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QCD Phase Diagram 

Landscape of our investigations
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Ultra-heavy Nucleus-Nucleus Collisions !

Population of the QCD phase diagram with mixed phase; time = 6 … 25 ms
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Binary neutron star merger simulation: S. Blacker, A. Bauswein

S. Blacker, A. Bauswein et al., Phys. Rev. D 102 (2020) 123023
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Mass-radius diagram for purely hadronic EOS
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Ultra-heavy Nucleus-Nucleus Collisions !

Population of the QCD phase diagram in a merger

EoS for applications to 
supernova and merger 
Simulation: 

   CompOSE

With deconfinement:
https://compose.obspm.fr/eos/166

S. Blacker, A. Bauswein, et al., 
Phys. Rev. D 102 (2020) 123023 

1.35 M_sun + 1.35 M_sun



6David Blaschke -  Density functional approach to quark-hadron matter | 

Ultra-heavy Nucleus-Nucleus Collisions !

Signal of a deconfinement transition

Strong deviation from f
peak

 – R
1.6

 relation signals 
strong phase transition in NS merger! 
Complementarity of   f

peak
 from 

 
postmerger with 

tidal deformability Λ
1.35

 from inspiral phase.

A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116]



Neutron star phenomenology from TOV eqns.

There is a 1:1 correspondence  EOS ↔ M(R)

Tolman-Oppenheimer-Volkoff (TOV) equations

7

Newtonian case     GR corrections from EoS   and metrics 

*)R.C. Tolman, Phys. Rev. 55 (1939) 364; J.R. Oppenheimer, G.M. Volkoff, ibid., 374 

Einstein equations

Non-rotating, spherical masses → Schwarzschild Metrics

Tolman-Oppenheimer-Volkoff eqs.*)  for 
structure and stability of spherical compact stars 
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Neutron star phenomenology from TOV eqns.

There is a 1:1 correspondence  EOS  P()↔ M(R)

Tolman-Oppenheimer-Volkoff (TOV) equations - solutions
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Stiffer equation of state → larger radius and larger maximum mass

ε
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“Berlin wall” constraint for neutron stars  

Realistic hadronic EOS (with strange baryons)

Tension with modern multi-messenger observations by LVC and NICER

9David Blaschke -  Density functional approach to quark-hadron matter | 



“Berlin Wall” constraint for neutron stars?

Mass-radius diagram for purely hadronic EOS
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Appearance of hyperons softens the EOS → Limitation for the maximum mass
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Neutron star EOS constraint from pQCD 



Breaking the “Berlin wall” constraint 

With Bayesian analyses and hybrid EOS

M(R) curves generated by causality, thermodynamic stability and pQCD limit
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Unified EOS for quark-hadron matter ...
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… with multiquark clusters was initiated by Peter Schuck (front right) 
 



Unified EOS for quark-hadron matter

EPJ A  Topical Collections (TC) 
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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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Example: deuterons in nuclear matter
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Unified approach to quark-nuclear matter



Example: deuterons in nuclear matter
See talk by G. Röpke

Cluster virial expansion for nuclear matter



Example: deuterons in nuclear matter
See talk by G. Röpke

Cluster virial expansion for nuclear matter



Unified approach to quark-nuclear matter

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

Results for a schematic model

D.B., M. Ciernak, O. Ivanytskyi & G. Röpke, in prep. for EPJA topical collection
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Quark and hadron mass spectrum Hadron phase shift with Mott effect,
Levinson theorem



Unified approach to quark-hadron matter

Results for the entropy density at μ/T=const

D.B., M. Ciernak, O. Ivanytskyi & G. Röpke, in prep. for EPJA topical collection
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Unified approach to quark-hadron matter

Results for the baryon density at μ/T=const

D.B., M. Ciernak, O. Ivanytskyi & G. Röpke, in prep. for EPJA topical collection

26David Blaschke -  Density functional approach to quark-hadron matter | 



Relativistic density functionals for QCD

String-flip model for quark matter

Röpke, Blaschke, Schulz, PRD34 (1986) 3499
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Relativistic density functionals for QCD
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Relativistic density functionals for QCD

String-flip model for quark matter
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Relativistic density functionals for QCD

String-flip model for quark matter

30

Results for 1st order phase transition by Maxwell construction with DD2p40
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Deconfinement as supernova engine

Of massive blue supergiant star explosions

T. Fischer et al., Nature Astronomy 2, 960 (2018)
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Relativistic density functional for quark matter

With chiral symmetry, color SC & confinement 
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Lagrangian
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Relativistic density functional for quark matter

What is new?  

33

Interaction

O. Ivanytskyi & D.B., Phys. Rev. D 105 (2022) 114042
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Relativistic density functional for quark matter

Expansion around mean fields
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Relativistic density functional for quark matter

Comparison to Nambu—Jona-Lasinio model
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Relativistic density functional for quark matter

Bosonisation by HS-transformation
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Relativistic density functional for quark matter

Mean field approximation
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Relativistic density functional for quark matter

Define the couplings in mesonic channels

38David Blaschke -  Density functional approach to quark-hadron matter | 



Relativistic density functional for quark matter

Model setup – parameter fixing with observables 
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Relativistic density functional for quark matter

Onset of color superconductivity
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Relativistic density functional for quark matter

Asymptotically conformal EOS for neutron stars
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Relativistic density functional for quark matter

Speed of sound
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O. Ivanytskyi and D. Blaschke, Particles 5 (2022) 514 - 534



Relativistic density functional for quark matter

Mass-radius diagram for hybrid neutron stars
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Relativistic density functional for quark matter

Phase diagram with two-zone interpolation 

→ EOS tables are prepared for simulation of supernovae and NS mergers 
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Relativistic density functional for quark matter

Phase diagram with two-zone interpolation 

→ EOS tables are prepared for simulation of supernovae and NS mergers 
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Conclusion

46

Density functional methods solve obstacles in 
neutron star astrophysics

See also: Agnieszka Sorensen et al., Dense nuclear matter EOS from HIC, arXiv:2301.13253
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to

Wroclaw Group ...
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