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M. G. Mayer’s Nobel Prize Lecture
(1963) starts with ...

Eugene Paul Wigner  Maria Goeppert J. Hans D. Jensen
Mayer

There are essentially two ways in which physicists at present seek to obtaina |,

the
on of

consistent picture of atomic nucleus. The first, the basic approach, 1s to study et Mayer
the elementary particles, their properties and mutual interaction. Thus one
hopes to obtain a knowledge of the nuclear forces.

If the forces are known, one should in principle be able to calculate deduc-
tively the properties of individual complex nuclei. Only after this has been
accomplished can one say that one completely understands nuclear structures.

Considerable progress in this direction has been made in the last few years.
The work by Brueckner', Bethe’and others has developed ways of handling
the many-body problem. But our knowledge of the nuclear forces 1s still far
from complete.

The other approach 1s that of the experimentalist and consists in obtaining
by direct experimentation as many data as possible for individual nucle1. One
hopes in this way to find regularities and correlations which give a clue to the
structure of the nucleus. There are many nuclear models, but I shall speak
only of one and leave the others to the next lecture by Professor Jensen.
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Repulsive core : history

Phys. Rev. 81 (1951) 165

On the Nucleon-Nucleon Interaction*

ROBERT JASTROW**
Institute for Advanced Study, Princeton, New Jersey

(Received August 18, 1950)

A charge-independent interaction between nucleons is assumed, which is characterized by a short range
repulsion interior to an attractive well. It is shown that it is then possible to account for the qualitative
features of currently known #n-p and p-p scattering data. Some of the implications for saturation are dis-
cussed.

Phys. Rev. 106 (1957) 1366

Possible Existence of a Heavy
Neutral Meson*

YorcHirRO NAMBU

The Enrico Fermi Institute for Nuclear Studies,
T he University of Chicago, Chicago, Illinois
(Received April 25, 1957)

p® would contribute a repulsive nuclear force of
Wigner type and short range (£0.7X10~% ¢m), more
or less similar to the phenomenological hard core.

wW-meson




Most important channels in NN force (45*7L))

V(r,V) =Vao(r) + SieVr(r) + E : § Vis(r) + {VD<7’), VQ} NI
LO LO NLO NNLO

S, Central force 4 nuclear BCS pairing

Bohr, Mottelson & Pines, Phys. Rev. 110 (1958)

3S,-3D, Tensor force = deuteron binding

Schwinger, Phys. Rev. 55 (1939),
Bethe, ibid.57 (1940)
Rarita & Schwinger, ibid. 59 (1941)

3P,-3F, LS force 4= neutron superfluidity
In neutron stars

Tamagaki, Prog. Theor. Phys. 44 (1970)
Takatsuka-Tamagaki, Prog.Theor. Phys. (1973)




BOAAE (2):

hREFim GHJIFHED
ZEERERNDME (RAE=

=

IR MBI FF 735 (Jastrow), wh

5.

DILIN)FAUIZEDHIBERRF A

(R#-E

DA—D7 2 RAZ—RZEQCM (i

i -

- R

Fi5-7H7,
DA —DIZ&BEERIF J35 (Neudachin- Smllnov ]

iy

P ] F(FAED)

BT H -3

N

nFFH)

E18)



Structural Core MIEM8 (a-0fHE{ER)

Repulsive Core of Effective - w \@Z @

Potential

Ryozo Tamacaki and Hajime TANAKA Resonating Group Method (RGM)

o J. Wheeler (Phys. Rev. 52, 1937)
Department of Physics, Hokkaido University

Sapporo - w4 RUGFD)

May 10, 1965 M dr T AN +V"(r)]u‘<r)

+{Witr, uar =2 4, (),

Effective a-a potential provides one of

the typical examples concerned with in-
teractions acting between particles with a
hard internal structure. Recently phenom- —
enological a-a potentials: have been well 20
established.”®  The energy-independent
but /-dependent potentials reproduce com-
pletely the solutions of the phase shift
analyses not only in the elastic region
(Ez<<40 MeV) but also in the higher
energies (E;<<120 MeV), where [ is the
a-a relative angular momentum and E:
the laboratory esergy.

£.=2 Mev
EL= 28.9 Mev {:"4




Structural Core DNNFEBE{ERADILRA(IL/NYA )

Supplement of the Progress of Theoretical Physics, Commemoration Issue for
the 30th Anniversary of the Meson Theory by Dr. H. Yukawa, 1965

A Possible Origin of Repulsive Core in Nuclear Forces

Shoichiro OTsuki, Ryozo TAMAGAKI* and Masaru YASUNO

Department of Physics, Nagoya University, Nagoya
*Department of Physics, Hokkaido University, Sapporo

(Received June 30, 1965)

A dynamical treatment is made of an originating mechanism of repulsive core
provided that the nucleon is a few urfermion system with hard internal structure, by
investigating N-N interaction in parallel with a-a@ one. It is clarified that the
originating mechanism of such a “structural” core is closely related, above all,
with the internal structure of the composed state of two nucleons (corresponding to
Be® in the a-a case). A typical exchange kernel expected by the few urfermion
structure is proposed, whose effect is almost equivalent to the observed hard core.
Some phenomenological aspects of such structural core are discussed.
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Structural Core
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Prog. Theor. Phys. Vol. 58 (1977), Sept.

An Explanation of N-N “Repulsive
Core” in Terms of Forbidden States
Based on the Quark Model

V. G. NEUDATCHIN, Yu. F. SMIRNOV
and Ryozo TAMAGAKI*

Institute of Nuclear Physics, Moscow State
University, Moscow
“Department of Physics, Kyoto University
Kyoto 606

July 5, 1977

Previously a model for the N-N (nucleon-
nucleon) “repulsive core” was proposed
from the viewpoint that the Pauli principle
among subhadronic constituents of nucleons
brings about the almost energy-independent
radial node of N-N wave functions at small
distances near “core” radius.” Further a




RGMIZE DI A—IHISRA—FTI)L

Volume 90B, number 1,2

PHYSICS LETTERS 11 February 1980

NUCLEAR FORCE IN A QUARK MODEL &wz w

M. OKA and K. YAZAKI

Department of Physics, Faculty of Science, University of Tokyo,

Bunkyo-ku, Tokyo 113, Japan

Received 24 July 1979

< S
~ 7
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The problem of the nuclear force in a nonrelativistic quark model is studied by the resonating group method which has
been extensively used in treating the interaction between composite particles. The calculated phase shifts for the 35, and
1g, states of two nucleons indicate the presence of a strong repulsive force at short distance, while an attractive force is pre-
dicted for the 7S3((S, T) = (3, 0)) state of two A’s. These features are due to an interplay between the Pauli principle and the

spin—spin interaction between quarks.

); [ [ENg5 R, R') — Hag(R, R fy(R')dR' =0,

RGM equation
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1986-88
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Informal talk @ZA;K

2005.3.02
Origin of the N-N Repulsive Core
The Most Fundamental Problem in Nuclear Physics
A
(MeV)
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Informal talk @%A;&
2005.3.02

Final answer from lattice QCD ?

1. Short distant N-N potential (r < 1fm) is the most fundamental problem

whole basis of nuclear and hyper nuclear physics
whole basis of neutron star physics

2. Origin of the repulsive core
related to short distance process ?
channel dependent or universal ?

hyperon-N and hyperon-hyperon cases ?

3. How to define potential V(r) for composite object such as nucleon
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Nuclear Force from Lattice QCD BFQcblz&kb
BOETERR
DA B
(Lattice2006)

Noriyoshi ISHII*
Department of Physics, University of Tokyo, Tokyo 113—0033, JAPAN
E-mail: ishii@rarfaxp.riken.jp

Sinya AOKI

Graduate School of Pure and Applied Science, University of Tsukuba, Tukuba 305-8571,
Ibaraki, JAPAN

E-mail: sacki@het .ph.tsukuba.ac.jp

Tetsuo HATSUDA
Department of Physics, University of Tokyo, Tokyo 113-0033, JAPAN

E-mail: hatsuda@phys.s.u-tokyo.ac.jp

0.7 T T T

The first lattice QCD result on the nuclear force (the 0.6t ]
level. The standard Wilson gauge action and the st

on the lattice of the size 16> x 24 with the gauge co 0.5 ‘ ; ‘
Kk = 0.1665. To obtain the NN potential. we adopf| % 0.4t ]
collaboration to study the 77 scattering phase shift| 2 *

NN potentials which are faithful to those obtained - 0.3 ' [} '
identifying the equal-time Bethe-Salpeter wave funct =, , 3 3 ]
the two nucleon system, the NN potential is reconstr] [ i: ]
time-independent Schrodinger equation. In this repo 0.1 a s ]
I =1 channel. which enables us to pick up unambigy 0.0 gﬁi‘-‘%‘.ﬁwﬁiii ..... _

The resulting potential is seen to posses a clear repuls
0.0 0.5 1.0 1.5 2.0

r [fm]

(r £ 0.5 fin). Although the attraction in the intermedi
in the present lattice set-up, our method is appeared

NN potential with lattice QCD.
Figure 3: The lattice QCD result of the NN potential Veentral (7).
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PHYSICAL REVIEW LETTERS week ending

PRL 99, 022001 (2007) 13 JULY 2007

Nuclear Force from Lattice QCD

N. Ishii."? S. Aoki.>* and T. Hatsuda®

'Center for Computational Sciences, University of Tsukuba, Tsukuba 305-8577, Ibaraki, Japan
2Deparnnent of Physics, University of Tokyo, Tokyo 113-0033, Japan
*Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8571, Ibaraki, Japan
*RIKEN BNL Research Center, Brookhaven National Laboratory, Upton, New York 11973, USA
(Received 28 November 2006; published 12 July 2007)

The nucleon-nucleon (NN) potential is studied by lattice QCD simulations in the quenched approxi-
mation, using the plaquette gauge action and the Wilson quark action on a 32* [~ (4.4 fm)*] lattice. A NN
potential Vyy(r) is defined from the equal-time Bethe-Salpeter amplitude with a local interpolating
operator for the nucleon. By studying the NN interaction in the 'S, and *S, channels, we show that the
central part of Vyy(r) has a strong repulsive core of a few hundred MeV at short distances (r = (0.5 fm)
surrounded by an attractive well at medium and long distances. These features are consistent with the
known phenomenological features of the nuclear force.
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Hard Core
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At still shorter distances, however, many more mesons become relevant. Also at these short
distances their internal structure is resolved, so it is not valid to treat them as the irreducible units,
or quanta. The real quanta are quarks and gluons. We can’t fall back on Yukawa’s theory any
more; we can’t avoid working the quarks and gluons.

On the experimental side, we find that at short distances the nuclear force becomes strongly
repulsive. This is the famous “hard core” of nuclear physics. Without the “hard core” repulsion,
atomic nuclei would collapse.

Just in the last few weeks, Ishii, Aoki, and Hatsuda reported the first calculation of the nuclear force
based on QCD. They do find the hard core. Itis a major milestone in our fundamental
understanding of matter.

http://tkynt2.phys.s.u-tokyo.ac.ip/~hatsuda/Wilczek talk.pdf




phenomenological nuclear forces

NN int.: about 4500 np and pp scatt. data

1SO channel -

“high precision” NN interactions  # of parameters
CD Bonn (p space) 38

AV18 (r space) 40

EFT in N3LO (ntr+contact)

R. Machleidt, arXiv:0704.0807 [nucl—th]

> NNN, YN, YY : data very limited
> YYN, YNN, YYY : none

QCD has only four parameters :
mul mdl mSI /\QCD




From Quarks to Cosmos I

- BG/L -> PACS-CS -> T2K -> BG/Q -> KEI
(10TF -> 100TF -> 1PF -> 10PF)

Hadrons to Atomic nucleli

» 1 \ Univ. Tsukuba S. Aoki, N. Ishii, H. Nemura, F. Etminan
H A : ‘ M. Yamada, K. Sasaki

RIKEN K. Murano, T. Doi, Y. Ikeda, T. Hatsuda
Nihon Univ. T. Inoue
Univ. Tokyo B. Charron



Nuclear Structure (Bohr-Mottelson, 3rd edition, 2020)

Chapter 1 Basic properties of atomic nuclei

Chapter 2 Nuclear force
2-1. Quantum Chromodynamics
2-2. Nuclear force from QCD |
2-3. BB and BBB forces from QCD |

Chapter 3 Nuclear structure
3-1 Nuclear models
3-2 Quantum many-body theories
3-4 Ab initio techniques
3-5 Density functional theory

Chapter 4 Nuclear astrophysics

Aage Boh
Chapter 5 Applications of nuclear physics HETWH (otielsar ‘
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Progress of Theoretical Physics, Vol. 66, No. 2, August 1981

Short Range Part of Baryon-Baryon Interaction
in a Quark Model. 1

—— Formulation ——

Makoto OKA* and Koichi YAZAKI

Department of Physics, University of Tokyo, Tokyo 113

(Received December 19, 1980)

The short range part of the interaction between non-strange baryons (N and 4) is studied
in a nonrelativistic quark model. The mass of a quark is assumed to be about one-third of the
nucleon mass and the quark-quark interaction consists of a confinement term and the one gluon
exchange potential. Baryons are described as clusters of three quarks and the resonating group
method, which has been extensively developed in the nuclear cluster model, is used to treat the
bound state and scattering problems of two baryons. This paper discusses the formal aspects
of the present approach, while the numerical results will be given in the subsequent paper.

RGM equation
[IH(R, R)~EN(R, R)|x(R')dR’ =0

:{R(fR')::_ff\“"”“’(R, RY(RDYIR

non-local Schridinger tvpe eguation:

—

[H(R, Rz B)R = Exs( R),




Progress of Theoretical Physics, Vol. 66, No. 2, August 1981

Short Range Part of Baryon-Baryon Interaction

—— Nuwmerical Results for S-Wave

Makoto OKA™ and Koichi YAZAKI*

Institute for Nuclear Study, University of Tokyo

*Department of Physics, University of Tokyo, Tokyo 113

in a Quark Model. 11

Tanashi, Tokyo 188

(Received January 24, 1981)

An approach to the short
tic quark model, proposed and
relative meotion. Repulsive ¢
states, including the NN systg
predicted for the 44 system
the Pauli principle between (¢
insensitive to the confinement

- the present non-relativistic qu
local potential. Qualitative |
way.

IEELLE

Fig. 2. The kinetic energy kernel.

rm llzatlon kernel. R R )
The norma denotes the kinetic energy insertion.

Fig. 1.

BLH IR R

(D) (E X

Fig. 3. The direct (a) and the exchage (b) parts of the interaction kernel.
denotes the two-body potential.

The wavy line
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SkyrmionlZ& 5% 5

Progress of Theoretical Physics, Vol. 74, No. 4, October 1985
Static N-N and N-N Interactions in the Skyrme Model

Hiroyuki YABU and Kazuhiko ANDO

Department of Physics, Kyoto University, Kyoto 606

(Received May 27, 1985)

Static nucleon-nucleon (N-N) and nucleon-antinucleon (N-N) interactions in the Skyrme model are
calculated using the so-called product approximation. Properties of the obtained interactions are
examined and discussed in terms of the G-parity transformation based on the meson exchange picture. It
is shown that the state-independent repulsive term found in the N-N potential remains completely
unchanged in the N-N case, which is at variance with the w-meson exchange effect. In long and inter-
mediate range parts of the isovector spin-spin and tensor interaction, one pion and p-meson like effects are
clearly exhibited. A feature possibly attributable to the 4;-meson is also noticed.

V>(s; eas(1), ()=~ [L[Uss(2)]d*s —2Ms,

BKR-EFBEKRTIV—T (. 2. £H. ..), Jackson, Rho, ......, IBEAR(FETL),




QCD Phase diagram

Sign problem
Quark-Gluon Plasma (Complex Action)
sQGP

Critical
Point °

Temperature 7’

\96)
) B
% Quarkyonic
K Matter
= uSC
B _ oo dsc
Liquid-Gas CFL

loESuperconductors

Hadronic Phase

>
Nuclear Superfluid Baryon Chemical Potential us

K. Fukushima and T. Hatsuda,
Rep. Prog. Phys. 74 (2011) 014001




NN interactions
critical inputs in nuclear physics

— virtual state

mid-range
/ attraction :
mid-range

/ attraction
short-range

repulsion
P short-range

repulsion

1 l 1 l 1 l 1 l 1 l 1 1 1 l i l L

Nijmegen partial-wave analysis,
Stoks et al., Phys.Rev. C48 (1993) 792
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From LQCD

to Nuclear & Astro physics
-- bottom-up approach --

*Nuclear
many-body
Lattice QCD methods
“Supernova
simulation
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_ _ » One-pion exchange
Nuclear force: a brief history Yukawa (1935)

» Multi-pion

| LA L R B B L S N B B BB B Taketani et al. \a)

{
1 | 1951
SO channel _ ( ) '

» Repulsive core
Jastrow (1951) Nambu (1957)

repulsive

—— - >EFT
. Weinberg (1990)

Bonn
Reid93

AV18 - [fm] =
T T T high precision NN force (90’s-)

0.5 1 , 2 25 30-40 parameters
5000 phase shift data




