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SITUATIONS OF NUCLEAR PHYSICS

"BARYON-BARYON INTERACTIONS
MAY BE CLEARED IN A FEW YEARS ™

J-PARC starts to operate in 2009
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NN using PACS-CS configuration

m,=701 MeV

Nemura, Ishii, Aoki & Hatsuda (2009)
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1 Preludee PHASES and STRUCTURES of QCD
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Another uncertainty of finite size effects
in quark-hadron phase transition

A ZILEFEDEIEHA WLWHICNSS, SNe, MGs TR < DNEOSD &) = ZfA T,
Shen EOS + NJL model NY & Kashiwa, PRD, (2009)
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the bulk Gibbs condition the Maxwell construction
the finite size effects
Maruyama et al., PRC, (2008)
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INSIDE MAT TER AND NATURAL FREQUENCY
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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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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

— 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”

12%F12H6HANEH



STABILITY CURVES OF MIXED PHASE

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

-
e Rl A~

S TMeVI=0 ——

10
20
30
40
50

AF/A [MeV)
AF/A [MeV]

o = 40 MeV/fm?

12%F12H6HANEH




THERMAL EFFECTS ON EOS

NY et al. 2009b PRD
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NEUTRINO EFFECTS ON EOS

high temperature (with neutrinos) ¥ Maxwell-like mixed phase

1
hadron
quark
GCN
LCN
| amorphous

0 L——! ' 0
0 10 20 30 40 50 60 70 80 90 100
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Figure 10: Left panel shows the pressure for PNS matter of T = 30MeV and Y; = 0.4. The
nuclear density is denoted by ng. Right panel shows the density profile and the Coulomb
potential 3ng assuming the rod structure for the same PNS matter.
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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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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 ) ) - -
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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.

Case Conserved densities/fractions Equilibrium conditions

Globally Locally

Construction of
mixed phase

ng, (Y,), (Y.), nc

Direct

Y_{' ’ YJ'. ' ' (_Yn'. Y_.': )/.L ‘Jr-{

Yo)in + Yplpp + pe)
(‘) * ( YJ,- );.{' )# ()

Y‘{':'.u'c.‘ * (l { Y_.'i)#'u '
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Maxwell

Y‘r.- /-L e
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SUMMARY

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

(@ 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)
YV > 0.1 forT=10 MeV (supernovae case)— NO DENSITY JUMP !

@ 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., DCDW
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Il. Thermal evolution of
magnetars/NSs

NY, Kotake, Kutsuna, Shigeyama
in prep.

Noda, Hashimoto, Matsuo,

NY, Maruyama, Tatsumi, Fujimoto
2012 Ap| submitted
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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.

12%F12H6HANEH
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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.

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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HOW 1O DISTINGUISH
FOSS WO DENSITY KINKS?

Hyperon matter Hyperon + Quark (cross over) Hyperon + Quark (pasta)
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HOW 1O DISTINGUISH
FOSS WO DENSITY KINKS?

Hyperon matter Hyperon + Quark (cross over) Hyperon + Quark (pasta)
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COOLING OF
NEUTRON STARS

GWS )
only hardness of EOS

rotation

[a—y

Neutron star mass (solar masses)

10 12 14 16
Neutron star radius (km)

Cooling---

other physical properties

O 8’1 ' r 2D v 2 : : . I % CLE\I)

Ce =+ V (e"F)=¢e"0 thermal diffusion eq. EERE

C 97 2

i

heat flux cooling rate (neutrino) 3 .I @
capacity || (thermal conductivity) + v E
heating rate (magnetic field) S
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How to calculate the thermal evolution
of compact stars 7

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

structure w/wo rotation, w/wo magnetic field, axi symetric  etc.
COOIing URCA, MURCA, HURCA, quark beta decay, superconductivity
etc.
: Ohmic decay, Hall effect, ambipoler diffusion etc.
hthlng vortex etc.
eVOlu'tiOn thermal conduction in strong magnetic field
etc.

Cl'tmOSphere Fe including effects strong magnetic field

| |
Comparison with observations
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How to calculate the thermal evolution
of compact stars 7

peron, normal matier,

EOS H a MH@EEWFBTIOEOS s

Landau effects magnetization etc.

S'tl'u C'ture w/wo rotation, w/wo magnetic field, axi symetric etc.

‘ COOling URCA, MUROHEﬁ, é% beta decay, supercgpcc%uctivit
‘ hthlnghyg 'i”é ﬁcl’y'ﬁ” e%ﬁgilﬁflﬁgg etc.

eVOIUtiOn thermal conduction in strong magnetic field
etc.

Cl'tmosphere Fe including effects strong magnetic field

| |
Comparison with observations

12%F12H6HANEH




Tomimura & Eriguchi 2005 GR correction

(1) axi symmetric on the gravitational potential
(2) equatorial symmetric  ref) Mareck et al. 2006

(3) no convection

etc.

l l
——gradp—grad ®, +grad .+ - (J x H) =0,

A(l’.' — -1-"[(/./'.
rot H = 4mnj,

div H 0,

¢ integrability condition

Structures with rotation and etc.

magnetic field

(=% | k d(RAy) —dnupR')
. singd'd’r,

; \,'._II' ) \i[] (‘.‘l - .
r r

-

*arbitrary function for magnetic field

" H upR. e,.

J = 4

_ { N Jo- 1 3\
B, =a(u f&+1).

1412108 6 4 2 0 2 4 & 8 101214

X [km]
) . .
| 22x10'® *arbitrary rotational law
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Thermal conduction in strong magnetic field

C.“cfh‘ﬂ + V. (e2F) = e2°Q Geppert et al.2004
- ot

. . - - the thermal conductivity
~e%x [VT + (wp)* (b - VT) - b + wpt (b x VT

1+ (wpT)?
Ko WpT

- Implicit scheme R it
- operator splitting o

C O O ‘ I n g rO -te ( L) TABLE III: Cooling ratio in the cores and crusts we adopt

& h e O _l:i n rO _te | \ The details are shown in the references.
g pProcess ratio referenc
Core
“Modified URCA processes (n-branch)”

nn — nnuy

pne — nny, 8 x 107 {n_,_,JI
“*Modified URCA processes (p-branch)”

nn — nnuy 7 x 10" (n,)'/5T5
np — npr 1 x 10%Y( n.!_,,'lI TS
pp — ppurv 7 x 1(].':"{‘11‘_{_,)1 To
“*N — N Bremsstrahlung”

nn — nnuy 7 x 10" Zn. TS

ST e

np — npr 1% 10°°Zn. " Ts
7 x 10" Zn."T.
Crust

pp — ppui

“e — A Bremsstrahlung”
. e(A,Z) — e(A, Z)vi 3x 10 Zn.T5
X [km] “N — N Bremsstrahlung”
- e nn — nnu 7 x 10" Zn,/ T

0 0\.1‘3: 1.0x1 0:.\6 2 C'\1|:|:'3 0‘0\10(: 1.0x10%"
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Thermal distribution in crust of NSs

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

9.95e+08

9.9e+08

8.7e+08

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

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

1 9.95e+08

u 9.9e+08

4.0075e+08

4.00745e+08

4.0074e+08

4.00735e+08

D. N. Aguilera, J. A. Pons,
and J. A. Miralles(2008)

4.0073e+08

125126 HAREH



lemperature distribution

NY, Kotake, Kutsuna, Shigeyama 2012 in prep.

| |

15 <10 5 0 5

L
2
0

4.0x107

Temperature distribution for

is [keV].

0O 5 0 5 10 15 15 10 5 0 5 10

10 1
X[km)]

2.7 Ll A A '

10 1
X[km)]

: J

1.2x10"

8.0x107 1.2x10" 1.6x10" 0.0x10° 4.0x107 8.0x107

Relationship between the 28BB

Fig. 3.
and "-'1'“

work on the bursts

SUK" after 10" years depended on the inclination a

model “m

(Feroci et al.

-—d

S
n
|

vF, [keVZ/cm® s keV]

et al. 2006a; Nakagawa et al. 2007)

T T L 4 ™TrrT I _v ' 4 T T O |_t o e - : o ) ' »
(Morii et al. 2003; Gotthelf et al. 2004;
i BB(E:) ur resu S .'f.-):) 1'.-"1:3'_:1 et al. 20 :'.-)L: .‘.]t'l'r,"l:"’ﬁ el
BB(TH) tively. The circles and stars denote our
) and the quiescent emission, respectively.
- fit — the best-fit power law model
! result
Observation, Yujin, et al.
A A A A L.l l A A A L

10'3 - 1
100

10°
v [keV]

12%F12H6HANEH

Low T (keV)

The triangles and squares denote the

2004:; Olive et

temperatures k74
previous

al. 2004: Gotz

and the quiescent emission

Gotthelf & Halpern

al. 2006a

work on the bursts

respec

I'he line represents

(2009)




SUMMARY OF THE SECOND TOPIC

“Thermal evolution of magnetars”
(D  We could show the non-uniform temperature of magnetars.

(@  Our results are not consistent with the observations,

quantitatively.
Noda, Hashimoto, Matsuo,
NY, Maruyama, Tatsumi, Fujimoto
2012 Ap| submitted
DISCUSSION .

(D  We adopted only standard

0740-24

EOS, and cooling process.
— Other exotic model may
change our results.

(o))

T

AN

AN

[co]

o
AN

0002+6246

cf.) CSC, superfluid of hadron, pion

condensation, hyperon direct URCA, etc.
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Matter inside of NSs
+

Cooling of magnetars




- 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.)

Matter inside of NSs
+

Cooling of magnetars

- 2D simulation with implicit shceme

- We could show the non-uniform temperature.

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