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Stories to be told ...

Historic Introduction to Pro and Con

Terra Incognita: Agnostic Bayesian Analysis vs. Interpolation

Berlin Wall constraint

Confining Density Functionals for Quark Matter 

Special Points

Twins and Eccentric Binaries: Discover the 3rd Family !

Outlook: German Centre for Astrophysics (DZA) 
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Pro and con quark matter in neutron stars

The early days: 1973 – asymptotic freedom of QCD 

Pro



5David Blaschke -  Pro and con quark matter in neutron stars  | 

Pro and con quark matter in neutron stars

The early days: 1973 – asymptotic freedom of QCD 

Con

Pro



6David Blaschke -  Pro and con quark matter in neutron stars  | 

Pro and con quark matter in neutron stars

Nowadays:  



QCD Phase Diagram 

Landscape of our investigations
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Where is deconfinement in “terra incognita” ?

Pro and con quark matter in neutron stars

A. Ayriyan, D.B., A.G. Grunfeld, et al. 



9David Blaschke -  Pro and con quark matter in neutron stars  | 

Neutron star EOS from multimessenger data

Bayesian analysis, nontrivial cs(p), Gaussian process  

D. Mroczek, M.C. Miller, et al., Nontrivial features in cs inside neutron stars, arXiv:2309.02345

The method of (modified) Gaussian process based on cs(p)

Auxiliary function:

Gaussian process:

Quadrature:

First law of thermodynamics

Result: EOS sample from GP as a set

→

Cartoon of physical features in 
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Neutron star EOS from multimessenger data

Bayesian analysis, nontrivial cs(p), Gaussian process  

D. Mroczek, M.C. Miller, et al., Nontrivial features in cs inside neutron stars, arXiv:2309.02345

Grey: 
160 forms of cs2 from GP

CMF: 
chiral mean field EOS

QHC19: 
Baym, Furusawa, Hatsuda, Kojo,
Togashi, ApJ 885, 42 (2019)
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Neutron star EOS from multimessenger data

Bayesian analysis, nontrivial cs(p), Gaussian process  

D. Mroczek, M.C. Miller, et al., Nontrivial features in cs inside neutron stars, arXiv:2309.02345

- EOS posterior probabilities when a global maximum in cs2 is present below (left) and above (right) 3 n_sat
- Posterior probability that central density for max. massive star is greater than 6 n_sat is negligible

- Global maximum (indicating softening, perhaps PT) is consistent with, but not required by, current constraints
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Neutron star EOS from multimessenger data

Bayesian analysis based on cs(p) 

L. Brandes, W. Weise, N. Kaiser, 
Evidence against strong 1st order PT in NS cores, 
arXiv:2306.06218
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Neutron star EOS from multimessenger data

Bayesian analysis, nontrivial cs(p), Gaussian process  

L. Brandes, W. Weise, N. Kaiser, 
Evidence against strong 1st order PT in NS cores, 
arXiv:2306.06218

… excluding a strong 1st order PT with Maxwell construction 

BUT: What if the PT occurred already in light NS, below 1.4 M ?
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Where is deconfinement in “terra incognita” ?

Pro and con quark matter in neutron stars

A. Ayriyan, D.B., A.G. Grunfeld, et al. 
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Strong 1st order PT masquerades as „crossover” via pasta phases

Pro and con quark matter in neutron stars

A. Ayriyan, D.B., A.G. Grunfeld, et al. 
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Strong 1st order PT masquerades as „crossover” via pasta phases

Pro and con quark matter in neutron stars

A. Ayriyan, D.B., A.G. Grunfeld, et al. 

Two-zone interpolation scheme (TZIS) with crossover boundary condition → stiffening, 
analogous to “quarkyonic” matter behavior



Neutron star phenomenology from TOV eqns.

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

Tolman-Oppenheimer-Volkoff (TOV) equations

20

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

21

Stiffer equation of state → larger radius and larger maximum mass

ε
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“Berlin Wall” constraint for neutron stars?

Mass-radius diagram for purely hadronic EOS

22

Appearance of hyperons softens the EOS → Limitation for the maximum mass
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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
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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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Relativistic density functionals for QCD

String-flip model for quark matter confinement

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
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Results for 1st order phase transition by Maxwell construction with DD2p40
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QCD Phase Diagram 

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

Population of the QCD phase diagram in a merger

EoS for supernova and 
merger simulations: 

   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
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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]



Relativistic density functional for quark matter

With chiral symmetry, color SC & confinement 

33

Lagrangian
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Relativistic density functional for quark matter

What is new?  

34

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

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

Conformality measure  Δ = 1/3 - P/ε
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Courtesy: 

O. Ivanytskyi, derived from 

Particles 5 (2022) 514 and

M. Marczenko et al.,

Phys. Rev. C 107 (2023) 025802
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Relativistic density functional for quark matter

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

Mass-radius diagram for hybrid neutron stars
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C. Gärtlein et al., arXiv:2301.10765v2 ; For more details, see talk by Oleksii Ivanytskyi

; ;



Relativistic density functional for quark matter

Mass-radius diagram for hybrid neutron stars
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C. Gärtlein et al., arXiv:2301.10765v2 ; For more details, see talk by Oleksii Ivanytskyi

; ;

Compare to:
G. Baym, S. Furusawa, T. Hatsuda, T. Kojo,
H. Togashi, ApJ 885, 42 (2019)



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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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
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Let us discover the 3rd family of compact stars!

(Title of a talk I gave 5 years ago at MPIfR Bonn) 
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Let us discover the 3rd family of compact stars!

Prehistory … 55 years ago: Gerlach coined „3rd family“  
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Let us discover the 3rd family of compact stars!

Prehistory … 10 years ago (2013) we revived the idea 
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Let us discover the 3rd family of compact stars!

Prehistory … GW170817 happened! 

GW170817, announced on 16.10.2017
B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)
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Let us discover the 3rd family of compact stars!

Prehistory ... 

M. Bejger, D.B., et al., A&A 600 (2017) A39

V. Paschalidis, K. Yagi, D. Alvarez-Castillo, 
D.B., A. Sedrakian, arxiv:1712.00451 
Phys. Rev. D97 (2018) 084038

Suggestion: The heavier NS be a hybrid star (HS)
with a quark core, evtl. member of a “third family”!
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Let us discover the 3rd family of compact stars!

Observation:

With a strong PT (mass twins), a sudden transition NS → HS is possible,

Triggered by accretion, under simultaneous conservation of Mb and J 

M. Bejger, D.B., et al., A&A 600 (2017) A39
Evolutionary tracks for disc accretion of mass with
Efficiency xl=1(0.5) of angular momentum transfer
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Let us discover the 3rd family of compact stars!

Antoniadis-puzzle 

J. Antoniadis, ApJ Lett. 797, L24 (2014)

K. Stovall, P.C.C. Freire, J. Antoniadis,
ApJ 870(2), 74 (2019)

How to relate this ?

D.E. Alvarez.Castillo, J. Antoniadis, A. Ayriyan,
D. B., V. Danchev, H. Grigorian, N. Khosravi 
Largani, F. Weber, 

Accretion-induced collapse to third family compact 
stars as trigger for eccentric orbits of 
Millisecond pulsars in binaries,

Astron. Nachr. 340 (2019) 878; 
ArXiv:1912.08782 [astro-ph.HE]  
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Let us discover the 3rd family of compact stars!

Work in preparation ... 

S. Chanlaridis, D. Ohse, A. Aspradakis, J. Antoniadis, D. Blaschke, D.E. Alvarez-Castillo, 
V. Danchev and N. Langer

Prescription for transition-triggered kicks adapted from supernova case following:
J.G. Hills, ApJ 267, 322 (1983) and T.M. Tauris et al., ApJ 846, 170 (2017)



Conclusion

56

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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Outlook: The German Centre 
    for Astrophysics (DZA)



Fascination and inspiration of 
astrophysics 



59

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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