models

Step-up (SU) model → 
Hadron Resonance Gas

Step-up-step-down model     Step-up-continuum model
→ Mott Hadron Resonance Gas (MHRG)

. ., . , .   . , :2308.07950;  60 (2024) 14 D B M Ciernak O Ivanytskyi and G Röpke arXiv EPJA



Unified approach to quark-hadron matter

  -    ( )Results for Mott Hadron Resonance Gas MHRG
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Unified approach to quark-hadron matter

  :    Entropy for MHRG role of the sin2-term
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Unified approach to quark-hadron matter

    Results for the entropy density
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Unified approach to quark-hadron matter

  =  Results for pressure thermodynamic potential

. ., . , .   . , :2308.07950;  60 (2024) 14 D B M Ciernak O Ivanytskyi and G Röpke arXiv EPJA
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     The pressure is obtained by
    integrating the entropy density

 over temperature

( ) = ( ) / s T dp T dT

→ ( ) = p T ∫ ´ ( ´)dT s T

   Excellent agreement with
   !Lattice QCD thermodynamics



Unified approach to quark-hadron matter

     & Results for the entropy density composition
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  (    )       =156  Abrupt hadronisation change in the composition at the chiral crossover transition with Tc MeV

→     -    -  .important for understanding chemical freeze out in ultrarelativistic heavy ion collisions



Unified approach to quark-hadron matter

  &  Chiral condensate baryon susceptibilities

. ., .  & . ,   (2024)D B O Ivanytskyi G Röpke in preparation
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    :Ratio of baryon susceptibilities shows

  ( )   Importance of repulsive virial corrections among

, , . .,    ...baryons modeled e g by excluded volume

        ,Smooth crossover for the chiral condensate

     !Despite abrupt change in the composition



Unified approach to quark-hadron matter

      Applications to cool hybrid neutron star matter

.   . .,  57 (2021) 35N Bastian and D B EPJA
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     & -  ;QCD phase diagram with crossover low T CEP

 „   “,   ’Possibly crossover all over or two CEP s

.  & . .,  58 (2022) 152  O Ivanytskyi D B EPJA

 

Step-up-step-down phase shift model for N

Confining density functional model for q



Chemical freeze-out in heavy-ion collisions
„ “     inverse of Mott dissociation by χ     SR or Pauli blocking

. ., . , . , . , :2408.01399D B S Liebing G Röpke B Dönigus arXiv
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 ,   :High temperature low baryon density

→ χ       SB entails confinement of hadrons and clusters

→ . -     chem Freeze out coincides with LQCD crossover  

 Intermediate temperature (30-100 MeV), high density:

→ Pauli blocking destroys nuclear clusters
→ Mott dissociation line for clusters (α) = freeze-out line



Chemical freeze-out in heavy-ion collisions
„ “     inverse of Mott dissociation by χ     SR or Pauli blocking

. ., . , . , . , :2408.01399D B S Liebing G Röpke B Dönigus arXiv
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 ,  High temperature low bary  :on density

→ χ       SB entails confinement of hadrons and clusters

→ . -     chem Freeze out coincides with LQCD crossover  

 Intermediate temperature (30-100 MeV), high density:

→ Pauli blocking destroys nuclear clusters
→ Mott dissociation line for clusters (α) = freeze-out line

 With quark
:deconfinement

- 2  SC QM

-  normal QM

 :Thanks to

 Oleksii Ivanytskyi 



Relativistic density functional for quark matter

  ?  What is new
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Interaction

.  & . ., . .  105 (2022) 114042O Ivanytskyi D B Phys Rev D



Relativistic density functional for quark matter

   Expansion around mean fields
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Relativistic density functional for quark matter

  -      EOS and Mass radius diagram for hybrid neutron stars

34

      Observational constraints prefer early onset of deconfinement
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Wroclaw Group ...
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University of Wroclaw, Institute of Theoretical Physics
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Polish-German WE-Heraeus Seminar &
Max Born Symposium:
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https://events.hifis.net/event/1076
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New: The German Centre 
      for Astrophysics (DZA)



A center for astrophysics 
with advanced data 
intensive computing and 
technology development. 

Location for 
the Low 
Seismic Lab 

Why in Saxony? Lusatia is a unique region for 
Astrophysics, Technology and Digitization 
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JWST results – primordial black holes !

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

First stars

Primordial BHs Talk at University of Wroclaw
by Günther Hasinger,
Founding director of the 
German Centre for Astrophysics
In Görlitz:

Key role plays the QCD 
hadronization transition ! 

Protons & 
neutrons

Chandrasekhar Mass

LIGO

LIGOPlanetary mass BH Supermassive BH

Z,W bosons

e+e-

pions



JWST results – primordial black holes !

:   (  2024) Courtesy Günther Hasinger Karpacz
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