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@ Strange Hadrons

de¢ de€
e 6"
T s
proton A hyperon

@ Meson condensate (K, )

deo ueC
u S
T anti kaon

@ Quark matter

@ Quark pair condensate o °, 0
(Color superconductor) M~14M,_, P~ (3-10) P,
dOk«u
2SC
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— appearance of A
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BEOVHMEFE M~2M )

s —HHXRIIRIZLS Time delay
@ Einstein delay : /\)LY—DEBICKLS:EN
@ Shapiro delay : FEDENFZICKHEN

B \E

EFEDRER (J1614-2230)

@ Shapiro delay [CKDEEDFE M =1.97+0.04 M
Demorest et al. (2010)

N N
( o) R —

N

r , .
Ag = —2m llu— + In (1 — sini sin @)
a

Demorest et al., Nature 467 (2010) 1081.
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OS w/
trange

ﬂdrons

0.0
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Radius (km)
PSR J1614-2230: 1.97 £ 0.04 M | Demorest et al., Nature 467('10)1081 (Oct.28, 2010).

PSR J0348+0432: 2.01 £ 0.04 M | Antoniadis et al., Science 340('13)1233232,
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Glendenning & Moszkowski (1991)

TABLE 1. Values of the hyperon-to-nucleon scalar and vec-
tor coupling that are compatible with the binding of — 28 MeV
for A hyperons in nuclear matter for two values of the nucleon
(Dvirac) effective mass at saturation density.

s RMF with hyperons

i n Y 3 4 Xa
? p, ? G’ (0, p / 0 ) ¢ Xu m* =07 m* =078
s —_ —_— 0.2 0.131 0.091
@ Givex =g /g andfixx =g /g _tofit A 03 o201 023
separation energy. y 0653 036
0.7 0.783 0,200
@ x =0.6 > m*/m=0.7, x =0.653 05 os o
() 3 ()] | .17 1.23
(similar to quark number counting
result,
=2/3)
— 1:
RO, £
2 7 A -
e e % o
& 1 (07.300) - 5 .
E {(0.78, 300) i
x 8
EE 1.5 g 0.013
& — s
1 0.001 T T T T T T T 11
0r|11r—-.-.-.-.- 131:1,””14:5”||1|5””15r.5””1':3 D1234?{Em;3910"12
3 04 06 ﬂz 07 08B 08 1 log tEC gfﬂmsi

N.K.Glendenning, S.A.Moszkowski, PRL67('91)2414
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Relativistic Mean Field

# Mean Field treatment of meson field operator
= Meson ield operator is replaced with its expectation value

¢(r) — <o(r)>
Ignoring fluctuations compared with the expectation value
may be a good approximation at strong condensate.

# Which Hadrons should be included in RMF ?
@ Baryons (1/2+) p,n, A, X, 5, A, ...
@ Scalar Mesons (0+) (600), f (980), a (980), ...

@ Vector Mesons (1-) ®(783), p(770), ¢(1020), ....
@ Pseuso Scalar (0-) n,K,nn' ..
@ Axial Vector (1+) a

1, o000

We require that the meson field can have uniform expectation
values in nuclear matter.

— Scalar and Time-Component of Vector Mesons ( 6 , ®, p, ....)
" A. Ohnishi @ Niigata U., Dec.11-13, 2017 7




ca) Model

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1

# Consider only 6 and ® mesons

s Lagrangian

L=@(iy'0,~M+g,0-g,V w,)y 6,
1 1 > - 1 v. 1 o
+58“08”0—§msc _Z}TH\,}TlJ +§mvw”w” i"'O
(vazapwv_ava)
s Equation of Motion 0 [ 0L ] oL _
@ Euler-Lagrange Equation ox'| 0(0 (I)l) 5(])

o: [8p8”+m§]0=gSLTJL|J
w:o, F+mlw'=g Py'y - [8,0"m’|w’=g Py'y
w:[v'(i,-g, V)~ (M -g,0)]w=0

A. Ohnishi @ Niigata U., Dec.11-13, 2017 8




EOM of o (for beginners)
# Kuler-Lagrange LEq.

apF“V'l'WZi(DV:gVLTJYVL]J
# Divergence of LHS and RHS
0,0, F" +m(0,w")=m,(5,w")=g,(0,Py"P)=0

LHS: derivatives are sym. and K. is anti-sym.
RHS: Baryon Current = Conserved Current

# Putitin the Euler-Lagrange Eq.
0,F""=0,(0"w"-0"w")=0,0"w"'-0"(0,w")=0,0"w"

A. Ohnishi @ Niigata U., Dec.11-13, 2017 9



Schroedinger Eq. for Upper Component

# Dirac Equation for Nucleons
(iyo-y°'U,-M-U,)yp=0 , U,=g,w , U=-g,0
# Decompose 4 spinor into Upper and Lower Components

_ l
E-U,~M-U, TeAY (f)zo &= gam+u —u, OV
—-i0-V —-E+U —M-U_J\d (E-M-U ,-U) f=-i(cg-V)g
# Erase Lower Component (assumipg spherical sym.)
—i(o-V)g=—(o-V>j(<o-V)f=—j(v2f—jfj,,j( (o-r)(o-V)f=—V§Vf+j—[%§]<o-z>f
(og-r)(o-V)=(r-V)+io-(rxV)=r-V—-ag-/
s “Schroedinger-like” Eq. for Upper Component
1 —_ —
Vemreu—u S HUAUAUL(0D) f=(E-M)
ULS=l[i ! ]<0 on surface
rldr EX*M+U -U,

(Us,Uv)~ (-350 MeV,280 MeV)
& 2y Smalldentral(Us+Uv), Large LS Usnkiv)a viigata U, Dec.11-13, 2017 10




Nuclear Matter in cao» Model

Serot, Walecka, Adv.Nucl.Phys.16 (1986),1
# Uniform Nuclear Matter

Pr d’ p ., 1 221 5 5
ElV=yy SE +—m 0 -——m,w+g pyWw
(2717) 2 2
& _ & j”F ip M (M'=M+U=M-go, E=\p+M"~)
m2 PV m (21T)2 E’
g (7 d’p O
SPs=Y !
m2 ’ va (271)’ : a
10 — ,’ / ]
= B NEUTRON / | x__;'
L MATTER - f ,
Yy = Nucleon degeneracy S I Vi
. = O S — [ ]
(=4 in sym. nuclear matte; N
o .,
Problem: EOS is too stiff || - wrE 0 /) E
K~ (500-600) MeV ! j SN
— How can we solve ? o {}!5 T 1!0 o 1!5 T 20

ky, (fm™")
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o w model --- pros and cons

# Pros (merit)
@ Foundation is clear: based on the success of Dirac phen. and DBHF.
@ Simple description of scalar and vector potential in 6 and ® mesons.
@ Saturation is well described in two parameters.
@ Natural explanation of large LS potential in nuclei.
8 Cons (shortcomings)
@ Relation with the bare NN interaction is not clear.
@ Especially, pion effects are not included.

@ Symmetry energy is too small.

@ Incompressibility is too large (K ~ 600-700 MeV)
(c.f. Empirical value K ~ (200-300) MeV)

@ Chiral symmetry is not respected.

A. Ohnishi @ Niigata U., Dec.11-13, 2017 12



High Quality RMF models

# Variety of the RMF models

— MB couplings, meson masses, meson self-energies |

@ oN, oN, pN couplings are well determined

— almost no model deps. in Sym. N.M. at low p

@ ©*term is introduced to simulate

DBHF results of vector pot.
TM: Y. Sugahara, H. Toki, NPA579('94)557;
R. Brockmann, H. Toki, PRL68('92)3408.

@ ¢ and o* terms are introduced

to soften EOS at p,.

J. Boguta, A.R.Bodmer NPA292('77)413,
NLI:P.-G.Reinhardt, M. Rufa, J. Maruhn,
W.Greiner, J. Friedrich, ZPA323('86)13.
NL3: G.A.Lalazissis, J.Konig, P.Ring,
PRC55('97)540.

E/A (MeV)

— Large differences are found
at high p

~~~~ 63 4
e
60 - E 7
SCL3 ! 7/
SCL2 j /0
; TMIL - : / q
"1'0 _\:Ll .."l . "I'-II.--"II /
NL3 —— .-". I fmﬁ"
FP O e s
20 B RBHF o) ."IJ" ﬂf
rl -'..*"-'II d
L E:';._,_-f"r
DA |
0 ——
P S Nez
B qear AT o
_20 ] ] ] ] ]
0 0.1 02 03 04 05 0.6
-3
pg (fin ™)

K. Tsubakihara, H. Maekawa, H. Matsumiya, AO,PRC81('10)065206.
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How to determine Non-Linear terms ?

# Method 1: Fit as many as known observables

@ EOS, Nuclear B.E., High density EOS from HIC, Vector potential
in DBHF, Neutron Star, ...

Heavier side

Lighter side

B/A(MeV)

SCL2 ———-
- TMlapd2 -
E‘I_P. e

sun

Pressure ( Mﬂf’ffmj]

10° : : : : : : ; ~ 1500 —73 ' e
; = - SCL2 P
- — TM1 -
) Z 1000 | NL1 -
10° I o
=
W
1| E
10" ¢ i
=1
=
W
ol .
10" ¢ il Danielewicz et al : =
=
0.1 02 03 04 [l"" 0.6 07 08 3 S

pr (fm '
g (fm) 02 04 06 08

EEE 'Cd)/\«f/\l:l/wﬁfﬁlﬁ STl
T—07, EEL TG !

P. Danielewicz, R. Lacey,W. G. Lynch,
Science298('02)1592.

R. Brockmann, R. Machleidt, PRC42('90)1965.
K. Tsubakihara, H. Maekawa, H. Matsumiya,
AO,PRC81('10)065206.
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CNFETICHEELL BHoI=DH ?

s BPMEDD/NAROV-RTFIIYIL?

@ U.(p,)~-30MeV, U (p)>+20MeV, U_(p,)~ -14 MeV
8 NAROV-INROVEEER?

@ Nagara event — AA RT3 )LIXEELVE| A,

°» EEETRAONLGS?
s RKPHEFERFRDORTUIvIL?

# Three-baryon (3B) interaction ?
# Quark matter core ?

# Modified gravity ?

A. Ohnishi @ Niigata U., Dec.11-13, 2017 15



FEATDY ., 5 DT/l ?

s HFLLVY &ERSEER : °Li (-, KY) XHe &I HT (A02, Harada)
— U, ~+30 MeV (consistent)

8 2 INAIN—RERZEE — B.E.=9 MeV & (4 or 1) MeV
— CNETEESA T E=ARTUOYIL (U~-14 MeV) KYUEZRL

4‘ ~ < N
1 : =
lEl:I_ T T T T T T T | T T T | "I.-I I'I r| | ] 1__:._258 2+—j___- T‘i"— E 5"II-21
e=—15MeV is fixed : i ! T MR 1
5 =10 ok L 4] _ S
_ oo x2/N —0.80 G s o 4, 13
. Jicyst e el — 3
E:E : (f,=0.77) +10 N 3 ‘:I_:.- ?% —3 2 :
= 0r M obBE . 2 T P32 32
= "He+T" LT R threshold S -0 :
= | . N > : F ‘ i ccAMD  Exp.
e 60 : \\E} l? ‘ 22 =
ey - It 1 r‘ll :
3 Vs dependence : @ -2t 3; F . : g
£ wof e X J 2 RS-
. n,  +a0 0 S S
2 Harada B0 E 4L T 1
= 3':' -"'*" e E  IF— Ehime NHC-D
, | | "B@=" dcmlr‘lam
SE40 SE60 SHAD 5800 5820 gl 2 Escoad oo " 10ge@ =" domlnam

Missing mass M; (MeV/c®) Fd
Matsumiya, Tsubakihara, Kimura, Dote, AO ('11)
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AA FRF2rS4 )L ?

s Nagara Event — a (AA)=-0.575 fm or - 0.77 fm
Hiyama, Kamimura, Motoba, Yamada, Yamamoto ('02), Filikhin, Gal ('02)

s FIULERIE : AA correlation from HIC (Morita)
— -1.25 fm <a (AA) <0 (Consistent with Nagara)
Exp: Adamczyk et al. (STAR Collaboration), PRL 114 ('15) 022301.

Theor.:Morita et al., T. Furumoto, AO, PRC91('15)024916. NP -v-
NSG97 -
g
AA corT. (Cyl., W/ C g, 1=(0.67)7) MEO 15 * fss2 ®
' ' ' 15 (1/ag=-0.8 fITIq.]Il Humﬁrﬁ o
] . .« * STAR
- '-___- r-.--"
£ 10 0@ C )
v . I
— 0.9 ] - I
UE fss2, Ry=2.5fm —=— " e ¥4
ESCO08, H =2.5fm ...s. 5 i
FG. Rj=2.5tm o P el
0.8 HKMYY, Ry =25fm o | LL (A=(8.67)2)/ . [ [
LLE_ %n aﬂ} %
free ) 0 ' '
0.7 - STAR 0-80% —#— -5 -4 -3 -2 -11 0 1
0 0.05 0.1 0.15 0.2 1/a~ (fm-
q (GeVic) o (fm™)
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CHFETICEEELSHo/=DH ?

* BMERDNAROL-RTUIRIL? () 130 MeV)
X
@ U.(p,)~-30MeV, U (p)>+20MeV, U_(p,)~ -14 MeV
8 NAROAV - INAROVHEHEER? (U< -14 MeV)

@ Nagara event — AA IRTU v )LIEEELVE| 1, OK
° EHEETRAINELED?

s RKPMFERFREDKRTUvIL?

# Three-baryon (3B) interaction ?
# Quark matter core ?

# Modified gravity ?

A. Ohnishi @ Niigata U., Dec.11-13, 2017 18



BOBRTTE

# Three-baryon (3B) interaction ?

@ “Universal” 3B repulsion
Nishizaki, Takatsuka, Yamamoto ('02), Tamagaki ('08),
Yamamoto, Furumoto, Yasutake, Rijken ('13)

@ Repulsive ANN potential (or density dep. AN pot.)
Lonardoni, Lovato, Gandolfi, Pederiva ('15), Togashi, Hiyama, Yamamoto, Takano

('16), Tsubakihara, Harada, AO ('16)

@ Medium modification of baryons (Quark Meson Coupling model)
J.Rikovska-Stone, P.A.M.Guichon, H.H.Matevosyan, A.W.Thomas ('07),
Miyatsu, Yamamuro, Nakazato (‘13)

# Quark matter NS core ?

@ First order phase transition
L. Bonanno, A. Sedrakian, Astron. Astrophys. 539 (2012) A16; M. Bejger, D.
Blaschke, P. Haensel, J. L. Zdunik, M. Fortin, arXiv:1608.07049.

@ Crossover transition to quark matter Masuda, Hatsuda, Takatsuka (‘12)

#a Modified Gravity Astashenok et al. ('14), M.-K. Cheoun's talk

A. Ohnishi @ Niigata U., Dec.11-13, 2017 19
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Hyperon Puzzle

28
54 PNM
PSR J0348+0432
2_0 R, EEE R
AN + ANN (1) PSR J1614-2230
=] 16 r
=
= B
12 AN + ANN (1)
08
04
0.0 ' ' : :
11 12 13 14 15
R [km]
Lonardoni, Lovato,
H 4
Gandolfi, Pederiva ('15),
2.5 T | T | T | T | T
this study(TF) —— [
this study(BPS+BBP) -------
20 KMS12(BPS4BBP) === =
.. PSRJ1614.22%
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= - o194 | d
= 1ok 2t .
’ 190 [ i
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05 — 186 1 1 1 1 ol NI
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1 | 1 | 1 | 1 | |
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OMC, Miyatsu, Yamamuro,

Nakazato (‘13)

M/Mstar

Yamamoto, Furumoto,
Yasutake, Rijken ('13)
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F—IREBF AN DT
s E—REHE (BHHSHFELISELIDLEH)
o 2 BFMOBAEH TIRRFHITEZ SN
o I HFMISELMBAHYLE

‘ NXNEBLZFNANROEEE 3 M EEZSCEHBE I

2.4 - -

350 E/ A 22 -
n -

250 - 1.6 :
= A '
2 o Pure | 2T
L 1.0
| Neutron. o8 |
Matter 08 r

04

D.u L - 1 - 1 . 1 - L S
iR B0 100 1.0 T

Akmal, Pandharipande, Ravenhall ("'98)
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3 (or BEMTFS) DR
s K@ (bare) EIERESH N —» 94— JIL—FVH
s AMER3AN (FEE-ER34KH)
N
A

s 2nn ZMAPEPRRBICE 15/ HEfth 2=
— B ADBPICEEIF AR

KR #

N N
N N

Pauli
—| blocking
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Potential (MeV)

NANO 3 @ ( FEEFME)

U, (MeV)

| Tsubakihara et al. ('10)

: i
neutron matter /;f/
| 4
NLO+3BF/
0 VA
/ /NLo |
{i{-" ...‘1‘ T
.l'rf -..‘I
_ Nijmegen | |
NSC97f ) |
40 ] |
Weise
L | e 2
0.5 1.0 - _
p/ I:"n

-150f =

ChEFT(A=550 MeV)

2 3
o/po [pe=0.166 fm ]

Chiral EFT F T3 #hZ%F®& — U I£p, LA TLFARHS




NANONEB B ?

s FIEFHEORE —» N\ ARAVASZXIVIZEYREIZ,
* EHIIE#HE (B.E.>1MeV (emulsion), B.E. > 10 MeV? (E07))
o K# (K-pp) HFEME (B.E. ~40 MeV (E15))
o Y-BZHEEEAIIFA (UZ ~+30 MeV)

s EOVHEFE 500

+ BRI RILF—INTGA—4

— un (4n0) >300 Mev 400
4 l\'{;j\;efjﬁﬁﬁi % 300 |
s BEEMMIRILE—IC . 200/

s IRTF =

100 |
o 1 2 3 a4

n/ no
A. Ohnishi @ Niigata U., Dec.11-13, 2017 24




NARNOFEL EOS TD MR BI#R

APR — —
2 _DBHF - \ PSR J1614-2230
- MIB:E \"-..,H PSR J1903+0327
a o | PSR B1913+16
= . Ao
—
1 é\o ?’ Steiner et al. |
E ‘.,((?:r Q:Srq' (2010)
Q{/
gwA/ng = 0.9
gwA/ng — 2/3
0 ] | | ]

0 2 4 6 8 10 12 14 16
R (km)

g /g >0.8 THHIIL N1/5—FT—2FFHBHL DD,
| 2m onrrEsEI AL THS,

[ YITP Kyoto 3




FEH

s PEFEDRMETRE

° ZWHE - XEYE - YIEME PR E DEH
— RF&EDE (BFZSHME)
& RF#HEXRGYE (B LEXL)

s hEFBFMED EOS
o 5 FEMTHHIRILF—NFA—2LEHBSN T
o LMLISHEIL, ZELTHEFERAEICIFTLERESLEREE

— to be continued
s \AROYV- N
3N VF—VME?BIEEAN?

o YN, KN HERIZE S EEHHEIZKYT—4%
ERH (~ (1-10) MeV DEEEE ) [<BLBAR

@ NARAVOEBRIIF/HRIRILEX—DHURTE.
FHEFEDFRRERIIIENIZIEKE

— to be continued
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s BEETORBFIRILE—=F

— RIBF £8&

BEZ (1): ST IF—

s WHRIRILF—INFA—43
Skin thickness BI5EH$ (HTHVY )— RIBF EE&

7B EICEENICEE

s FHEFLVTESHRBEZRFEORFE

190 —s
| Excluded
100 =

sl

60 =

L [E\-T( ’.\-’r]

40
x:"

an 1o o
20 "

i

oalos
i

8

a )
Fep (Sv, L) =ap + @5y + mL + 338, + aa5.L + asl”,

-

Symmetry Energy

SLP‘GP\// A
; 60 g B
(1) 7
=
5 40
? /
20 |/
 /
o U
0 1 : | |

u=n/ng
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B (2): NARO/ X)L

s PESNTWABRAER:3HN. V94— VE.BEEA
— IREREBAITROHAICIK?

s 3ENER: A RFRTUOONRILDIRS I BEEREEIA
— 100 keV DFEETONA/N—BEHAIRIILT—HIE

Kohno ('17), Petschauer, Haidenbauer, Meissner, Kaiser, Weise ('16)
Isaka, Yamamoto, Rijken('l17); Yamamoto, Furumoto, Yasutake, Rijken('17)

La n— K —ng\”
AN TL()+ A n no N
3 0 18 0

UA(n) = UA(TLO) +

J Chlral EFT, 8 F&A (ST 3ETN) + B4 [THIFF

- 25 |

—10—_ %
E —15-_ %
i =20 . N

PPN Y //Yamamoto, Furumoto, )

] ™ Yasutake, Rijken ('17) 20+

0.00 0.05 0.10 0.15 0.20 — : : ‘
AT 50 100 200
YETP. . AQO, Tsubakiharg, Harada (in prep.)
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EZ (3): AP IHEFEDE

s HEFEFFEEHASERFEIE Observational NS physics
@ NICER #Ei$,2018.09 {<HL\HST—ERK?
® XARM (U &H R )
# Binary Neutron Star Mergers (GW170817 by LIGO/Virgo)

o RFETFED 10 EERENDSTEEMEER
o PFEDHRKREE ~(2.15-2.25) M (Shibata et al., 1710.07579)

APR | Y,
2 _DBHF S PSR J1614-2230 5 I T |
- ME(F; \“=,\ PSR J19034+0327] 30 - by Kiuchi et al.
a . "".‘ PSR B1913+16| 25
E Q\o I‘I‘IN | —
— 1 EERSS ‘u _— = 20
E ‘\S,@ Q(/q; \ (Szztg;rat)ar etal. z
\\‘\‘:‘:::_7_7 e, 1 0 [
0 - 5
0O 2 4 6 8 10 12 14 16 5

R (km) 11 12 13 14 15
Log;lp (g em™)]
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Thank you !
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A little on NS cooling & Magnetic Field I

A. Ohnishi @ YONUPA, Aug.17,2015 31




Neutron Star Cooling

# Direct URCA process Casino de Urca @ Rio v e
n—-pte +ve, € +p—o>n+r pVV
@ Dominant at high T (T>10° K) T";V
@ Suppressed at low T (T < 109 K) n

# Modified URCA process
n+n—-n+p+e +ve, n+p+e —n+n+r,

@ “Standard” cooling process of young NS (t <104 yrs, T > 108 K)

# Non-standard cooling processes n R v e
@ Y-URCA V
Y- N+e +ve, ¢ +Y = N + 1, W
n’ 'n

@ 7 cooling
T +n—-n+e +rv., n+te >N+ T+ Ve

@ quark beta decay
d—>u+e +v.,, ut+e —d+ruv,

A. Ohnishi @ YONUPA, Aug.17, 2015 32




Direct URCA suppression

s D-URCA is suppressed at Y, <0.11 Yp<1/9
@ Equilibrium condition: p, = p, + pe l:(f) B(:e)
I;%\Z) + M, + U, = Z%\Z) + My +Up + Pr(e) P(n)
@ Charge neutrality: Pr(p)=Pg(e) P(pl P(Q
@ Momentum conservation for zero momentum v emission P(n) ]
Prp(n) =2Pp(p) — Y, =Z/(N+Z)=1/9=0.11 p -
@ Y-DURCA and q-DURCA is free from suppression "\ A VV ’
s M-URCA is slow W
n’ n

I= 5(Ef — E;)0° Hyl2f1 1201 — £)(1 1 v L
=3 / (Ef— z) (Pf—pz')| f?l| f1f2( —fl)( —fp)( —f6)1:[ (2,”)3

1/3 8
LPURCA — & M (Po) (10§K) (C ~ (0.8 — 5) x 10%%rg/s)
p

Shapiro texbookt

) I - Pas u
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Neutron Star Cooling (cont.)

# Many of neutron star temperature observations are consistent
with “standard” modified URCA cooling (with some heating).

# Some require faster cooling.
Need some exotics.

a4 Exotic COOlillg 1S too fast THERMAL EVOLUTION OF HYPERON-MIXED NEUTRON STARS
if there is no suppression N\ | | | |
mechanism. Superfluidity
is a promising candidate.

35

Log Ly (ergsisec)

Log Time (years)

Tsuruta et al., ('09)
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Nuclear Superfluidity and Cooling Curve

# Surface T measurement and Cooling curve
@ Stable superfluid — Gap — Suppression of v emission
@ Onset of superfluidity — Rapid cooling

@ Precise T and Cooling rate measurement in Cas A
Heinke, Ho, ApJ 719('10) L167 [arXiv:1007.4719]
Page et al., PRL 106 ('11) 081101 [arXiv:1011.6142]

s Can we predict the pairing cap around 5p,~  ©°s 1772 3 45678
10.01- p ('S -
L et PI
log T,
. nn Cooper (K)
2x10° pair

10 ,

? i F\‘ “’ ‘_;V -J H

¢ . 5x10° | % wy o A\\
" L x"rr BOr n
vo5 L 2000 Year 200 ! ! 140 145 150 .
1 10 100 1000 10* 10° log P (g/em’)

my" \?Qs AN
YTPL}@ A. Ohnishi @ YONUPA, Aug.17, 2015 35




Magnetic Field

# Magnetic Dipole Model e

6| TG |
(cf. Shapiro, Teukolsky) T EREIT | e g
. . ”:; -8 T“Igfh‘“ pﬂ:::; in binary d}ﬂ;ﬁv\;—i/ ]
@ Magnetic Dipole Moment 2 o
1
_ 3 T
|m| _§B}OR ) %
5 2 a? B§R6Q4 sin? « g
= — —— N et uri
3c3 6c3 <
@ Rotation Energy of NS )
1 . :
E=-I0*, E=1I90,
2 log spin period (s)
_ (9) _ 61c Ho, Klus, Coe, Andersson ('13)
B Q)¢ B2RS sin® aQ? o Bp
age:t ~1T/2

# Magnetic fieldin NS B=10"-10"G
@ From P and dP/dt, we can guess B and t (age) of NS

A AVAS pas e
L YITP o7 m A. Ohnishi @ YONUPA, Aug.17, 2015 36
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Origin of Strong Magnetic Field

# How can we make strong B ?
cf. H. C. Spruit, AIP Conf.Proc.983('08)391.

@ Fossil field hypothesis ( {6 A5 )
(flux conservation)

@ Dynamo process in progenitor star |
evolution (B | N

@ Ferromagnetism N
e.g. Yoshiike, Nishiyama, Tatsumi ('15) e

# How can we keep strong B ?

@ Dipole magnetic field is not stable
Flowers, Ruderman ('77)

@ Finite magnetic helicity H = f de A- B

makes magnetic field stable.
Prendergast ('56); AO, N. Yamamoto, arXiv:1402.4760;
D. Grabowska, D. B. Kaplan, S. Reddy, PRD('15)085035.
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Chiral Plasma Instability ?

# Chiral Plasma Instability
AO, N. Yamamoto, arXiv:1402.4760

@ Left-handed electrons are eaten
in electron capture — chiral chem. pot.

p+e; =+ n4ry.

@ Chiral plasma instability: N_ is converted to magnetic helicity
Akamatsu, Yamamoto ('13, '14)

jz = E:;mﬂz d ( 5 “H) Ng = [fi.rrta

dt

@ Finite magnetic helicity makes
magnetic field stable.

'H=fd.;-:A-E

@ Electron Mass may Kill the instability.
D Grabowska, D. B. Kaplan, S. Reddy, PRD('15)085035
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