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1. Introduction: Recent relevant multi-messenger observations 
 

2. New paradigm:  Only hybrid stars fulfill new M-R constraints

3. Outlook: Supernovae & Mergers in the QCD phase diagram
    → Constraints for the Onset of Deconfinement?



  

New constraints on NS mass and radii ! 
New NICER mass-radius data  
PSR J0740+6620  
(Riley et al., arxiv:2105.06980
Miller et al., arxiv:2105.06979)

LVC radius constraint 
GW170817
(Abbott et al., PRL (2018))
NICER mass -radius constraint
PSR J0030+0451
(Miller et al., ApJLett. (2019))
PSR J0740+6620
(Miller et al., arxiv:2105.06979)

Hypernuclear EoS out ?! 
→ stiff hypernuclear matter
→ early onset of deconfinement 
     (M_onset < 1.5 M_sun)

New quark matter paradigm:
→ deconfinement to stiff QM EoS
→ hybrid stars larger, higher M

max
   



  

GW190814 - Enigma
Heaviest NS or Lightest BH ??  
M

1
 = 22.2 – 24.3 M

O

M
2
 = 2.50 – 2.67 M

O
 

(Abbott et al., ApJL 896:L44 (2020))

LVC radius constraint 
GW170817
(Abbott et al., PRL (2018))
NICER mass -radius constraint
PSR J0030+0451
(Miller et al., ApJLett. (2019))
PSR J0740+6620
(Miller et al., arxiv:2105.06979)Ayriyan, Blaschke, Alvarez-Castillo et al., arXiv:2102.13485v2

New constraints on NS mass and radii ! 



NICER radius measurement on PSR J0740+6620

New, large NICER radius for J0740:    Riley et al., 2105.06980;  Miller et al., 2105.06979 

1-σ regions,    60% confidence
Attention:

Above ~1.5 M_sun hyperons
Appear in the center of neutron stars.

Non-hyperonic nuclear EoS (APR)
Are no longer applicable for 
High-mass neutron stars ~2M_sun !

Microscopic EoS need high-density
Stiffening of the hypernuclear EoS,
e.g., by multi-pomeron interactions.

Yamamoto et al., PRC 96 (2017)

Relativistic mean-field EoS have a 
Maximal NS radius R_2.0 ~ 13 km

Way out: 
early deconfinement to color 
superconducting, stiff quark matter !



  

What is the special point? What are its properties?



  

Dependence on the phase transition construction?



  

Constant sound speed (CSS) vs. nonlocal NJL model

Perfect mapping nlNJL → CSS,  Antic et al., arxiv:2105.00029

Nonlocal currents, formfactor g(z)

CSS equation of state

Fitted relationship, see figure → 



  

Constant sound speed (CSS) vs. nonlocal NJL model

“Trains” of special points, when η
D
 and η

V
 are varied systematically (grid)

Antic et al., arxiv:2105.00029



  

Constant sound speed (CSS) vs. nonlocal NJL model

“Trains” of special points, when η
D
 and η

V
 are varied systematically (grid)

Antic et al., arxiv:2105.00029



New paradigm: hybrid stars larger and heavier

Work based on Special Point location with M. Cierniak, in preparation

Dense quark plasma in color 
superconducting phase: nlNJL model 

Constant-speed-of-sound (CSS) 
Equation of state (EoS) 

Maxwell construction with
(1st order phase transition)
Relativistic Density Functional
EoS “DD2-Y-T” by S. Typel
With density-dependent coupling

2.5 M_sun object can by a hybrid neutron star! With early onset of deconfinement!
NICER radius measurement on PSR J0740+6620 best described by hybrid stars!

Perfect mapping nlNJL → CSS ,
Antic et al., arxiv:2105.00029



New DFT for quark matter with confinement & CSC

Work based on Relativistic Density Functional with O. Ivanytskyi, in preparation
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High mass at large radius and low tidal deformability at 1.4 M_sun simultaneously obtained !



  

2nd or no CEP in QCD phase diagram: Crossover all over ?

From: T. Kojo, “Delineating the properties of neutron star matter in cold, dense QCD”, PoS Lattice2019, 244 



Binary neutron star merger simulation 

S. Blacker & A. Bauswein (GSI Darmstadt), 1.35 M_sun + 1.35 M_sun
https://www.gsi.de/fileadmin/theorie/simulation-neutron-star-merger.mp4 

Population of the QCD phase diagram with mixed phase, 6… 25 ms 

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




Binary neutron star merger simulation 

S. Blacker & A. Bauswein (GSI Darmstadt), 1.35 M_sun + 1.35 M_sun
https://www.gsi.de/fileadmin/theorie/simulation-neutron-star-merger.mp4 

Population of the QCD phase diagram with mixed phase, 6… 25 ms 

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

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

EoS for applications to 
supernova and merger 
Simulation: 

CompOSE

With deconfinement:



Strong phase transition in postmerger GW, 
A. Bauswein et al. arxiv:1809.01116

Hybrid star formation in postmerger phase

Hybrid star formation during NS merger 
→ higher densities and compacter star
→ higher peak frequency of the GW 

A. Bauswein et al., PRL 122 (2019) 061102



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.

Strong phase transition in postmerger GW signal, 
A. Bauswein et al., PRL 122 (2019) 061102; [arxiv:1809.01116]

Hybrid star formation in postmerger phase



Dominant 
 
postmerger frequency  f

peak
 vs. tidal deformability Λ

1.35
 from inspiral phase:

Results from hybrid models appear as outliers of the grey band (maximal deviation of purely 
hadronic models from a least squares fit) = signalling a strong phase transition in NS !  

Strong PT in postmerger GW signal, S. Blacker et al., arxiv:2006.03789, PRD102 (2020) 123023

Hybrid star formation in postmerger phase



The combination of stiff hadronic EoS (DD2) and string-flip (SF) model allows for early onset
of deconfinement in low-mass neutron stars and even third-family solutions (mass twins).
For these cases, the event GW170817 could have been a merger of two hybrid stars!
Also in these cases (red dots in above figure) a significant deviation from the grey band of 
Purely hadronic star mergers without a phase transition is obtained! 

Merger of hybrid stars with early phase transition: Bauswein & Blacker, EPJ ST 229 (2020) 

GW signal of deconfinement in merger of hybrid stars



  

Deconfinement transition as SN explosion mechanism

T. Fischer, N.-U. Bastian et al., Quark deconfinement as supernova engine of massive blue 
Supergiant star explosions, Nature Astronomy 2 (2018) 980-986; arxiv:1712.08788 

Progenitor: 
M = 50 M

O



  

Population of the QCD Phase Diagram in Mergers & SNe

T. Fischer et al., 
Nat. Astron. 2 (2018) 980; 
arxiv:1712.08788 

S. Blacker, A. Bauswein et al., 
Phys. Rev. D102 (2020) 123023; arxiv:2006.03789 

Binary NS merger, 1.35 M_sun + 1.35 M_sun SN explosion, 50 M_sun 



Population of the QCD Phase Diagram

Binary NS merger, 
1.35+1.35 M_sun 

S. Blacker, A. Bauswein et al.,
PRD 102 (2020) 123023
arXiv:2006.03789 

T. Fischer et al.,
Nat. Astron. 2 (2018) 980
arXiv:1712.08788  

H.W. Barz, B. Friman et al.,
PRD 40 (1989) 157
GSI Preprint, GSI-89-13 

SN explosion, 
Progenitor 50 M_sun 

Ultrarelativistic HIC, 
√s [GeV]=16, 10, 7, 4  



  

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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CEP in the QCD phase diagram: HIC vs. Astrophysics

P. Senger, Phys. Scripta 96 (2021) 054002; and references therein !  

NICA experiments (BM @N, MPD)

CEP in the QCD phase diagram: HIC vs. Astrophysics

For “seeing” a first-
order transition in 
heavy-ion collisions,
one needs energies
below √s ~ 6 GeV !

This is the domain of
NICA experiments !
 



  

Conclusions

- First observations of binary mergers open new possibilities to constrain properties of the
  Quark-gluon plasma at low temperatures and high baryon densities. Hybrid EoS are developed  
  that allows to estimate quark plasma parameters in hypermassive (proto-) neutron stars

- GW170817: narrow window of small radii at 1.4 M_sun (Capano et al.: 10.4< R_1.4[km] <11.9)
  strongly suggests an early onset of deconfinement with a critical density n_c < 2 n_0 and an 
  onset mass M_onset < 1.0 M_sun [Blaschke & Cierniak: 2012.15785]   

- GW190814: the lighter object in the extemely asymmetric merger with its 2.6 M_sun can be 
  either the heaviest neutron star or the lightest black hole. The central baryon density in such  
  high-mass hybrid stars reaches 5.3 n_0. Our EoS allows it to be a hybrid star ...

- NICER radius measurement on PSR J0740+6620 triggers a new paradigm:
  NS with M> 2M_sun should have a deconfined quark matter core when R_2.0 > 13 km ! 

  Such a result is similar to the “two families” scenario of Drago & Pagliara, PRD 102 (2020)
  For the baryon density at the center of a star with 2.1 M_sun we find n < 5 n_0, n_0=0.15 fm^-3.

- Consequences for supernova simulations: A new lower limit for onset of deconfinement?  

- Consequences for merger simulations: Check the GW signal for deconfinement ! 

- Good news for entering a color superconducting quark matter phase at NICA (BMaN, MPD)



The NICA Facility at JINR Dubna



The NICA Facility at JINR Dubna



The NICA Facility at JINR Dubna
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Advertisement: International School Events in 2022

1) 58th Karpacz Winter School in Theoretical Physics on

"Heavy Ion Collision: From First to Last Scattering", 

Karpacz (Poland) in June 2022

Website shall appear here:

http://ift.uni.wroc.pl/conferences

2) International Summer School on 

"Dense Matter in Heavy-Ion Collisions and Astrophysics"

JINR Dubna, July-August 2022

Website shall appear here:

http://theor.jinr.ru/meetings/2022/ 

http://ift.uni.wroc.pl/conferences
http://theor.jinr.ru/meetings/2022/
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