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Do you know Yukawa Institute ?

# Yukawa Institute for Theoretical Physics, Kyoto University

@ Founded in 1953 to memorize Yukawa's Nobel prize
(first winner in Japan).

@ Domestic & International Collaboration program
20-30 domestic workshops, ~ 10 international workshops,
~ 1000(?) domestic visitors, 600-700 visitors from abroad

@ We will have around two long-term‘workshops annually.
Thank you for part1c1pat1ng the long-term workshop NFQCD 2018
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Symmetry Parameter Constraints
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i BEEZYE (OCD Phase Diagram)
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Crab Nebula |

SN1054 (e.g. Meigetsu-ki, Teika Fujiwara)
Crab pulsar. (PSR ? 34+2200), discovered in 1968.
. = t ot (R “.ﬁ‘g;. ; —. o o "

e O

.




Pular position
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HEFEDERIIEE
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M FEDMELHRS

Fe core Collapse ) Core Bounce

pe~10%° glem? ~3x10* glem?
T ~1 MeV T ~10 MeV
Y,~0.46 Y.~03

a-
Merger
10060 km Shockwave pe ~ 10" g/em3
f v v T ~ (30-40) MeV

.. /" p~6x10M glem?
# T~10 MeV

\ . Black Hole

pc~10" g/cm3

T ~(70-90) MeV By Sumiyoshi
—Ye ~ (0.1-0.3)
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hE-FE DR (1)
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hE-FE DR (2)

s AEFZ2 7 (outer core)

o BTFRBED 1-2 {5125 : RFHABIT, —REmE~
- it 7 - BT - BF (BT BFXPHETFO 10% BE)

s hEF2 Ul ER (inner core)
o [RFREEBED 2 fELLL

o FHBIBHHA>TLEL b
)
dee 460 dOC

Pfd gy S &
d&bu “‘»S d@®e 0°9 XX? s

1
avmF K¥MT 7+ — 2%t M~14M_, p_~(3-10) p,

A. Ohnishi @ Nagoya U., Dec.4-6, 2018 17




BE- FEHRERESFER
s HE - FFBE M-R curve) &
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BE- FEMRELETER

TOYV equation
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Neutron Star Structure

# Dense core + Thin Crust

1 | | |
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Hyperon Puzzle

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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EBEAMFESHK

s GW170817 0

B. P. Abbott et al. (LIGO and Virgo)
PRL 119, 161101 (2017)

o EEF M=274% M_

o TATNhOEE 1.17-1.60 M 30 20 10 0

Time (seconds)
— BEPEFESHK
(Binary Neutron Star Merger)

@ Gamma Ray Burst (GRB170717A) A%
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M. Shibata et al., 1710.07579
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BE 1. RFEDKES
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BrER
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LB %

s albTaoh—AERK

{— h;zz = V(r)} U(r) = EU(r)
mEL<E
(Ho + V)¥(r) = BV (r) (Ho _ h;f)

s RERE  BATREBEH v AEROISESL,
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R TRE SN TR HSEEIBER

r—00 jk-r ther /= EEL RS
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TN OF EE R THREMRATTEE.
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B AL 7 0E &l 27 B B
s RNDOEBE
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B AL KB ETR D = BE
s abTaVH—HAEBR
(E-—H)v=d, &=VU
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NJL T

s FELIRTE
f(0,0) = hg (ke |V]¥)
2D vy ESF-E:&'CJEM (RILEH)
fBorn (0, ) = o hg (kyr|Vik)

K |V|k) = / dr e TV (r) e = V(K — k)
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BHRARRT 1 )L -G T F
8 BHIAARTIOOYIV(RFRERERFDRTOIYIV)

V(r) = /dr’v(r —1')p(r') —é\;'f*fi -BFRTONIL
p
7—ITE#H
V(aq) =v(q)p(a) = v(q)F(q)
o BELIRER WERT
d 2 -
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RFZEEOBEEEE = ZFEOREEEBEX | EERF
(FRILEE & BARAADIFEE)
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ST+ —RFEEL

s ZIRTIIYIL
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e 1E &l-F
s BENRAHTHHBE |
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RFEDEES T

s BFHEICKARFROBESAMHAR
Robert Hofstadter (Nobel prize in Physics, 1961)
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RFEDEES T

s [RFBICBITABTFDOHEE: Woods-Saxon ( £F/=lE Fermi) &
PO

L exp [TIps]

Rwsg ~ 1.07AY3 fm, d~0.54fm, pg=~0.16 fm 3

—REKELTEYBEFEFETHRAIT S
R=r, A", r=1.21fm

p(r)

F{E oc A2 — (KFF oc A "
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— (Y E

r

A. Ohnishi @ Nagoya U., Dec.4-6, 2018 34




PZERF#%

s REROHEE R~1.1A"% (fm) > BEIXRFRZIZELLOT—F

s hitE FBARBOERE R>> 1.1 A (fm) (DK FFEELEL)
— SO FHEFHRRELIEN>TNS I /N\A—EE ]
(N\B—=XKBEDORYIZRZ5E)

- ) hiEFBFE R N>Z
\ RE \ : “‘%f; %l : ULi (Z=3, N=8)
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IRFEZDEELLRILF—

s REIRILX—
B(A,Z)=ZM,+ NM, — M(A,Z)
o BT Z, FEFR N, BFEE M, PEFHE M,
RFEZEE MAZ)
o RFRDEEIT. ZFOEHEEDOMKY/NhSLY (HEERIR)
s HEIRIILXT—OFRE: 16 <A< 240 IZHLVT, B/E ~8 MeV

5 ;Hﬂz ?ﬁ'&azs SEF; %Z's::r azmpbizs ??E’Nhjﬁs
ZMP+NM" & -'Ié.ﬁ':'a H’f |
M(A,Z) M=ZMF+NMH -M(A,Z) % 6
(B=AMC’) 2 4
g, 1
HEXR-ZFAROM-RFEOHE ol . . LiquidDrop —
RRIAIILF—=HEXREA x¢’ 0 50 100 150 200 250 300
A=Z+N
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B4
s Weizsicker OFEEBENEEN

Z? (N — Z)? 5
_ 2/3 P
B(A,Z) = a,A — a, A% — 0575 —Gam——— A

K FEm@m I/—0O0Y FHFIRILT— FJAIRILT—

o KIFIA. ZXEIE — XRERNDHLHEH
o —HRHERR ($%& R=r A%, BH Q=Ze¢) DY/—AVIRILI—

" 3 ahe Z2
cC ==
D r 0 Al/ 3 12 : ; : : :
. . o e 30 P e EPbusg TN
- ﬁ%l*)bﬂf-—s WIRILF—IE - -
BEREER,DITH TIAEL, S 8 || (@R
2 6|
< -.
E 4 }'
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TT)LSHRIEEH (1)

s Jx)LEHRER
* BFIETIIZFHY - —DDEFREICTRFETLMAANLL
@ D)L Mm%
f(E)

L T=0 o, —
" Trew(E_p/m oW B

BEEOTEIRLE—IMERRTUOvIL pn ETOHORREIC
U LY ERIFAEFES

Ik 12?2 AV AxkS
< 2x [y W (En) =4V / (273 © (“ om ) CEE

n

o IR V=dnr A3 KYTTILSRY k, . BEITRILF—ARES

h? k2 1 4V hR°k? 3
Fr =—2 ~33MeV, Ex == / dk — ZFEp ~ 20 MeV
P om Vo BT A S 2m  BE )

BEERNXDEERERDHBIZIL, EFHI1=Y -36 MeV D
HHEERIRILF¥—(5h) HBE!
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T JLEHREH (2)
s BFHEPEFRNEGIHHE - JTIIRBHTHhD
krp = kF (%) - = kp (1 - 5)1/3 ,  kpn = kp (ﬂ)l/:& =kr (1+ 5)1/3

A A
JEXFREE
5=(N—2)/A

s BFHEYOESHITRILX—

Z 3 hkg, N 3 RkZ 3 1 -
_Z 2 h n _ ° < . \5/3 5/3
Br =57 50+ 155" =cEr x 3 [(1 5)5/% + (1 + 6)
’1§EF + 1E‘FCS2 + 0(54)

5 3
ITIINIHRERDEGH IR ILF—moE NS

ML EINF—IE E /3~ 11 MeV

— BF[GF. FlEF-FEFRIDFI LY EHEL
[EF - HIEFRID5| D58 E
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RFEDEE

s ILERXFZXBEE—EDZWME]
R=r, A" (r, =(1.1-1.2) fm) — p =(0.14-0.18) fm
s BFRIC5IADEE., —RFHRTIvILhERBFHES

s RETIEBE-RTUIvILELIZINEEDS
— BENAKXORMEMEA

> C

/\ p n R_=1‘0A1/3
r \ -/' r

i
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Neutron Star Observables: Mass (1)

# Please remember Kepler motion basics

@ major axis=a, eccentricity=e,
reduced mass=m, total mass=M v

E 1, GM 1, GM
—:—’Uf— — ’I’L_
m 2 a(l+e) 2 a(l —e)
L =mvsa(l +e) = muya(l —e)
GM1—e dS
2 _ _
—vp = — o L—Qm%—m\/GMa(l—BQ)
%P:%/dt:QﬂaZ\/l—eQ/\/GMa(l—eQ)
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Neutron Star Observables: Mass (2)
# Binary stars am Observer
i O

@ inclination angle =i

@ Doppler shift (Pulse timing change) is
given by the radial velocity ( fR#23E )
K=vsini

@ Radial velocity — orbit parameters
@ Mass function (observable)
(Mzsini)3_ 417 (a,sini)’ p2
IVE G S
. K3P(1— 62)3/2
- 21G
(K=vsini, M= M + M,)

2
(pulsar) (companion)

@ and GR effects ...
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Hulse-Taylor Pulsar (PSR 1913+16)

# Precisely (and firstly) measured neutron star binary
(1993 Nobel prize to Hulse & Taylor)

# Radial velocity — P, e, K —Mass function
TABLE 2

ELEMENTS OF THE OrREIT

HULSE AND TAYLOR

100 —————————T———

" o
10 £ ‘1\1 \ |
1.433 + 0.002 - 1 1
2 K- E -100F \ | b
1 Mo & b .
- > o :
2 o00k b 1
% 200 i | 1,
. ¥ )
-300F i;} i:
-05 T I- C]J - 'DI.E . II | 1.0
FPHASE
1993 Nobel Prize Hulse-Taylor ('75)
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More on Hulse-Taylor Pulsar (PSR 1913+16)

# General Relativistic Effects I AR REREE
@ Perihelion shift (B R#EE)) 2 [ Juo
m e — 23
5/3 s ez
a2 /3 (GM)?/3 2T
W = =) ES :
P (1 —e?)c? iy ]
S E
@ Einstein delay iy ]
- : i I TR T I I T B '
AE o ’y SLIL U 0 F‘:-l]sar‘ Mass ﬂ?[-"i ’
. 2 LA B A A B A
(u = eccentric anomaly) s of S
P,Gmym, +2m,) a GM mym, | _GM | %
P:e 2nctag M 2 Py 4n’ [1+( M? 9) 2ﬂnf2:| E
@ Two observable :
— Precise measurement of m and m.,. jp—
my =1.442 + 0.003 M, M[T o
N s .
mi =1.386 0.00?)M@ ] = I B B

Date

Taylor, Weisenberg ('89)
A. Ohnishi @ Nagoya U., Dec.4-6, 2018 46

WYITPY




Massive Neutron Star

# General Relativity Effects on Time Delay

@ Einstein delay : varying grav. red shift

@ Shapiro delay : companion's grav. field

8 A massive neutron star (J1614-2230)

@ M=1.97+0.04 M, is obtained using the Shapiro delay
Demorest et al. (2010)

N\ 7N
N N
- \i _ |
7N —
(o) . a4
|n\-_/ l_ﬁ i -

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

Demorest et al., Nature 467 (2010) 1081.

A. Ohnishi @ Nagoya U., Dec.4-6, 2018 47




Neutron Star Masses

s NS masses in NS binaries can be SRy e =0y
. o b} —— | i
measured precisely by using some &= ™ el
p y by g :1;{ RS m:'-":g : ﬁﬁgnr}rfﬂpﬂml
of GR effects. 3 gl
. i . . . Sy {FJ : : gh:h |dl:-'-lrh|hur -
@ Perihelion shift+Einstein delay  T#hE &, — =
_ B e
— M =1.442 £ 0.003 M _ i i-i
(HUIse-Taylor pulsar) E ] iié nﬁjn—m,{ur Lirery ﬁgﬁﬂ;ﬂ star
Taylor, Weisenberg ('89) ! T:h X i b o s
(JEET4eE, U X .‘,l
o Shapiro delay JiERES ’:F 3 :F'_'h Ir-l..i: E5A4
— M=197+0.04 M_ Bigse; im e I e
Jﬁm’:ﬁ g e —
Demorest et al. ('10) Ei;E % I
TIBSdE) ¢ "t L white dwarf—
o Another obs.: M =2.0120.04 M $EEAT N et 70 peuien sto
. ge © 2;1]#': L R ,' H‘illl nod B — e
Antoniadis et al. ('13) LY, g
i3 1+: k : | . |_|:|*
Neutron Star Mass *I E. ===,
=(1-2) M R T edon d Proriss
o 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Canonical value = 1.4 M _ Neutron star mass (Mq)
Lattimer (2013)
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Neutron Star Radius

8 How can we measure 10 km radius of a star
with 10-100 thousands light year distance from us ?

@ Size of galaxy ~ 3 x 1014 km (~ 10 kpc ~ 3 x 104 light year)
— Model analysis is necessary !
8 X-ray burster

@ Mass accretion from companion occasionally induces explosive
hydrogen / helium burning.

@ High temperature — NS becomes bright !

@ Three methods to measure NS radius

ot o 3 2

Ignition Touch

down Nakazato
j| NASA-Dana Berry v
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NS Radius Measurement (1)

# Surface emission

@ Stefan-Boltzmann law is assumed

— NS radius is obtained
from Flux, Temperature,

and Distance measurement.

L
L =4nR2 oggT*, F =
TR, _osp1™, T2
F D> 2G M
— R = 1 —
O'SBT4 ( R(32

normalized counts s keV-1

—1/2 "B i
) X-ray Energy"“‘ !

10

Guillot et al. (2013)

Distance D

Total luminosity
L =4 iR 2 6, T4

Observed flux (F)
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NS Radius Measurement (2)

s Eddington Limit

@ Eddington Limit
radiation pressure = gravity

;f: .
ArrloggT? N 0 8
. . T 4
Adrrc ¢ OT LR
GM 2"’
p— T‘Q . NN . mN
25
N R2 _ 2GMcemy Ny 3 20f
> JTJSBT4 N, :51'5; T
" 0sk. 'wmp T
0 2 4 B g 10 12 14

@ Eddington limit is assumed
5 touch down

to be achieved at “touch down”. g -
@ Electron-nucleon ratio % EEEZ Z
N /N =(1+X)/2 : ;EE:
(X=1 for hydrogen atmosphere 5 ©° 2 ¢ & s 0 ©

X=0 for light elements) Guver et al., ApJ 747 (2012) 47
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# Red Shift

NS Radius Measurement (3)

Neutron Star surface is expected to contain Irons.

Absorption lines should be red shifted.
— Almost direct observation of M/R.

2G M
Eobs — Lsurf 1 —

Rc?

.ASTRO-H (50ks)
ASTRO-H will measure _ A ——
Iron absorption line from NS, |
and determine M/R
with 1 % accuracy !

But Hitomi (ASTRO-H) stopped its
operation ....

10

..............

ASTRO-H simulation
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NICER

# Neutron Star Interior Composition ExploreR (NICER)
s BRFEHAT—avItBE5PHEFE2HAER

s hot spot DEEEHN L, BEEFBEZXRIEFITRE

s 2017 EFEICHBIBAR . 2019 FEWMFBEICT—HRERTTE

250
I.HI:— Il._E'H"f{:'l'r
. 0 FE :
=15F
ot sl ol Sal” reheies vt e i o gl § E :
O‘O : )
. B
ﬁ ; 05
INAS : :
:i..x.“. 3 opC—or— . a1, ]
‘W - : 5 10 12 i 16

Neutron star radius (km) METEE:
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Neutron Star Radius

Mass (M,)

# Do three methods give consistent (M, R) ?

@ Surface emission & Eddington limit have

large error bars from Distance & Composition

uncertainty.

@ Red shift of discrete lines have not been
observed unamblguously

Eddington I
t ed Shift
15 :_ Lim;tr.lg =g
E
s Aurface -
// Emission |
OO 5 10 15 20

Radius (km)

M/ M.,

MM

L. lun;;. hursl
Fruy=0605
=14

| long burst
F . =0.605
[ X=0.7374

I'I

L L L L L |

.f 1.45

L1
~ ! D, =047
4 /r 1.45
135 3
) 047

Counts (™" keV=1)

4 U 1 724—3 07, Suletmanov et al.,

ApJ742('11),122

.

25

102k . I
: =
: +

(2) 8-16s

W*

A

=
=
L]

{3} 16-24 s.}

Hﬁw

-l

IH‘

':'”24 32s

JrJr ﬂﬂf

Jr I

10!

[y

E obs.

Waki et al.,
PASJ36('84)819
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Compact NS puzzle

# Some analyses suggest smaller Guillot et al. (2013)
Rng than nucl. phys. predictions. |

s Some make objections. ~ 20
Suleimanov+, R ,>13.9 km S »
Lattimer+,R ,=12+14km  ~
) 1.0}
3.0 4U1608-52 ! ! 7 0.5 16
wieworo . Ozel, ('13). Rys (km)
2.5 Ei;jfgz_éigzmo g
GS1826-24 MPA1
T U24 in NGC6397 AP4 L ’
7~ 2.0 .77 Necosos g L e ol [E
Eu —————— Cen E ‘ 07
7% 151 i o 13k A1g0°
%s =" I Jos
1.0~ g = [ =04
1:_ g 303
0.5 n \ 02
SQM1 0.5 ‘\ ] —50.1
0.0k ' : : = S R R VS T RN TR TR
0 5 10 15 I"‘““:‘T,att‘tmer, Steiner (2014).
Radius (km)
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BEEFHEFESHK

s GW170817 500 s—
b = wmgst—nn
B. P. Abbott et al. (LIGO and Virgo) _

PRL 119, 161101 (2017)
o EEF M=274% M_

o TATNhOEE 1.17-1.60 M 30 20 10 0

Time (seconds)
— BEPEFESHK
(Binary Neutron Star Merger)

@ Gamma Ray Burst (GRB170717A) A%
1.7s RICETS,
— GRB DETR (D—D) ZHE

@ inspiral (fRRITESWTULKERES) ICHT5IREIME(LZHA
> thit7 B4 EEHR

° MHSh-MEOEEMPEFEDRXKEEZHIR

M. Shibata et al., 1710.07579
M_ =(2.15-2.25) M

Frequency (Hz)
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Gravitational Wave in the Inspiral Phase

s BHRDRKR
@ Inspiral, merger, post-merger (hypermassive neutron star)
s Inspiral phase TDENEDFEH

o ERAMSDENRITOART, SIAMNED
— Tidal Deformation (Y ZER ) TR

wave strain

0.2 |

0.15

0.1 |

0.05
O

-0.05 | \} |
=0.1 }
-0.15 |

-0.2

Late inspiral merger
[ > 4 - 4

| pc:s!;{r»nérger

e 10 15 20 25 30
t (ms)

Hotokezaka
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Tidal Deformability ( B3 ZHEE)

s Tidal deformability A ( &R ITIE A)
=## N Eij ITHITEHER Qij DERZYPI=

A A
Qij = —AEij , A= =(GM/c*) = Z(CR)

C = GM/c*R (Compactness)

Inspiral phase TORHEDAEAE 1
tidal deformability [C&>T LU
[FIXRES, e

s KSEGFE (L EOS) |
— ERLOTLY - KELZA P

200

A(1.4M_)

T.Hinderer, B.D.Lackey, R.N.Lang, J.S.Read,
PRDS81 ('10)123016
(A) B.D. Lackey, L. Wade’ PRC91('15)043002 FIG.2. The A values for stars with M = 1.4 M, as functions of

the corresponding radius. The color coding follows Fig. 1, while

(R-A) E.Annala+, PRL120('18)172703 the orange dashed line A = 2.88 x 107°(R/km)’* has been

included just to guide the eye.

R(1.4M ;) [km]
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https://inspirehep.net/record/837252
http://inspirehep.net/record/1325537
http://inspirehep.net/record/1634819

Tidal deformability DEFE 5%

s TOV ERRREELITROMAD BT REAZHEE.
Love number K, ’&5]?&)60

d
Z( r) +Y()F(r)+r20(r) =
Py = r— 4}1;‘3[5(?‘} — P(r)]
)= r—2M(r)
er (50> 9P + aﬂﬁ;ﬂﬂj B T;:?] _4[ M(r) +4nr3P(r}]z
0(r) = —7 VT o

8
ky=2(1- 202 CP[2C(ya — 1) — ya + 2][2(:(4(}1 + 1)C* + (6y, — 4)C* + (26 — 22y,)C* + 3(5y2 — 8)C — 3y, + 6)

2 : B
—3(1 -20)"2C(yv2 — 1) — » +2}1cug(] _ 2{,‘)] ’

2k

s Love number k, hMo& A DEARIIEREM A=

T.Hinderer, B.D.Lackey, R.N.Lang, J.S.Read, PRDS81 ('10)123016

= #ﬂs‘lf 5tE 5 %L B.Kumar, S.K.Biswal, S.K.Patra, PRC95('17)015801 4% Y157 ()
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Time dependence of Neutron Star Radius (R, )

16 -

g

<
N

=~

-
o)

[—
m—

I =2 NS (X-ray bursts) |
2 M(10)f = GW170817
TE Nucl.Phys. based
E ~ o ‘
2 - -y
5 = E N
I
5 g I = 2
§ ::E :]: L |
E =
o E l
© GW-BNSM('17)

2008 2010 2012 2014 2016 2018 2020

year
LIGO: R=(10.5-13.3) km
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Neutron Star Density

R(atom)
~10"" m

R(Sun)
~ 700,000 km

R(NS)~ 10 km
M(NS)~1.4 M 5

R(nucleil)
~ 10 m

Very High Density !
m_p(NS) ~(2-7) x 10" g / cm’ ~ (1-3) my py
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Neutron Stars are supported by Nuclear Force !

s Average density of NS ~ (1-3) p,, Max. density ~ (3-10) p,

— Supported by Nuclear Force
c.f. White Dwarfs are supported by electron pressure.

# Nuclear Force

@ Long-range part: @ exchange
Yukawa (1935)

@ Medium-range attraction:

2 m exchange, ¢ exchange, ....
Nambu, Jona-Lasinio (1961)

@ Short-range repulsion:
Vector meson exchange,

Pauli blocking btw. quarks ] )

Gluon exchange ] J NN
Neudatchin, Smirnov, Tamagaki;

Oka, Yazaki; Aoki, Hatsuda, Ishii N N NN
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Lec. 1 DFEELY : AEFEHEHIYPEDILHY

s STEEMEORESER
* BFLUNDIEBRERIMMESIRELYMEDEERE
o BRFLUNDNFOVKREELTLNSHI?
°» BEETO QCD fHEsB (TR TLVSEM ?

s PAYREVIEMMHEDKEHFIER

o WMPIRILF—=htEFYPELEHAHTMEOIRILEF—E
- B EERE RS A EHES !

o BREBEELAHALSMEETON)AVBREI—>PEFE NEHLIBE
» AHIRFTUSaL—bEhd1=4) K[ ELIFITER
s aAVNIREDXREMEE

o NEIDEEILXRAEH
—-EHE-¥F-BE-HBLEDATEICKSIBAZFTD !

o HEPUFEARIFELENRIE - TTRA M site
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FrEM RSP EFEZYE(2012-2017)

High p (Group A)
head: Tamura, Takahashi

Hypernuclei, Kaonic nuclei
YN & YY int.,
Eff. Interaction

NS Obs. (Group C)
head: Takahashi

Radius, Mass,
Temp. (Cooling),
Star quake, Pasta

h

Theory (Group D)
head: Ohnishi

Hyperons, mesons, quarks

Asym. nuclear matter
+elec.+pn

Nuclei+neutron gas+elec.
Nuclei + elec.

Low p (Group B)
head: Murakami,
Nakamura, Horikoshi

Sym. E, Pairing gap,
BEC-BEC cross over,
Cold atom, Unitary gas
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