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Solving the Hyperon Puzzle – 
Then and Now
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Stories to be told ...

Introduction to Hyperon Puzzle and Early Catania Solution

Terra Incognita: Agnostic Bayesian Analysis vs. Interpolation

Berlin Wall Constraint

Confining Density Functionals (CDF) for Quark Matter 

Early Deconfinement in Supernova Explosions and Binary Mergers 

Towards a Unified Approach: CDF or Brueckner Hartree Fock ? 

Outlook: German Centre for Astrophysics (DZA) 
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Prehistory: From Berlin Wall to Catania

Hans-Josef 
Schulze

1989 
– Sept: Castle Schwerin
– Oct: Univ. Heidelberg
– November: Berlin Wall
   (D.B., H. Schulz + wife, 
    G. Röpke + daughter)



Prehistory: From Berlin Wall to Catania

1998: Catania - Siracusa



The Hyperon Puzzle and its Catania Solution:
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2000+ Town meetings of the SNNS community: 
Catania, Paris-Orsay, Darmstadt, ...

Town meeting in Orsay 2005, writing a proposal for „CompStar“ to ESF



2000+ Town meetings of the SNNS community: 
Catania, Paris-Orsay, Darmstadt, ...

EXOCT 2007 in Catania: Research Network „CompStar“ approved by ESF



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. 
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 1      „ ”   Strong st 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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 1Strong st     „ ”   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.

   1:1    ↔ There is a 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.
   1:1     (There is a 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  

   (   )Realistic hadronic EOS with strange baryons

Tension with modern multi-messenger observations by LVC and NICER
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“Berlin Wall” constraint for neutron stars?
-      Mass radius diagram for purely hadronic EOS

23

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
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Y. Yamamoto, H. Togashi, T. Tamagawa, T. Furumoto, N. Yasutake, T. Rijken, PRC 96 (2017)

Short-range multi-pomeron exchange potential (MPP) 
added to AV18 potential gives significant improvement 
of large-angle scattering cross section (s.a.) and the
Nuclear saturation properties, when compared to APR.
→ Neutron star radii R(M< 2 M_sun) > 12 km !!
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Pro and con quark matter in neutron stars



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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CompStar in Catania 2011



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

, , , 34 (1986) 3499Röpke Blaschke Schulz PRD
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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

31

Results for 1st order phase transition by Maxwell construction with DD2p40
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Nonlocal chiral quark model - generalized

D.B., D. Gomez-Dumm, A.G. Grunfeld, T. Klaehn, N.N. Scoccola,
“Hybrid stars within a covariant, nonlocal chiral quark model”,
Phys. Rev. C 75, 065804 (2007)
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Interpolating between quark phase parametr.

Twofold interpolation method:

D.E. Alvarez-Castillo, D.B., A.G. Grunfeld, V.P. Pagura, Phys. Rev. D99, 063010 (2019); 
[arxiv:1805.04105v3]
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Interpolation vs. momentum dependent coeff.
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Maxwell construction between Q and H phases
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Maxwell construction between Q and H phases

D.E. Alvarez-Castillo et al., Phys. Rev. D99, 063010 (2019)



NewCompStar Conference in Warsaw

Dinner table with Pawel Haensel and Pierre Pizzochero
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Hyperon puzzle: Update due to 2M constraint

New hadronic EoS: Lowest order constraint variational (LOCV) approach with hyperons
(analogous to the well-known APR EoS):
Impose normalization condition by demanding vanishing of the control parameter  χ ,  

For details and inclusion of hyperons, see: S. Goudarzi, H.R. Moshfegh, PRC 91 (2015) 054320 
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Hyperon puzzle: Update due to 2M constraint

Note:

Here, a usual 
Maxwell construction
Makes no sense!

Replaced by 
“Kojo interpolation”

From: T. Kojo, P.D. Powell, Y. Song and G. Baym, PRD 91, 045003 (2015)
See also discussion in: D.B. and N. Chamel, arxiv:1803.01836  

     Interpolating between Q and H phases
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Hyperon puzzle: Update due to 2M constraint

Strong 1st order transition (large density jump)
→ surface tension large → structures (pasta phases)

Simple interpolation ansatz (Ayriyan et al.(2017)): 

Continuity of pressure:

and density:
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Hyperon puzzle: Update due to 2M constraint

Direct comparison of the two interpolation schemes
(two alternatives to solve the reconfinement problem)

     Interpolating between Q and H phases

Model B:  Δ
p 
>0 

The case of mimicking pasta phases – 
Grigorian interpolation, 
Δ

p
 → 0: Maxwell construction 

Model A: Δ
p 
<0, |Δ

p
| > min(|Δ

p
|)  

The case of unphysical Maxwell 
construction – Kojo interpolation, 
|Δ

p
| → 0 violates stability 

M. Shahrbaf, D.B., S. Khanmohamadi, J. Phys. G 47, 115201 (2020)
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ECT* Trento: The first BNS merger GW170817

Villa Tambosi, October 2019
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ECT* Trento: The first BNS merger GW170817

Villa Tambosi, October 2019
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Relativistic density functional for quark matter

  ?  What is new .  & . ., . .  105 (2022) 114042O Ivanytskyi D B Phys Rev D

Interaction
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Relativistic density functional for quark matter

   Expansion around mean fields



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 

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



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 with mixed phase; time = 6 … 25 ms

50

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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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]
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Towards a unified approach to Q-H matter
 :  -     One route Quantum Many Body Theory with potential models

Quark model for the NN interaction → BBG approach for the EOS

BBG approach for the EOS with the same multipomeron repulsion on nucleonic 
and quark level. Effective, density-dependent quark mass (bag pressure?) is
Essential for a reaasonable Q-H phase transition in the model.

→ PRC(2022)

→ PRC(2015)
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Towards a unified approach to Q-H matter
 :  -     One route Quantum Many Body Theory with potential models

BBG approach to EOS with same multipomeron repulsion on nucleonic and quark level. 

Phase transition by Maxwell construction (left) or quarkyonic matter construction (right).

→ PRC(2023)
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Outlook: The German Centre 
    for Astrophysics 

(DZA)



Fascination and inspiration of 
astrophysics 
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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 

13.07.22Meeting of the Scientific Commission



Thanks to my collaborators:
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. , . , . , . , . , M Cierniak U Shukla S Liebing K Maslov A Ayriyan

. , H Grigorian

. . , D N Voskresensky

. , M Kaltenborn

. , G Grunfeld

. - , D Alvarez Castillo

. , . ,B Dönigus D Ohse

. ,S Chanlaridis

.  ...J Antoniadis
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Wroclaw Group ...
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Thanks to Marcello and the Catania group ...

… for their contributions to the physics and their hospitality ! 



www.casus.science
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Pro and con quark matter in neutron stars

  : 1973 –     The early days asymptotic freedom of QCD

Pro
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Pro and con quark matter in neutron stars

  : 1973 –     The early days asymptotic freedom of QCD

Con

Pro
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