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If we want to know the “real” phase diagram,
we should know the non-uniform phase transition.

Progress of the NICA project (2009)



How to know ?
Most,Papenfort, Dexheimer, Hanauske, Schramm, Sto c̈ker, Rezzolla (2018) arXiv1807.03684

Outer Core

Inner Core



What is pasta structure ?
It appears in the 1st order phase transition of multi-
component system, such as the liquid-gas phase transition. 
 Depended on “density” and temperature”, each charged particle clusterizes 
automatically by r-dependent interactions such as “meson interactions”, and/or 
“Coulomb interactions “ balanced with “surface tensions” ; i.e. finite size effects. 

MD simulation by Horowitz et al., 2015; Schneider et al., 2014, 2013
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Giant planets interior composition 

After N.Nettelmann, R.Redmer, et al.,  
PNP-12, Darmstadt, 2006) 

Saturn interior composition 
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Optimized models of Jupiter and Saturn 
(D. Saumon, G. Chabrier , W. Hubbard, J. Lunine) 
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Examples of 
non-uniform matter

If we want to know the real world (observations),
we should know the non-uniform phase transition.
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Wilson & Militzer 2010



Uncertainty from the finite size effects 
 in quark-hadron phase transition

the bulk Gibbs condition the Maxwell construction

↑
the finite size effects

Shen EOS + NJL model

Voskresensky, Yasuhira, Tatsumi (2002) PLB,   Maruyama et al.,  (2008) PRC…

Glendenning (1992) PRD

σS = 0 σS > σC



Uncertainty of Q-H phase transition
Hempel et al., PRD 80, 125014 (2009)



1st. order phase transition 
with inhomogeneous structures

Chemical equilibrium for quarks, hadrons, and leptons

Free energy for quarks, hadrons, and leptons

Voskresensky, Yasuhira, Tatsumi (2002) PLB,   Maruyama et al.,  (2008) PRC…

Charge screening effects

Fμ *



Charge screening effects
Voskresensky, Yasuhira, Tatsumi (2002) PLB,   Maruyama et al.,  (2008) PRC…

μB,H = μB,Q
μB,H = μB,Q

μC,H = μC,Q

μ *B,H = μ *B,Q
μ *C,H = μ *C,Q



Formalism

We assume the non-uniform structures of the mixed phase as droplet, rod, 
slab, tube, and bubble under Wigner-Seitz cell approximation.

Hadron matter
・Brueckner-Hartree-Fock model (Baldo et al. 1998, Schulze et al. 1995, Yamamoto et al. 2013)

  ・Relativistic Mean Field theory (KVOR, MKVOR, …)                 etc…

Quark matter
  ・Dyson-Schwinger method (Huan et al. 2012, etc.)
  ・Non-local (P)NJL model (Blaschke et al. 2012, Benic et al. 2014 etc.),   
  ・String flip model (Bastian, Kaltenborn, Blaschke, 2017 etc.)               etc…

In calculations of mixed phase, we consider
・charge neutrality
・chemical equilibrium
・baryon number  conservation
・balance between “surface tension” and “Coulomb interaction”
Changing all of them, we search the minimum free energy.

NY, et al. (2013)Recent Advances in Quarks Research, Nova, Chap.4, pp.63, ISBN 
9781622579709, arXiv:1208.0427[astro-ph].

phase transition (non-uniform)



Radar signals passing near a massive object 
take slightly longer to travel to a target and 
longer to return than they would if the 
mass of the object were not present.

“Shapiro delay”

Constraints on EOS ① 
M~1.97 Ms

Demorest et al. 2010 nature

Danielewiez et al. 2002 
science

“Constraint by 
Experiment”

There is the upper limit of 
hard EOS.

http://en.wikipedia.org/wiki/Radar


Tews, Lattimer, Ohnishi, Kolomeitsev 2017

Constraints on EOS ② 

Maslov, NY, Ayriyan, Grigorian, Blaschke,  

Voskresensky, Maruyama, Tatsumi, 
arXiv: 1812.11889, and the next one coming soon.











Empirical formula of EOS with pasta

Q

H

Pas
ta

μCH μCQμC
μ

P

PC

ΔP
Using this formula,  you can enjoy
   ・MR-relations,

   ・NS cooling, 

   ・magnetar evolution,  etc. 

with finite-size effects (pasta).



Onset pressure of Maxwell constructionC
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□▽◯△   → Analytic estimation of critical surface energy (next slide)

Pressure difference 
between Pasta and Maxwell



             relation can be roughly estimated 
without pasta calculations.

Analytic estimation 
of critical surface energy

(p) = Q, HHere,

σC − PC

Voskresensky Yasuhira Tatsumi 2003 NPA



What can we know from
                relation ?  σC − PCσC − PC

② Observations

    If they suggest sharp density jump of EOS (1st order PT),

σS > σC else then,                  (or Cross over?).             σS < σC

① EOS tables with pasta
     From Maxwell construction(without pasta), we can estimate       .  
     We do not need to prepare EOS tables over        . σC

σC
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Carignano & Buballa (2012) PRD

+
?

NY, Maruyama, Tatsumi (2009) PRD

NY, Lastwieski, Sanjin, Blaschke, 
Maruyama, Tatsumi (2014) PRC
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Maslov, NY, Ayriyan, Grigorian, Blaschke,  

Voskresensky, Maruyama, Tatsumi, 
arXiv: 1812.11889

σS = σStrong+ σD



S. Weissenborn, et al.
PRC 85, 065802 (2012) Masuda, Hatsuda, Takatsuka PRD (2013)

Hyperon matter Hyperon + Quark (cross over) Hadron + Quark (pasta)

NY, Maruyama, Tatsumi, PRD 2009a, 2012

 How to distinguish 
EOSs without density jumps? 

SN matter

NS matter
weak σ 



cooling rate (neutrino)
＋

heating rate (magnetic field)

heat
capacity

flux
(thermal conductivity)

(magnetic field)

thermal diffusion eq.  

Cooling has many physical properties

Cooling of Neutron Stars

NY, Kotake, Kutsuna,Shigeyama (2014) PASJ



M-R relation with Q-H pasta
Non-local NJL(Nf=2)  +  BHF(BOB+TBF) 

NY, L︎astowiecki, Benic, Blaschke, Maruyama, Tatsumi(2014) PRC 



Trial calculations of NS cooling(2D) with Q-H pasta
Non-local NJL(Nf=2)  +  BHF(BOB+TBF) 

NY, L︎astowiecki, Benic, Blaschke, Maruyama, Tatsumi(2014) PRC 

2SC Gap   
D. N. Aguilera, D. Blaschke, and H. Grigorian, A&A 416 (2004) 991-996. 

 H. Grigorian, D. Blaschke, D. Voskresensky Phys.Rev. C71 (2005) 045801
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