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A NASA mission will use X-ray spectroscopy to gather clues about the
interior of neutron stars — the Universe's densest forms of matter.

INSIDE A NEUTRON STAR /

Outer crust
Atomic nuclei, free electrons
Inner crust
Heavier 2*Z..uc nuclei, free
.weutrons and electrons

-

Outer core
Quantum liquid where
neutrons, protons and
electrons exist in a soup

Inner core
Unknown ultra-dense
matter. Neutrons and
protons may remain as
particles, break down into
thair constituent quarks,
or even vec>™e ‘hyperons’.

Atmosphere
Hydrogen, helium, carbon /¢

Beam of X-rays coming from the
neutron star’'s poles, which sweeps
around as the star rotates.
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]1614-2230 P. B. Demorest et al., NATURE 467 (2010)
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P. B. Demorest et al., NATURE 467 (2010)
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F. Ozel Nature (2006), Steiner et al. (2010),...
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EXO 0748—676 Cottam et al. Nature (2002)
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F. Ozel Nature (2006)

Observable Measurement Dependence on
neutron-star properties
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Steiner, Lattimer, Brown (2010).
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NICER (Neutron star Interior Composition Explorer)

mwsxb le surface

Front-side hotspot rotates through the line ofs:ght
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Relative flux

(nermati

Increasing compactness (M/R) and light bending

Gendreau, K. C. et al. 2012, SPIE, 8443, 844313
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Press release was done on 16t Oct. 2017. GW170817/GRB170817A/SSS17a
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1
time observable (seconds)

LIGO/University of Oregon/Ben Farr



Frequency (Hz)

GW170817h oM E 1K (BFfE— B IR E)

LIGO & Virgo Collaboration PRL (2017)
LIGO & VIRGO Collaboratin: arXiv:1805.11579
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What is Tidal Deformability?

e.g. Hinderer (2008), Postnikov, Prakash, Lattimer (2010), Gralla (2018)

Tidal Deformability
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Tidal Deformability

e.g. Hinderer (2008), Flanagan & Hinderer (2008), De+(2018)
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LIGO & VIRGO Collaboratin: arXiv:1805.11581
See also De, Lattimer, Brown, Berger, Biwer arXiv:1804.08583 (PRL accepted)
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LIGO & VIRGO Collaboratin: arXiv:1805.11581
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Lackey & Wade (2015)H#2Z — LIGO & VIRGO Collaboration®, Z D 2 &£ AL T,



p [dyn/cm?]
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LIGO & VIRGO Collaboratin: arXiv:1805.11581
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LIGO & VIRGO Collaboratin: arXiv:1805.11581
arXiv:1805.11579
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LIGO & VIRGO Collaboratin: arXiv:1805.11581 XEEIN—ZA DS D HEEE

arXiv:1805.11579 : .
Steiner, Lattimer, Brown (2010).
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§ Equation of Sate in Dense Matter
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o FMEFDF R James Chadwick (1932)

o th¥+2MNFF Zwicky & Baade (1934)
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qtuark—hybrid traditional neutron star
star

2 al:FETOH neutron star with
pion condensate
- | Fe

color-superconducting
strange quark matter
(u,d,s quarks)
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. BELEDHA X (HE=-F2&) [E7H2DH,

LAOLEE, CNSDATEEEZ— DI DD,



Vc (r) [IMeV]

I (OFr—0 ) Hahnld
PEFEDBEELTND

Phenomenological nuclear force
(about 40 fitting parameters)
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Muto PTP (1993)
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K~ condensation in neutron matter is investigated by taking into account excitation of hyperons
on the basis of SU(3). X SU(3)r chiral symmetry. It is shown that the weak interaction plays an
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Muto PTP (1993)
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Major goals of hypernuclear physics

Slide from E.Hiyama

To understand baryon-baryon interactions

Fundamental and

Total number of
Nucleon (N) -Nucleon (N) data: 4,000

Important for the study
of nuclear physics

5I . :*L—G:E)Z:_l_é]\o
FE PB4

YN and YY potential

* Total number of differential cross section

Hyperon (Y) -Nucleon (N) data: 40
* NO YY scattering data

models so far proposed
(ex. Nijmegen,
Julich, Kyoto-Niigata)
have large ambiguity.




EOS List (L THEE TILELY)

Oertel et al. (2017)

Nuclear Degrees of M s Ry apg.» Publicly

Model interaction freedom (M) (km) = available References

H&W SKa np.ad(AnZ)} 2.21° 13.9 No El Eid and Hillebrandt (1980)
and Hillebrandt, Nomoto,
and Wolff (1984)

LS180 LS180 np.a (A Z) 1.84 12.2 0.27 Yes Lattimer and Swesty (1991)

LS220 LS220 n,p.a (A Z) 2.06 12.7 0.28 Yes Lattimer and Swesty (1991)

LS375 LS375 n,p,a, (A Z) 2.72 14.5 0.32 Yes Lattimer and Swesty (1991)

STOS T™I1 n,p,a, (A Z) 2.23 14.5 0.26 Yes Shen et al. (1998a, 1998b,
2011)

FYSS T™I np.d.tha{(ALZ)} 222 14.4 0.26 No Furusawa, Sumiyoshi et al.
(2013)

HS(TMI1) TMI1* n,pd.thad(A,Z)} 2.21 14.5 0.26 Yes Hempel and Schaffner-Bielich
(2010) and Hempel er al.
(2012)

HS(TMA) TMA* npdtha{(ALZ;)} 2.02 13.9 0.25 Yes Hempel and Schaffner-Bielich
(2010)

HS(FSU) FSUgold* n,p.d.Lhad(ALZ)} 1.74 12.6 0.23 Yes Hempel and Schaffner-Bielich
(2010) and Hempel et al.
(2012)

HS(NL3) NL3# n,p.d.thad(ALZ)} 2.79 14.8 0.31 Yes Hempel and Schaffner-Bielich
(2010) and Fischer, Hempel
et al. (2014)

HS(DD2) DD2 n,pd.thad(A,Z)} 2.42 13.2 0.30 Yes Hempel and Schaffner-Bielich
(2010) and Fischer, Hempel
et al. (2014)

HS(IUFSU) IUFSU#* n,pd.thad(A,Z)} 1.95 12.7 0.25 Yes Hempel and Schaffner-Bielich
(2010) and Fischer, Hempel
et al. (2014)

SFHo SFHo n,pd.thal(A,Z)} 2.06 11.9 0.30 Yes Steiner, Hempel, and Fischer
(2013)

SFHx SFHx n,p.d.thad(ALZ)} 2.13 12.0 0.29 Yes Steiner, Hempel, and Fischer
(2013)

SHT(NL3) NL3 n.pa{(A.Z;)} 2.78 14.9 0.31 Yes Shen, Horowitz, and Teige
(2011)

SHO(FSU) FSUgold n.pa{(ALZ)} 1.75 12.8 0.23 Yes Shen, Horowitz, and
O’Connor (2011)

SHO(FSU2.1)  FSUgold2.1 n.paf(A,Z;)} 2.12 13.6 0.26 Yes Shen, Horowitz, and

O'Connor (2011)



LS220A L8220 n,p.a,(AZ).A 1.91 12.4 0.29 Yes Oertel, Fantina, and Novak
(2012) and Gulminelli er al.
(2013)
LS220x LS220 n.pa(AZ)x 195 122 0.29 No Oertel, Fantina, and Novak
(2012) and Peres, Oertel,
and Novak (2013)
BHBA DD?2 n.p.d.tha{(A;.Z;) LA 1.96 13.2 0.25 Yes Banik, Hempel, and
Bandyopadhyay (2014)
BHBAg DD2 n.pd.tha{(A.Z)}HLA 2.11 13.2 0.27 Yes Banik, Hempel, and
Bandyopadhyay (2014)
STOSA T™I nopoa (A Z), A 1.90 14.4 0.23 Yes Shen er al (2011)
STOSYA3(0 T™MI1 n, P, (Afz.']f Y 1.59 14.6 0.17 Yes Ishizuka et al. (2008)
STOSYA3Or ™I n.pa,(AZ)Y o 1.62 137 0.19 Yes Ishizuka et al. (2008)
STOSYO ™I n.p.a (AZ)Y 1.64 14.6 0.18 Yes Ishizuka et al. (2008)
STOSYOx T™I np.a(AZ).Y.n 1.67 137 0.19 Yes Ishizuka et al. (2008)
STOSY30 ™I n.p.a, (AZ)Y 1.65 14.6 0.18 Yes Ishizuka er al. (2008)
STOSY30x T™I n.p.a(AZ).Y.x 1.67 137 0.19 Yes Ishizuka et al. (2008)
STOSY90 T™I n,p.a,(AZ)Y 1.65 14.6 0.18 Yes Ishizuka et al. (2008)
STOSYO90r T™I n.p.a(AZ).Y.x 1.67 137 0.19 Yes Ishizuka et al. (2008)
STOSx T™I np.a (AZ),x 2.06 13.6 0.26 No Nakazato, Sumiyoshi, and
Yamada (2008)
Nuclear Degrees of | (— Ryam_ s Publicly
Model interaction freedom (M) (k mf = available References
STOSQ2(9nx ™1 n.p.a,(AZ)m.q 1.85 13.6 021 No Nakazato, Sumiyoshi, and
Yamada (2008)
STOSQ162n ™I np.a (AZ),q 1.54 No Nakazato, Sumiyoshi, and
Yamada (2013)
STOSQ184n ™1 np.a (AZ),q 1.36 b No Nakazato, Sumiyoshi, and
Yamada (2013)
STOSQ209n T™I np.a(AZ).q 1.81 14.4 0.20 No Nakazato, Sumiyoshi, and
Yamada (2008, 2013)
STOSQ139s T™I1 np.a (AZ).q 208 12.6 0.26 Yes Sagert et al. (2012) and
Fischer, Klihn er al. (2014)
STOSQ145s T™I np.a (AZ),q 2.01 13.0 025 Yes Sagert et al. (2012)
STOSQ155s TM™MI np.a (AZ),q 1.70 9.93 0.25 Yes Fischer et al. (2011)
STOSQ162s ™1 np.a, (AZ),q 1.57 8.94 0.26 Yes Sagert et al. (2009)
T™I np.a (AZ),q 1.51 8.86 0.25 Yes Sagert et al. (2009)

STOSQI65s




Akmal, Pandharipande & Ravenhall, PRC58 ('98)

Nuclear Force and dense EOS (nucleons only)

Slide from T.Hatsuda

Phenomenological nuclear force

| repulsive

Ve (r) [MeV]
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180 channel ]
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Mass-Radius relation of N, (nucleons only)

' NNN

‘*\\ J1614-2230 |

\ PSR1913+186

NN

~

neutrons

Slide from T.Hatsuda

Pressure balance

Fermi pressure

gravity

Repulsive core
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Hyperon Crisis (Takatsuka et al., 2002)

i APR
NNN \ J1614-2230 _
\ PSR1913+16
N Hyperon
NN mixture

\.

hyperons
neutrons

Slide from T.Hatsuda
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Slide from T.Hatsuda

Hyperon Crisis

Hadronic EOS

TNI3u

PSR J1614-2230

PSR 1913+16

Masuda, Hatsuda & Takatsuka,
Astrophysical Journal Letters 764 (2013) 12
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Slide from H. Togashi

Extension to Hyperon Matter +34

YN and YY interactions . consiricted so as fo reproduce the light A hypernuclei

with the Gaussian expansion method

(E. Hiyama et al., PRC 66 (2002) 024007, PRC 74 (2006) 054312)

lis

2.57 ] ]
: "7t - J0348+04321
2.0 \ :
: eow. 3J1614-2230
é"ﬁ 1.5F i ]
1.OF Variational l"\ _-
: | iShen EOS|
05 | — w!th TBF \ ]
-~ L' | — without TBF .
[ |---- without A T —
0.0¢ —
5 10 15
R [km]|

1 g — T |
" | — without TBF
[ |---- with TBF
0.1 [— §/N=2
F|l— S/IN=1
- |—— CNS
0.01

- Neutrino-free
:0_001-.|.|.|J|.f.
= 0.0 0.1 02 03 04 05 O

ng [fm_3]

6 0.7 0.8

X, In neutrino-free supernova matter

We need to consider an effective potential based on
Three-Baryon Force (TBF) for ANN, AAN, AAA systems.

(Y. Yamamoto et al., PRC 90 (2014) 04580, HT et al., PRC 93 (2016) 035808)



[ First order or crossover in dense matter ?}

DF—OMDENA
Slide from T.Hatsuda

Baym & Chin
Phys.Lett. 62B (1976)241

Baym
Physica 96A (1979) 131

\_ mixed phase crossover
.

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

......
-----

.....

. v

------
o~ .

......

o .,

Baryon density (p) Baryon density (p)
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Masuda, Hatsuda, Takatsuka (2013a,b), (2016a,b)

hadron crossover quark —
. '-. 2 PSR J1614-2230 |
& B @
. . : Y '-. ® 9
o o %8 | e e v
&) oo SR, e e S ;
......... pO . pO > 1 L AV18+TBF+AX
Baryon density (p)
05 .

E(p) = Eu(p)w—(p) + Eq(p)w+(p),

8 9 10 " 12 13 14
8 R (km)

. —n s GS —a 52 —. a
L zgua—mag+720[(qa q)’ +(@iysi'q)’]

+ Gpldetg(l + y5)g + h.c.|] — %@}/‘“q}z. (1)
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LIGO & VIRGO Collaboratin: arXiv:1805.11581

See also De, Lattimer, Brown, Berger, Biwer arXiv:1804.08583 (PRL accepted)
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LIGO & VIRGO Collaboratin: arXiv:1805.11581
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Hypernuclear y-ray data since 1998 (slide from H.Tamura)
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Slide from E.Hiyama
In 2001, the epoch-making data B dauBlaTimernanTs:

Unique interpretation!!
E"+ “C— S He +*He +1

has been reported by the

KEK-E373 experiment. Ll el
Observation of ,°He S \
Uniquely identified without ambiguity \4\ \ \ .
: : A o
for the first time \‘ “a\,

6. 91+0.16 MeV Y

\

a+A+A g -89
! ° 1 511%\ |
Adlle
5 { - \E'

° H
0
AA e 0 5] 10 um . \
"NAGARA'" event \
O"' presented by E373(KEK-PS) on Jan.2001

,&He H. Takahashi et al., PRL 87, 212502-1 (2001) I



Spectroscopy of AA-hypernucIei E. Hiyama, M. Kamimura,T.Motoba,

MeV
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-14.0

-16.0

Nagara event

T. Yamada and Y. Yamamoto
Phys. Rev. 66 (2002) , 024007

Slide from E.Hiyama

O+A+A  O+n+A+A O +p+A+ A O+d+A+A o+t A+A o+ 3He+A+A O+0A+A+A
Input
+-1.25 / wHe+n \aHe+p \\He+d wHett \aHe+ “He \a He +o
o G 3 — 2 gl (e e
-7.48 ABetA
s &l
S 7 \Li +A

2 2 — 286

x Demachi-Yanagi
1/2 e 071 0" T 0.00
112" e 0.73  3/27 mpepn 0.00 E,
3/2 e 0.00 E,
. E.

| have been looking forward to having
new data in this mass-number region.



Lattice QCD | Slide from T.Hatsuda

7= / [dU][dqdq] exp [— / d’rdeﬁE:|

quarks g gluons U,=exp(iaA,)
on the sites on the links

\

A2 ] L 4 4 1 Zl
AL el il /0l 0] /4] /] "F':"”‘?e-"
#1771 71

4-dim.
Euclidean
Lattice

107 -10° dimensional integral
- Monte Carlo integration




From QCD to Dense Matter _
Slide from T.Hatsuda

Quantum Chromo Dynamics J

sign Phenomenological
problem nuclear force

AN 2
5‘7‘;‘\@\ [ Baryon interactions ]

Many-body
techniques

[ Equation of State for Hot Matter [ Equation of State for Dense Matter ]

Lattice gauge simulations

Relativistic

hydrodynamics General relativity

[Relativistic heavy-lon collisions J [ Neutron stars




From QCD to Hot/Dense Matter
Slide from T.Hatsuda

Quantum Chromo Dynamics

sign Lattice

Latti lati i '
datllice gauge simulations problem QCD 5|mu|at|on5

I AN 2

// L/””Mi ;0 %Aﬁ\ [ Baryon interactions ]

Many-body
e techniques
NS
[ Equation of State for Hot Matter ] [ Equation of StatMer J

Relativistic
hydrodynamics

General relativity

[Relativistic heavy-lon collisions Neutron stars




T2K Tsukuba (0.1 PFlops)

0.121 fmx 32 = 3.9 fm
m,=350-1200 MeV

PAONIE

Slide from T.Hatsuda

0.084 fm x 96 = 8.2 fm
M, ~146 MeV
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Qualitative studies (2010-2014)
LQCD simulations of BB force

with 3 degenerate flavors (my=mg=ms)

ot
(=
=

Ve (r) IMeV]
g

=

Slide from T.Hatsuda

Mes = 1171 [MeV]

M,s = 872 [MeV]
M, = 469 [MeV] -

HAL QCD Coll., Phys. Rev. Lett. 106(2011) 162002
Nucl. Phys. A881 (2012) 28




Nuclear EOS from Lattice NN force + BHF calculation
(NN force: 'S,, 3S;, 3D, channels only)

HAL QCD Coll., Phys. Rev. Lett. 111 (2013) 112503
Slide from T.Hatsuda

Nuclear Matter Neutron Matter
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Quantitative studies (2015-)
LQCD simulations of BB force

at physical point (m,=my # my)

Slide from T.Hatsuda
Miyamoto et al. (2018)

|  m. >~ 700 MeV
" OV my ~ 570 MeV

2500 201 l | m; =410 MeV

'Sy A N central potential L"’(E-U_}('r’} MeV]

M, ~146 MeV



§ Future Prospects of Gravitational
Wave Astronomy



Gravitational waveform from NS-NS:
(1 35-1.35 solar mass)

0 [ | " Latest numerical-relativity Wavetorm o ;

Ec_: 01 / Align the phase here Late 1 INSp Ir al I ﬁ _
S
e ;1 UV M}' i

j:) _0.1 F Black: BH (by SXS) T -

| Red: SFHo (11.9 km)

[ Green: DD2 (13.2 km)
-0.2 T Blue: TMI (14.5 km)
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t1'(—:"[ (S)

Hotokezaka et al. 2016 (Bernuzzi et al., Kiuchi et al. 2017,...)
Slide from M. Shibata
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Hotokezaka, Kyutoku, Sekiguchi, Shibata PRD (2016).
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Y. Sekiguchi et al., PRL 107 (2011) 211101

Expected signal forms
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LIGO & Virgo Collaboration PRL (2017) LIGO & Virgo Collaboration
arxiv:1805.11579
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Planning for a bright tomorrow

From HP of LIGO Scientific Collaboration
https://www.ligo.org/science/Publication-ObservingScenario/index.php

Advanced LIGO
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Time-Line of LIGO-VIRGO

Advanced Virgo
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O3 will start early in 2019.
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From LIGO HP

KAGRA may join O3 from late in 2019 (private communication).
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Takami, Rezzolla, Baiotti PRL (2014, 2015), Rezzolla & Takami (2016).

R [km] R [km]

f1, 2HEAIMSREE - (ZBEOSEIDIMRAKRFESLSVARF VI ELTRID E HKEH
M5KESD(MR) ELLERL ., EOSFRET ., »RBIZHIDIORFIvIEL T, KEOSEI(C
hEFEDEEEZHEE(TOVARER) . KFESM-M,REDLLERET S,



EEREFESRIIaL—I3Y
IHEMAK (THEMS) A Ba5LT-
$E%E%£E§?7¢<7E%W
nHH n-l_%EFHL\TEjJI&'ﬂ/%n-I_ﬁ?é ! ===
ﬁﬁzﬂ'l EBETON? mEﬁJQEBEE
(18P = B/ B 8
glE7Og5.4)

A
U e
I

I

Yongjia *» o\ ey
HuangEK ) -
A uca Baiotti
thiE) A SR, IR
ITHEMSIZ&ik !

Takami, Rezzolla, Baiotti PRD (2015)A%
LIGODEZHEFERENKHXT
- TUTL—hELTEAINTIVS

S.N. (ABBL/iTHEMS, RIKEN) (arXiv:1805.11579).




EE DT ERKTHL B A—Z A
S LI AT REMEA B TRL

v\l\g,I e get b\{B

= 25001 Lightcurve from Fermi/GBM (10 — 50 keV)

£ 2250+ e

| YT | Wiy 7z SmE

E 1:;2 T\ ‘ 1||LW”M ) ’ Al M"I"‘meli'l'l hl‘ ‘lh d '1'|1‘I‘L"“[If' I..ﬂ TN i g (1&1*)L:L\_'_)
LE 1250 4

1750 4 Lighteurve from Ferma /GBM (50 — 300 keV)

E ol JILIEE
E 1000 1 i e AN T 8 (_I%_I*)L#\:_)
s T304

Lightcurve from INTEGRAL/SPI-ACS
120000 { (> 100 keV)

117500

\I_‘L.JJI.JM I HLW il L L |l.||JLN” MM Lt J
bl O

AOTITIIEE

Event rate (counts/s)

112500

LIGOA &R L=
BHRES

Frequency (Hz)

EEFI I¢%5A1$h\60) r_m -8 —6 —4 -2 0 2 4 6

H 2 — A MBI e
B (1)

FEFENESARLEZLIRRICHADTIRN—ADEH SN !



9—bhAURERIN—R D TS A RS

=034 Mg, o, =0.06

Model: TMI_1451, My, = 6.08 Mg, Ay, = 0.83 . m,.

>

log density [g/em)
log density [g/lem )

[km]

[km]

electron fraction

[

log annihilation rate [erg/em/s)

300 2200 <100 0O 100 200 300 “le3 S00 0 500 le3 led 500 0 500
x [km| v [km]| v [km|

log p
(g/em?)

3.0 ‘

-27

-83

Progenitor
Star

ks logT

=

.

Just+2016

| 12 . )
600 = 2e3 - 2e3{time = 0.0 ms H
10 -
10 - - [ 5
B 3 !
400 6
[ 4 3 S
- led c led 4
2
200 4 r
O
2 s 8 5
0 E 4
1 = 0 0.6 [ )" G —— Pt — KA
: 2 : b u {ueer) = 0.0e00erg/s H
11 3 .
05 E(onni) = 0.0e00erg/s| | |, <
W) ;
B E(onni) = 0.0e00erg
” H .
0 > 04 E(r>10) = 0.0e00erg | H{2
3 3 E(r>100) = 0.0e00erg
L =]e3 le3 4 c
=/ 03 -
-400 26 :
ne 0 B .
bl 0.1 405
23 o
600 e 2e3 5 2e3 A

log Lorentz factor

log terminal Lorentz factor

[to+2017

AYIN—-2AMAEE
(FREW)

FEEBE TRA
(R



imT
il

it FESART(DEED) S8/ MR

NERSNT-ATEEENFELY, .

(o]

-~

()}

un

Flux (107'® erg s~ cm~—2 A~1) + offset
N

| ANIRNIV a
i Smartt+
2017

+1.4d

l +3.4d
3

+44d

Z_Mw i,

+7.3d

14 "VV m m m

+8.3d

0 - 'VVV (] 1] 1]

05 1.0 15 2.0

Rest wavelength (um)

)

O’J

f, (1077 ergem™?s™" A~

U'I

.r:.

(,a

I\)

_GW1 70817 Z/\al\}l/ Kasen et al. 2017

E_ +4.5d i‘ red kilonova model
M = 0.04 Mg
v =0.1c

C h01 IlOLk-I- 20 1 7

1 .O 1 2 1 .4 1.6 1.8
Rest Wavelength (microns)

7~ BEmETE (Kasen+17)
R BASNTZAXIRL

Tanaka+17. .



EERHEFESKIZHRITS
R-ProcessJt & A D I H A B 3T

y [km]

-40 -30 -20 -10 X[Em] 10 20 30 40 § PR i o
Simulations of NSM by Gold Proton #f79’ Uran _
A.Bauswein (2015). Atomic #=197  Proton#=92, Atomic#=238
Log{Qv[erg/cma/s]}E Log p [g/em?] 10° A e
202224262830323 4 6 8 10 12 —— M =0.03M j

—— M =0.1M ° |
—~M  =03M |

torus
)

Oliver Just

(R
Just et al. (2015).

| L |

80 100 120

F—

|||J|n4
140 160 18

BEEH

3oURpUNQY aANe[9Y
2



BHRFHT IL—T & Lm:zrz'fd)» CRZMREAT S !

\
ik BFHE=-113. BF+hHEFH- 27875@&%‘61%%3%7‘—'

AN =FYY FFHOBHESR
GE!IMKQ ﬂ N t hEF

B

It
ZRtE 52—
R—LR—D
N

Y. Nishina H. Yukawa S. Tomonaga



S B

» HEADALGIFE, DWMERZHYMNES
ZEULVELT=

« COHO—EEBI(EBED) XRED W IIZRNH,

'

I

2018%F7H 2o<IXW



1ml

FEH

EHRICESTEE. FEDHELT (F &
XERN\—RALDEITERCB AT O ENERINIZ ).,
hiEFERNTTDREBAREXIZHLFERMNAFONTET-,

LIGO/VIRGO D B &7 ;8| (F20195
BEGRITE S BUR AR
BIZIKRE AR ZHIBEA DL AIRE T,

FHIHM D,
ENLENO>TUVSAIREMESH D,

SE(IPERD

LR EFEREEEE-IIREARER LRI H D
A5 (e.g. APRIZ/NARAVIEL., 94—D%L),

INAROVEHEDIE,

% (YN, YY4E H {E|

JDE

+) HWAZE, J-PARC, DI ZIRETE,
N, YYHHE/ERALE—REFTERHXRS

LQCDMER T MY
A KB5S,

NEOVE—DA—OB~NDERFZ D E

i, ={AN

ENLE,

DIEKELSRIOFEIIFHEFEZHRDELEREFRFEHOMAENRSELZAD,



