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1979～　
observation of magnetars
→What is the mechanism?
   What does exist inside?

2007　
Some X-ray transits have 
strong cooling mechanism.

→ Exotic matter

101５G
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Matter inside of NSs 

＋
Cooling of magnetars

Toshiki Maruyama(JAEA)、Toshitaka Tatsumi(Kyoto univ.)

Kei Kotake(NAOJ)、Masamichi Kutsuna、Toshikazu Shigeyama(Tokyo univ.)

PRD2009b,  PRD accepted (arXiv 1202.0143.)

2012 in prep.

12年12月6日木曜日



I. Pasta structures and 
amorphous state of 
quark-hadron phase 
transitions 

NY, Maruyama, Tatsumi
2009a PRD,  2012 PRD accepted  

(arXiv1202.0143)
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SITUATIONS OF NUCLEAR PHYSICS
“BARYON-BARYON INTERACTIONS 
MAY BE CLEARED IN A FEW YEARS ” 

LQCD
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SITUATIONS OF NUCLEAR PHYSICS
“BARYON-BARYON INTERACTIONS 
MAY BE CLEARED IN A FEW YEARS ” 

LQCD

できたとしても,
近接力はあやしい
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(c) Weise

(c) FukushimaOrigin of 
magnetic field ?
Mechanism of cooling?

Why M > 2 Ms?

Astrophysical 
phenomena
at T =0.
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質量の９割はカイラル凝縮から来る

クォーク(３つ分)の質量
　1５MeV（高密度）⇄ 938MeV（低密度）
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NY & Kashiwa, PRD, (2009)

Another uncertainty of finite size effects
 in quark-hadron phase transition

the bulk Gibbs condition the Maxwell construction
↑

the finite size effects

Shen EOS + NJL model

Maruyama et al., PRC, (2008)

カイラル対称性の回復がいかにNSs, SNe, MGsで効くか(EOSのみ)を調べた。
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Neutron
Star

Specific frequency

【Astrophysical Phenomena】
・Giant Flare from magnetars
・Sudden accretion to NSs

G-mode !!

Analytic method

INSIDE MATTER AND NATURAL FREQUENCY
Sotani, NY, Maruyama, Tatsumi 2011 PRD
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009
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“Nucleon pasta “ ref.  Sonoda et al.  2008

 Depended on 
・density

・temperature

・Coulomb interactions  

・surface tension

→ neutron drip / quark-hadron phase transition     etc. 

FIRST ORDER PHASE TRANSITION
IN MULTI-COMPONENT SYSTEM
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Pasta ?
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Pasta ?

or
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Amorphous ?

Pasta ?

or
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Hadron matter
Brueckner-Hartree-Fock model with hyperons (Baldo et al. 1998, Schulze et al. 1995)
   NN interaction →  Argonne V18 potential + UIX phenomenological three body forces
   NY  interaction → Nijmegen soft-core 89 potential
(We will update the interactions by the results of  
 “ lattice QCD ” and/or  “ J-PARC ”.)

Quark matter
Thermodynamic bag model (“bag constant” or “density dependent bag model”)
(We will change this simple model to (p)NJL model or DSE.)

+

In calculations of mixed phase, we consider
・charge neutrality

・chemical equilibrium

・baryon number  conservation

・balance between “surface tension” and “Coulomb interaction”

CALCULATION DETAILS

We assume the pasta structures of the mixed phase as 
droplet, rod, slab, tube, and bubble under Wigner-Seitz cell 
approximation (right panel).
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“Temperature”  and “neutrino fraction” makes pasta structures unstable. 
NY et al. 2009b PRD,  2012 PRD submitted.

ρ=2ρ0, constant B = 100 MeV/fm3 ρ=2.5ρ0, density dependent B

σ = 40 MeV/fm3

STABILITY CURVES OF MIXED PHASE
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Pressure

Free energy

 high  temperature (wo neutrinos) → Maxwell-like mixed phase

NY et al. 2009b PRD
THERMAL EFFECTS ON EOS
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NEUTRINO EFFECTS ON EOS
 high  temperature (with neutrinos) ≠ Maxwell-like mixed phase
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SYSTEM OF QH PHASE TRANSITION
Chemical equilibrium for quarks, hadrons, and leptons

→
3 identical components 

(baryon number) 

(lepton number) 

(charge number) 
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009
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“The quark-hadron phase transition in astrophysical topics”
①　Our EOSs include hyperons, quarks, finite size effects, etc.

②　Neutrino trapping and temperature change the EOS from 

ternary system to pure/binary system.
     cf.)  Tc > 60 MeV for neutrino free case (NS-NS merger case)
           Yν > 0.1 for T=10 MeV (supernovae case)→ NO DENSITY JUMP !!

③　Uncertainty of EOS is between ``Gibbs(GCN) and 

Gibbs(LCN)” for all cases of PNSs(supernovae), NS-NS 
mergers, NSs.

SUMMARY

①　NN, NY interactions from Lattice QCD / J-PARC.

②　Other quark models may change the results.

       cf.) NJL, PNJL models, Dyson Schwinger Eq., DCDW

DISCUSSION
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II. Thermal evolution of 
     magnetars/NSs 

NY, Kotake, Kutsuna, Shigeyama
    in prep.

Noda, Hashimoto, Matsuo, 
     NY, Maruyama, Tatsumi, Fujimoto

     2012 ApJ submitted   
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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

TWO SOLAR MASS PROBLEM 

M~1.97 Ms

Demorest al. 2010 nature
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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

TWO SOLAR MASS PROBLEM 

M~1.97 Ms

Demorest al. 2010 nature

No Exotic matter ?
12年12月6日木曜日
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 NSS WITH  TWO SOLAR MASS
 CONSIDERING EXOTIC MATTER

S. Weissenborn, D. Chatterjee, and J. Schaffner-Bielich
PRC 85, 065802 (2012)

Masuda, Hatsuda, Takatsuka
arXiv:1205.3621

Hyperon matter Hyperon + Quark matter (cross over)
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S. Weissenborn, et al.
PRC 85, 065802 (2012)

Masuda, Hatsuda, Takatsuka
arXiv:1205.3621

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

NY, Maruyama, Tatsumi
PRD 2009a

 HOW TO DISTINGUISH 
EOSS WO DENSITY KINKS? 
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S. Weissenborn, et al.
PRC 85, 065802 (2012)

Masuda, Hatsuda, Takatsuka
arXiv:1205.3621

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

NY, Maruyama, Tatsumi
PRD 2009a

 HOW TO DISTINGUISH 
EOSS WO DENSITY KINKS? 

重力波だけだと厳しいかも…
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cooling rate (neutrino)
＋

heating rate (magnetic field)

heat
capacity

flux
(thermal conductivity)

thermal diffusion eq.  

Cooling…
other physical properties

COOLING OF 
NEUTRON STARS

GWs …
only hardness of EOS
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EOS

structure

cooling

evolution

Quark, hyperon, normal matter, 
pion-condensation, kaon-condensation,　etc.
(P)NJL, (D)BHF, RMF, variational principle etc.

Landau effects　magnetization etc.  

w/wo rotation, w/wo magnetic field, axi symetric 　etc.

URCA, MURCA, HURCA, quark beta decay, superconductivity
                                               etc.

thermal conduction in strong magnetic field
etc.

How to calculate the thermal evolution
of compact stars ?

heating Ohmic decay, Hall effect, ambipoler diffusion　etc.
vortex     etc.

||

Comparison with observations

atmosphere Fe including effects strong magnetic field 
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How to calculate the thermal evolution
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heating Ohmic decay, Hall effect, ambipoler diffusion　etc.
vortex     etc.

||

Comparison with observations

atmosphere Fe including effects strong magnetic field 

Hardness of EOS

Other 
pysical properties
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Structures with rotation and
magnetic field

        
　　　      
 Tomimura & Eriguchi 2005
  (1) axi symmetric 
  (2) equatorial symmetric
  (3) no convection
  etc.                     

ρ
GR correction 
on the gravitational potential
ref) Mareck et al. 2006

*arbitrary function for magnetic field

integrability condition 
etc.

*arbitrary rotational law
12年12月6日木曜日



cooling rate(L) 
& heating rate(H)

Thermal conduction in strong magnetic field

here�

Geppert et al.2004�

・implicit scheme
・operator splitting

12年12月6日木曜日



Thermal distribution in crust of NSs
 

* The crust is extended five times for radial direction.       
NY, Kotake, Kutsuna, Shigeyama 2012 in prep.

0.6 yr

D. N. Aguilera, J. A. Pons, 
and J. A. Miralles(2008)
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Thermal distribution in crust of NSs
 

* The crust is extended five times for radial direction.       
NY, Kotake, Kutsuna, Shigeyama 2012 in prep.

0.6 yr

840 yr

D. N. Aguilera, J. A. Pons, 
and J. A. Miralles(2008)
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Observation, Yujin, et al.　(2009)

Low T (keV)

hi
gh
 T
(k
eV
)

Temperature distribution
NY, Kotake, Kutsuna, Shigeyama 2012 in prep.

Our results
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“Thermal evolution of magnetars”
①　We could show the non-uniform temperature of magnetars.

②　Our results are not consistent with the observations,

        quantitatively.

①　We adopted only standard 

EOS, and cooling process.
       →Other exotic model may 

change our results.
   cf.)  CSC, superfluid of hadron, pion 

condensation, hyperon direct URCA,  etc.　

SUMMARY OF THE SECOND TOPIC

DISCUSSION

Noda, Hashimoto, Matsuo, 
     NY, Maruyama, Tatsumi, Fujimoto

     2012 ApJ submitted 
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Matter inside of NSs 

＋
Cooling of magnetars
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・Pasta/amorphous state of 
   QH phase transition

・Matter of NS-NS merger shows Maxwell-like 
behavior ( It has a density jump.)
・Supernovae matter shows the Gibbs (LCN)-
like behavior (It does not have a density jump.)

Matter inside of NSs 

＋
Cooling of magnetars
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・Pasta/amorphous state of 
   QH phase transition

・Matter of NS-NS merger shows Maxwell-like 
behavior ( It has a density jump.)
・Supernovae matter shows the Gibbs (LCN)-
like behavior (It does not have a density jump.)

・We should extend our model to the one eith 
exotic matter.

・2D simulation with implicit shceme
・We could show the non-uniform temperature.

Matter inside of NSs 

＋
Cooling of magnetars
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終
12年12月6日木曜日


