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Some X-ray transits have
strong cooling mechanism.

i — Exotic matter
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observation of magnetars

—What is the mechanism?
What does exist inside?
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TWO SOLAR MASS PROBLEM

Demorest al. 2010 nature

A two-solar-mass neutron star measured using
Shapiro delay

P.B. Dcmorcst', T. Pcnnucc12, S. M. Ramsom', M. S. E. Roberts® & J. W. T. Hessels**

M~1.97 Ms

Shapiro delay

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.
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A two-solar-mass neutron star measured using
Shapiro delay

P.B. Dcmorcst', T. Pcnnucc12, S. M. Ramsom', M. S. E. Roberts® & J. W. T. Hessels**

M~1.97 Ms

Shapiro delay

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.

No Exotic matter 7
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NSSWITH TWO SOLAR MASS
CONSIDERING EXOTIC MAT TER

Hyperon matter
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FiG. 5.— Solid lines: M-R relation of the NSs with the inter-
polated EOSs for g,. /Gs = 0,1.0,1.5. Dashed line: The same
quantity for H-EOS with TNI3u. T

The filled circles denote the
point beyond which the strangeness appears. The gray band de-
notes M = (1.97 = 0.04) M, for PSR J1614-2230 (Demorest et al,
(20101).)

S.Weissenborn, D. Chatterjee, and |. Schaffner-Bielich Masuda, Hatsuda, Takatsuka
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SITUATIONS OF NUCLEAR PHYSICS

"BARYON-BARYON INTERACTIONS
MAY BE CLEARED IN A FEW YEARS ™
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J-PARC starts to operate in 2009

Full QCD (m =701 MeV, a=0.09 fm, L=2.9 fi!
using PACS-CS configuration

Nemura, Ishii, Aoki & Hatsuda (2009)

lebil Anli O Lladcuds 17NN0)
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1 Preludee PHASES and STRUCTURES of QCD

(c) Weise T , QCD PHASE DIAGRAM
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Topic

@ Mechanism of cooling?

@ Why M > 2 Ms?
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Another uncertainty of finite size effects

in quark-hadron phase transition
NY & Kashiwa, PRD, (2009)

Shen EOS + NJL model
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009

TABLE III. As Table II, but now for the hadron-quark phase transition. u, = w, i1s valid if strangeness 1s in equilibrium.

Case Conserved densities/fractions Equilibrium conditions Construction of
mixed phase
Globally Locally

ng, (Y,), (Y1), nc - Direct

Y, Yi, nc (1= Yo)pn + Yplpp + ul) + (Y = Yo)ut! Maxwell
(2= Y pa+ (L+ Y, + Youd + (Y = Y )us

Y., ne pon + Yt =2, + p, + Y pl Maxwell

Y.,';e ne (1 Y.,-;),U'r.- ' Y,':'(/J'p ' ,Uf'!) = (2 Y,'I':)#d' + (14 Y,r':'/-isc ‘ Y,ﬁ/"'? Maxwell

ne My =24 + W, Maxwell

Y, ne (1 =Y, pn + Y, (, + pff) | Maxwell/Gibbs
(2= Yp)pa + (L + Yp)py + Youl, ulf = pf

ne B = 24ty + proy, p = u¥ Gibbs

Y1, e o+ Yol = 2pg t gt Yo, Gibbs
1 , /

Pp = fn = My t e = py — pg — @
Mop — 2:“'.:.’ * oy [.L".; .: /.l{{ o ' d ‘ Gibbs

B = 2fhg + o = pf, oy pl = 2p, + pa t pé Gibbs
‘ y H ) ) - -
IU.',_ o 2/“‘1.!' ' l‘l'u' /‘Ls o /-LE-' #.,'; o u | - » (Jlbbs
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Neutron

otar

Analytic method

[Astrophysical Phenomena] Nucleon
- Giant Flare from magnetars
- Sudden accretion to NSs

Pasta (0=40)

Maxwell
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INSIDE MAT TER AND NATURAL FREQUENCY

Sotani, NY, Maruyama, Tatsumi 201 | PRD
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FIRST ORDER PHASE TRANSITION
IN MULTI-COMPONENT SYSTEM

droplet rod  slab
| 0.100p | 0.200p | 0393p ,

Depended on
* density

* temperature
* Coulomb interactions

* surface tension

| tube 049p o bubble 0378

— neutron drip / quark-hadron phase transition etc.
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FIRST ORDER PHASE TRANSITION
IN MULTI-COMPONENT SYSTEM

Depended on
* density

* temperature
* Coulomb interactions

* surface tension

p=0.168 fm

— neutron drip / quark-hadron phase transition etc.
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FIRST ORDER PHASE TRANSITION
IN MULTI-COMPONENT SYSTEM

Depended on
* density

* temperature
* Coulomb interactions

* surface tension

— neutron drip &g
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CALCULATION DETAILS

Hadron matter
Brueckner-Hartree-Fock model with hyperons (Baldo et al. 1998, Schulze et al. 1995)

NN interaction = Argonne V|8 potential + UIX phenomenological three body forces
NY interaction = Nijmegen soft-core 89 potential

(
)

Quark matter

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

VWe assume the pasta structures of the mixed phase as
droplet, rod, slab, tube, and bubble under Wigner-Seitz cell
approximation (right panel).

In calculations of mixed phase, we consider
: Pasta Structures _¢
* charge neutrality

* chemical equilibrium
* baryon number conservation

- balance between “surface tension’” and “Coulomb interaction”

20125 9H5HKEH



STABILITY CURVES OF MIXED PHASE

“Temperature” and “neutrino fraction” makes pasta structures unstable.
NY et al. 2009b PRD, 2012 PRD submitted.
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THERMAL EFFECTS ON EOS

Maruyama et al. 2007 PRC
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SYSTEM OF QH PHASE TRANSITION

Chemical equilibrium for quarks, hadrons, and leptons

1 1 3 identical components

(baryon number)
(lepton number)

Hd = Hs = gﬂB — 3#(".(}:

L3

Hn = UA = UB, Kp = B + UC.H, py—- + pp = 2B,

Table 1. Comparison of conditions for the HQ) phase transition.
finite- globally locally
size conserved conserved equilibrium conditions system

effects variables variables

Maxwell No ng Yi.. Yo 2 ‘.’- pure
bulk Gibbs

 (GCN) No ng,Yr Yo H=ug, pf =p¥,
bulk Gibbs
(LCN) No ng, Y f pl =y,

y O
HE = ps ternary

H __ ,Q
| ;‘: ¥
Al L
— H 0 W] Q -

pasta ng. Y. Ye = [, MY = . pe - ternary
NS matter

aat s a - H _ Y f ¢/ e vy
pclhtd - n 3. }{ ' }15 '(lb., ' ~ b].l:‘.t‘_\
NS matter

/1 \ , . ¢ ; . . "

pasta (large o) ‘es ng, Yo T Sy M . pure
MG matter

binary

pasta ‘es ng., Yo 12 - ; - “pure”
PNS matter

. r ' g r £l .,' -.. [ -y [ ' ey "
amorphous ‘es np. Y., Yo - -8 ; ~ binary
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SYSTEM OF QH PHASE TRANSITION
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-QUILIBRIUM OF
CHARGE CHEMICAL POTENTIAL

NY etal. 2012 submitted

Maruyama et al. 2007 PRC

pg=0.4 fm™°, Full calc.
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Density [fm ]
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-
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SUMMARY OF THE FIRST TOPIC

“The quark-hadron phase transition in astrophysical topics”
(D Our EOSs include hyperons, quarks, finite size effects, etc.

@ Neutrino traping and temperature change the EOS from
ternary system to pure/binary system.

cf.) Tc > 60 MeV for neutrino free case (NS-NS merger case)
YV > 0.1 for T=10 MeV (supernovae case)

@ Uncertainty of EOS is between **Gibbs(GCN) and Gibbs
(LCN)” for all cases of PNSs(supernovae), NS-NS mergers, NSs.

DISCUSSION
(D NN, NY interactions from Lattice QCD / |-PARC.

(@ Other quark models may change the results.

cf.) NJL, PNJL models, Dyson Schwinger Eq.
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Uncertainty of phase transition

Schaffner group (Heiderberg Univ.) 2009

TABLE III. As Table II, but now for the hadron-quark phase transition. w,

- ., 1s valid 1if strangeness 1s 1n equilibrium.
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