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lemperature distribution
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FIG. 7: (Color online) Temperature distribution for model “mSUK" after 10" years depended on the inclination angle 8 . The
unit of color contour is [keV'.
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Fig. 3. Relationship between the 2BB temperatures k7 ¢
and kTyyr. The triangles and squares denote the previous
work on the bursts (Feroci et al. 2004; Olive et al. 2004; Gotz
et al. 2006a; Nakagawa et al. 2007) and the quiescent emission
(Morii et al. 2003; Gotthelf et al. 2004; Gotthelf & Halpern
2005; Tiengo et al. 2005; Mereghetti et al. 2006a), respec-
tively. The circles and stars denote our work on the bursts
and the quiescent emission, respectively. The line represents
the best-fit power law model.
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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.

S'tl’u Cture w/wo rotation, w/wo magnetic field, axisymmetric etc.
COOIing URCA, MURCA, HURCA., quark beta decay, superfluid
i
- Ohmic decay, Hall effect, ambipoler diffusion etc.

hthlng vortex etc.
eVOlu'tiOn thermal conduction in strong magnetic field

elc.
Gtmosphere Fe including effects strong magnetic field
&envelope

| |
Comparison with observations
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EOS & Mass-Radiuse relation DS+BHF(BOB+TBF)
A.W.Steiner, J.M.Lattimer, E.F.Brown

ApJ 722 (2010) 33

x10

INY et a

with pasta

BHF(UTBF by Pomeron
without quarks)

[Yamamoto, Furumoto, NY,

| .
HIRISR Rijken, PRC(2014)]
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COOLING OF
NEUTRON STARS

—
(o))
T T

Cooling...
— other physical properties

rotation

o

Neutron star mass (solar masses)

aT " n | | 0.5
Cl_,e(b_ + v . (e‘-(DF) — e~(DQ thel”ma| dIﬁCUSIOﬂ eq 8 10 12 14 16 18
\ at / \ Neutron star radius (km)

N T T T T T
heat flux cooling rate (neutrino) SN i <u§ S
‘ s } <
capacity || (thermal conductivity) i I ol 8 I
heating rate (magnetic field - Negld o 1%
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Thermal conduction In strong magnetic field

c,e”? 09T + V. (e*®F) =e’®0 Geppert et al.2004
ot

the thermal conductivity

K. Kn O
—Kn K| 0
0 0 K'H

Fe = e [VT + (wam)? (b~ VT) - b + wyr (b x VT))

here
K=

* iImplicit scheme

operator splitting

cooling rate(L)

The details are shown in the references.

| R
KO = —C\r\'"_r =
3
K'| = Ko
Ko
K =—7
+ 1+ ((DBT)?‘
Ko T
Kn=—""—"3
L 1+ (mpT)-

TABLE III: Cooling ratio in the cores and crusts we adopt

ratio

& heating rate(H)

process

referenc

Core
“Modified URCA processes (n-branch)”

T — nnyy

15

I

L

10 pne — nny, & x 10*'(n,)" 15
“Modified URCA processes (p-branch)”

5 nn — NN 7 % 10“’(71 )1 STs

np — npry 1 x 10*(n,)"’ "T“

(km] © pp — ppr 7 x 10" (n,) /3 T§

“N — N Bremsstrahlung”

31]

31
31
31

nn — nnev
np — npry

-10 pp — pprv

qs Lt 1111 “e — A Bremsstrahlung”
1412108 6 4 2 13 14 15 e(A, Z) — e(A, Z)vo
X [km) “N — N Bremsstrahlung”
Fl w F » nn — nnyy
0.0x10° 1.0x10°° 2.0x107° 0.0x10” 1.0x107 2.0x10™

7 x 10" Znl? TS
1 x 102°Znl3TS
7 x 10" Znl? TS
Crust

3 x 10" Zn,. T3

7 x 10" Znl? TS

31]
31]
31
32]

32]

nzk%Tne .
3mj

1538 13H%EH



HON

+

(1) axi symmetric
(2) equatorial symmetric
(3) no convection

e-tc 1412108 € 4 2 0 2 4 6 B8 101214 1412108 6 4 2 0 2 4 6 B8 101214

X [km] X [l\m]

GR correction Structures with rotation an
on the gravitational magnetic field
potential

ref) Mareck et al. 2006

NERRTE

O O N O N MO
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HON

+

(1) axi symmetric
(2) equatorial symmetric
(3) no convection

e-tc 1412108 6 4 2 0 2 4 6 B8 101214 1412108 6 4 2 0 2 4 6 B 101214
* X [km)] X [km]

+ Ox10 3:10'°  &x10 0 0.2 0.4 #10
GR correction Structures with rotation and
on the gravitational magnetic field

potential
ref) Mareck et al. 2006
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HON

+

(1) axi symmetric
(2) equatorial symmetric
(3) no convection

e-tc 1412108 6 4 2 0 2 4 6 B8 101214 1412108 6 4 2 0 2 4 6 B8 101214
g X [km] X [km]

+ Ox10 3:10'°  &x10 0 0.2 0.4 #10
GR correction Structures with rotation and
on the gravitational magnetic field

potential
ref) Mareck et al. 2006
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Study on (P)NS-structures

mMulti-dimensional evolution

¥ PNSs(R~50km) NSs(R~ 10km)

—=
2

c.f. See the reference;(2010) Physics Today

Chandrasekhar’s role
in 20th-century
. science

Freeman Dyson

Others >> C. Jacobi, R. Dedekind, P.L. Dirichlet, B. Riemann...

K.Kotake, K.Sumiyoshi, S.Yamada,
T.Takiwaki, T.Kuroda, Y.Suwa,
H.Nagakura (2012) PTEP

cf.) one-dimensional evolution
Heyney method (1964)
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2 DT ] G

b 6%) cf. Nomoto & Hashimoto(1988) Phys.
N dP Gm dP Gm .
&ipic » ér __ om P <
az:’:ﬁ]ﬁ y¥) dr p r2 dm 457 rd (3.1)
dm dr ]
K ‘ —_— = 2 — .
KE ¥« A dr S dm 4nrip (5-2)
ey dT 3 kp F ar 3 « F
«ﬁ ﬁwcﬁ,.i 7y ) dr dac T3 4nr? dm dac T3 (4nr?)? (5.3)
dF 4y dF ‘s
IR FIR. :iﬂuf"-/ﬁﬁ)) ar r-pq I q. (5.4)
L&y A
<EOS>

nic Lm}@%’f:'}%z] A CISYIN
LZIKEI’\J CHEFIBIFZ Z TR TRV, = ()T
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S0 EA|GFrEL (BErN)

cf. Nomoto & Hashimoto(1988) Phys. Iiep.

s dp Gm dP Gm e, ]
<<ﬁ5kﬁ. » ar __ om P '
’I@Z V¥ dr P r2 dm pp— (3.1)
f(& fk o ‘ d_m_ = 47 r? ﬁ _ (5.2)
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/ dr 3 «kp F dT 3 « F
~
“ ﬁg’h“fbvi 74 dr ~ 4ac T3 4nr? dm ~  4acT? (4mr?)? (5.3)
dF 4y dF 5
«BEH gAY @ P am ~ T °
L&y A
PI- fr.,,(
R
<EOS> P = ;;pT + P. + 3aT* (5.5)
Gy )

[FED)
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U [ i S (Efi‘f‘} in)

/s te) cf. Nomoto & Hashlmoto(l988) Phys ep.
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"DEFORMED STAR/PASTA DUALITY”

Deformed stars Pasta structures which are

(non-spherical stars) non-uniform structures in
| | phase transitions; neutron drip,
quark-hadron phase transition,

etc.)
droplet ro slab tube bubble

Hydro-static equilibrium Chemical equilibrium

fu = UB T+ GGy Hd = Hs = SHB ~ ey

SE[¢
% = VP + pVo — &ew -0 Hn=HA=pB,  MPp=HB+HUCH,  MHx- +pp = 2uB,
#;”‘Q) _ #H(Q) #f(Q) _ #;1(0) #H(Q)
’ v, L] g (= ?

ex) quark-hadron phase transition

repulsion = pressure and rotation repulsion = Coulomb interaction
attraction = gravitation attraction = surface tension

1538 13H%EH



"NODES & EDGES”

Put some nodes, numbering them randomly.

15F3H13HEEH



"NODES & EDGES”

15F3H13HEEH



"NODES & EDGES”

15F3H13HEEH



Connect the nodes with edges making triangles
as you want.

1538 13H%EH



Connect the nodes with edges making triangles
as you want.

1538 13H%EH



Make the matrix which shows the relationship between
“ the nodes; if they have an edge between two nodes, put
“1" otherwise put “0" In the matrix. Then, you will get a
beautiful symmetric matrix, which i1s known as an
‘adjacency matrix’ in the graph theory.

P O DO R SR
| e {01 S B B B O R (012 2(0) - (0
J Jee il GEHOE0) 519
3 9 G G el 0l O
4 0 O | 0 O
S0 | O 0
S g el 0 O I @
J 8 e 5 il G
CRIE 0 =010 0 R
PRS00 00 = [ 0 [hes 0

1538 13H%EH



1 |f you give each node the physical

density, ...) considering with the re

neighboring nodes (and/or the adj

6

quantrties; position, and

x| | agrange values(mass, angular momentum, entropy,
fractions ...), you can get Eulerian values (partial volume,

ation between
acency matrix).

D
S ARNEd= X, M, |, S, Ye, YN, YP, VHe

—  av, P, I .

1538 13H%EH



'0.31 I | 1 1 I | |

-0.315 | \ -

Find the most optimal o0 - "‘*Es_'rg‘ﬁl‘:":‘lgf‘_
arrangement by changing £

the positions of nodes T T T
finding the minimum total § .| ]

- of entropy

energy. ;
-0.365 - "'\__parotropic calculation / -

N

—n)

- 1 . 1/ 7:\? o
EFEM(rz) - Zsimz + § Z@imi + Z 5 (;1) m;, -0.37 L ] 1 1 1 1 1
‘ ' ‘ 0 100 200 300 400 500 600 700 800
lteration Number

Now, you may think that this i1s about two dimension.
Of course, If you give (X;yi) as the positions on nodes, It
becomes a two-dimensional topic. But, If you give (X,Yi
Z, ...), It becomes the multi-dimensional.
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Stellar structures without H¢iland criteria

barotropic case baroclinic case
4.0x10°
edgesand nodes |[.41 o 1 2 3
P log p
2.0x10° | -
.’A:- .;" A% =
'E »{5}" ";f $37 4’{ :
f"ljll ,’ el /
2 0.0x10° —
N
-2.0x10° |
S J
[ — )
4.0x10° 145 15 155 16| 0 : 5 , 1

20x10° 0.0x10°  2.0x10° X [km] 2.0x10°  0.0x10° 2.0x10°  4.0x10°

Figure 1. (color on line). Structures of a star in rotational equilibria for barotropic (left four panels) and baroclinic (right four panels)
EOS’s. The upper left quadrants show the nodes and edges in the triangulated mesh. The other panels display clockwise the color
contours of logarithmic density in g/cm?, specific entropy in kp and specific angular momentum in 10®cm?/s. The color scales are

identical for both cases.

We succeeded to get hydro-static equilibriums for stars with realistic
(baroclinic) EOS in Lagrange coordinate. The distribution of specific angular

moment j is not cylindrical as shown in the right panel.

— Bjerkness theorem.

1538 13H%EH



Now cheking

0.035
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B 0.025
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0.015

0.01

0.005

Uryu&Eriguchi method,
Fujisawa method (hew!)

1 F | | | | | | |
‘_§ [
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lteration Number
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Virial constant—/OK
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"ON GOING PROJECT™




2007~
Some X-ray transits have
strong cooling mechanism.

' — Exotic matter

105G
' Matter Inside
e o of NSs

What does exist inside?
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NTRY—(7 RN DWIHE
Wood & Hollarbach (2015) arXiv 1501.05149

(a)t=13 ms

(dt=38ms

AR DWebR— S

i (©9)Nakano MRIIZ & 2 NSsDHgHE D iR (0~38ms)

Makishima et |. (2014)PRL 112, 171102

Masada et al. (2015) Ap] L798.22
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SUMMARY

IR LIREESE (baroclinic) CEIEEAI Z{REE T'IC.
M OBEEREIEZRDS & TOFEEHRIRERDZFiE%x
HRTHHTHEEL
—-hEFEICRSY, (RR)IEE. (RR)XERE

HO5WBEICERATES !

Future works
(DR E &EE U GELETREZ 1T > TEHEl & LEARTLY,

« 2DEFRETE TV I RY —DELEHEZTAD LS ICE>Teh 3DICHLEIR L =LY

o= ; -
—2, 3F%&? poloidal toroidal
§ ) ..\ ................
forlEo

:E)l/\ Z“g;g&bCE) ‘_ B

BEGETINEBIREZENET S ? “ o +AB

K.Nakazato 2014 PRD
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SUMMARY

IEMNRIREESFIER (baroclinic) CEIEGAI ZREH I IC. _—

P OEEEERDS & TCOFERIREKXRDZIFE% /\ y
HERTYIHTEEL o ]Q ) /J
-HEFEICRES Y. (FR)IEE. (FR)XRELE | r /
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