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1. QCD Phase Diagram: Quark-Hadron Continuity ?
 

2. Neutron Star Interiors: Strong Phase Transition? 

3. Mass-Radius Constraints: GW170817 & NICER

4. Hadron Dissociation: “Breit-Wigner Squared”     
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A. Andronic, D. Blaschke, et al., “Hadron production ...”, Nucl. Phys. A 837 (2010) 65 - 86

CEP in the QCD phase diagram: HIC vs. Astrophysics
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2nd CEP in QCD phase diagram: Quark-Hadron Continuity?

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

Gluons ↔  Vector mesons
Quarks ↔  Baryons
Goldstones ↔ Pseudoscalar mesons



  

Neutron Star Interiors: Strong Phase Transition?



  

Neutron Star Interiors: Strong Phase Transition?

F. Weber:
“Neutron Stars -
Cosmic Labs ...”
IoP Bristol, 1999 
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Mass-Radius Constraints: GW170817 & NICER

GW170817, announced on 16.10.2017
B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)



  

GW170817: NS-NS Merger 

GW170817, announced on 16.10.2017
B.P. Abbott et al. [LIGO/Virgo Collab.], PRL 119, 161101 (2017); ApJLett 848, L12 (2017)

Multi-Messenger Astrophysics !!

M < 2.17 M_sun (arxiv:1710.05938)



  

GW170817: NS-NS Merger – Equation of State Constraints 

Multi-Messenger Astrophysics !!

M < 2.17 M_sun (arxiv:1710.05938)

M. Bejger, D.B., et al., in preparation (2017)

D. Alvarez-Castillo, D.B., K. Yagi et al. (2017)

Question: can the heavier NS be a member of 
The “third family” of hybrid stars with quark core?



  

How likely is it that s-quarks (and no s-bar) exist and survive in neutron stars in a QGP 
or in hyperons. How large is then the ratio s/(u+d) in neutron stars and in the Universe?

There could also be single flavor quark matter, mixed with nuclear matter (d-quark dripline)

Increasing density 

D.B., F. Sandin, T. Klaehn, J. Berdermann, PRC 80 (2009) 065807

Neutron Star Interiors: Sequential Phase Transitions?
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Neutron Star Interiors: Sequential Phase Transitions?



  

Measuring Mass vs. Radius                                            Equation of state    

High-mass twins:
D. Blaschke et al., PoS CPOD 2013 
S. Benic et al., A&A 577 (2015) A50

High-mass triples and fourth family:
M. Alford and A. Sedrakian,  arxiv:1706.01592
PRL 119 (2017)

Neutron Star Interiors: Sequential Phase Transitions?



  

Measuring Mass vs. Radius                                            Equation of state    

High-mass twins:
D. Blaschke et al., PoS CPOD 2013 
S. Benic et al., A&A 577 (2015) A50

High-mass triples and fifth family:
A. Ayriyan, D.B., H. Grigorian, in preparation (2017) 

Neutron Star Interiors: Sequential Phase Transitions?



  

Neutron Star Interiors: Strong Phase Transition?



  

Neutron Star Interiors: Strong Phase Transition?



Goal: Hadron Dissociation in  the QCD Phase Diagram 
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Statistical Model of 
Hadron Resonance Gas

Well established for 
Description of chemical 
freezeout

Perturbative QCD 

Approximately selfconsistent
HTL resummation
(T > 2.5 Tc , μ > 1500 MeV) 

QCD Phase transition(s)

Mott dissociation of hadrons,
Deconfinement, χSR

Goal: Hadron Dissociation in  the QCD Phase Diagram 



Φ-derivable approach, 2-loop approximation  

J.-P. Blaizot, E. Iancu, A. Rebhan, Phys. Rev. D 63 (2001) 065003

Skeleton expansion for thermodynamic potential and entropy

Inv. Temp: 1/T       trace in conf. Space     self-energy related to D

Dyson equation: Free propagator Do is known

Essential property of Ω[D] is Stationarity under variation of D:    δ Ω[D] / δ D = 0

This implies  δ Φ[D] / δ D = 1/2 Π

Physical propagator and selfenergy are defined self-consistently !

Self-consistent approximations are defined by the choice of Φ

Φ – derivable theories

G. Baym, Phys. Rev. 127 (1962) 1391; Vanderheyden & Baym; J. Stat. Phys. 93, 843 (1998) 



Approximately selfconsistent thermodynamics 

Matsubara summation:

Analytic properties:

Thermodynamics from entropy density:

0
for two-loop skeleton diagrams

Loosely speaking:  S' accounts for residual interactions of  “independent quasiparticles”

d/dω [ Im log D-1 + ImΠ ReD ] = 2 Im [ D ImΠ (d/dω D*) ImΠ] = 2 sin2δ dδ/dω , for D = |D|eiδ

D. B., G. Baym & G. Roepke, in preparation (2017)



Φ-derivable Q-M-D PNJL model, 2-loop approximation  



Φ-derivable Q-M-D PNJL model, 2-loop approximation  



Φ-derivable Q-M-D PNJL model, 2-loop approximation  

Use optical theorems ...

Effect of the sin^2 term ... example: Breit-Wigner ...

“Squared Breit-Wigner”  ...
Vanderheyden & Baym (1998)
Morozov & Roepke (2009)

Generalized Beth-Uhlenbeck EoS



Conclusion:

High-mass twins (HMTs) with 
quark matter cores can be 
obtained within different 
hybrid star EoS models, e.g.,
- constant speed of sound
- higher order NJL
- piecewise polytrope
- density functional

HMTs require stiff hadronic 
and quark matter EoS with a 
strong phase transition (PT)

Critical endpoint search in the QCD phase diagram with Heavy-Ion 
Collisions goes well together with Compact Star Astrophysics

Existence of HMTs can be verified, e.g., by precise compact star mass and 
radius observations (and a bit of good luck) → Indicator for strong PT !!

Extremely interesting scenarios possible for dynamical evolution of isolated 
(spin-down and accretion) and binary (NS-NS merger) compact stars 



29 member
countries !!
(MP1304)

!New
Kick-off: Brussels, November 25, 2013



21 member
countries !
(CA15213)

!New:
Kick-off: Brussels, October 17, 2016

THOR
“Theory of HOt Matter in Relativistic
Heavy-Ion Collisions” 



Network:
CA16214

Newest:
PHAROS

                 Kick-off: Brussels, 22.11. 2017http://www.cost.eu/COST_Actions/ca/CA16214



International Conference “Critical Point and Onset of Deconfinement”
University of Wroclaw, May 29 – June 4, 2016



EPJA Topical Issues can be found at                    http://epja.epj.org/component/list/?task=topic
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QCD symmetries - breaking and 
restoration in compact stars? 

 Cooper instability
 Quark condensates
 Symmetries and pairing patterns
 Two-flavor color superconductors → 2SC phase
 Three-flavor color superconductors → CFL phase 
 NJL model and Nambu-Gorkov formalism
 Mean field gap equations and solutions
 Thermodynamic potential
 Phase diagram
 EoS and TOV equations – Hybrid stars with CC
 NS phenomenology – GW170817 & NICER



  

Cooper instabilities

 



  

Cooper instabilities

 



  

Field operators

 



  

Quark-antiquark condensates

 



  

Diquark condensates

 



  

Diquark condensates

 



  

Operators in flavor and color space

 



  

Operators in Dirac space

 



  

Combined operators

 



  

Two-flavor color superconductors

 



  

Symmetry properties: color

 



  

Symmetry properties: global symmetries

 



  

Three-flavor color superconductors

 



  

Three-flavor color superconductors

 



  

Pairing patterns

 



  

Color-flavor locking

 



  

NJL model for color superconductivity

 



  

Nambu-Gorkov formalism

 



  

Nambu-Gorkov propagator

 



  

Selfconsistency problem

 



  

Gap equation

 



  

Propagator

 



  

Dispersion relations

 



  

Dispersion relations (CFL)

 



  

Gap equation: solutions

 



  

Gap equation: solutions

 



  

Gap equation: solutions

 



  

Thermodynamic potential

 



  

Thermodynamic potential

 



  

Thermodynamic quantities

 



  

Minima

 



  

Condensation energy

 



  

CFL pairing in the bag model

 



  

Realistic masses

 



  

Realistic masses

 



  

Which phase is favored ?

 



  

Which phase is favored ?

 



  

3-flavor NJL model

 



  

Results for T=0

 



  

Phase diagram

 

S. Ruester et al. Phys. Rev. D 72 (2005) 034004
D. Blaschke et al. Phys. Rev. D 72 (2005) 065020



  

Exploring hybrid star matter at NICA
T.Klähn (1), D.Blaschke (1,2), F.Weber (3)
(1) Institute for Theoretical Physics, University of Wroclaw, Poland

(2) Joint Institute for Nuclear Research, Dubna
(3) Department of Physics, San Diego State University, USA

Heavy-Ion Collisions Compact Stars

„The CBM Physics Book“, Springer LNP 841 (2011), pp.158-181
NICA White Paper, http://theor.jinr.ru   → BLTP TWikipages 

Proposal: 
1. Measure transverse and elliptic flow for a wide range of energies (densities) at NICA 
and perform Danielewicz's  flow data analysis ---> constrain stiffness of high density 
EoS
2. Provide lower bound for onset of mixed phase ---> constrain QM onset in hybrid stars

- stiff EoS
(at flow limit)

- low n
crit

(at NICA fixT)

- soft EoS 
(dashed line)

- high M
max

(J1614-2230)

- low M
onset

 
(all NS hybrid)

- excluded
(J1614-2230)

http://theor.jinr.ru/


  

 

 

Quark matter in 2M
sun

 neutron stars?
→ only color superconducting + vector int.

T. Klahn et al., PRD 88 (2013) 085001; arxiv:1307.696
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