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• 　

What binds protons and neutrons inside a nuclei ?

p
n

gravity: too weak
Coulomb: repulsive between pp
                no force between nn, np

New force (nuclear force) ?

1935 H. Yukawa 
introduced virtual particles (mesons) to explain the nuclear force

Yukawa potential

V (r) =
g2

4π

e−mπr

r

1949 Nobel prize



A current understanding of  the nuclear potential

Origin of the N-N Repulsive Core

The Most Fundamental Problem in Nuclear Physics
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(Taketani)
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Long range part

one pion exchange potential
(OPEP)

I

II Medium range part
σ, ρ, ω exchange

2π exchange

III Short range part

repulsive core (RC)

quark ?
Bonn: Machleidt, Phys.Rev. C63(‘01)024001
Reid93: Stoks et al., Phys. Rev. C49(‘94)2950.
AV18:   Wiringa et al., Phys.Rev. C51(‘95) 38.

R. Jastrow(1951)



Importance of repulsive core

stability of nuclei maximum mass of 
neutron star
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QCD based explanation is needed.

Note:  Pauli principle is not essential for the “RC”.
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1. Matter(nuclei) cannot be stable without the “repulsive core (RC)”.

2. Neutron star & supernova explosion cannot exist without the “RC”. 

3. QCD description should be essential for the “RC”.

4. SU(3) ? (NN ! YN ! YY) ! basis of hypernuclear physics @ J-PARC

23&,/()*,

1. What is the physical origin of the repulsion ?

2. The repulsive core is universal or channel dependent  ?

Note: RC is not related to Pauli principle

+

Origin of RC: “The most fundamental problem in Nuclear physics.”



N. Ishii S. Aoki and T. Hatsuda, Phys.Rev.Lett. 90(2007)0022001

An “answer” by lattice QCD simulations

NN (effective) central potentials

mπ ! 0.53 GeV
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Nature Research 
Highlights 2007

“The achievement is both a computational 
tour de force and a triumph for theory.”

E ! 0

現象論的核力ポテンシャル



最終的な結果を得るにはFull QCDによる計算が必要！!"#$%&'()*)*+,-./012
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2008年度にほぼ計算が終了

2008年度に一部の計算が終了

2009年度に計算予定

2009年度に計算予定

2009年度に計算予定

2008年度にほぼ計算が終了

PACS-CS Collaborationが生成したゲージ配位
を用いて核力ポテンシャルを計算する



２００８年度の成果 I.  NN potential
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• 中心力だけでなく、テンソル力も計算可能になった（テンソル力
に斥力芯はないようだ）

• π中間子の質量を軽くすると斥力芯も高くなるが、引力も少し深
くなりその領域が広がっていく。
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• 中心力、テンソル力が計算可能、振る舞いはNNと類似
• π中間子の質量依存性を見るには統計を上げる必要有り。斥力芯
は高くなっている

２００８年度の成果 II.  ΛN potential
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Λ：stramge quarkを１つ含むバリオン
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Lambda-nucleon force from lattice QCD on May 14, 2009 Hidekatsu Nemura

6.1.3 (!ud ,!s)Nconf = (0.13727,0.13640)481
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Figure 8: Left: The radial wave function of !p, in 1S0 (red circle) and
3S1 (blue triangle) channels, obtained

by using the PACSCS gauge configurations at t− t0 = 10. Nconf = 481 gauge configurations are used. Right:
The effective central potential for !p, in the 1S0 (red circle) and

3S1 (blue triangle), obtained from the wave

function at time slice t− t0 = 10. The left (right) inset shows its enlargement in the 1S0 (
3S1) channel.

The left panel of Figure 8 shows the wave function obtained at the time slice t− t0 = 10. The

red circle (blue triangle) corresponds to the 1S0 (
3S1) channel.

Figure 9 shows the effective mass at several spatial points. The plateaux starting appears at the

time slice t− t0 = 10 in the 1S0 channel (in the left panel of Fig. 9), whereas the plateaux starting

seems to appear later than t − t0 = 10 in the 3S1 channel (in the right panel of Fig. 9). We need

more statistics. In this report, we show the results obtained at the time slice t− t0 = 10.

We attempted to make a fit in the asymptotic region (14a ≤ |!r| ≤ 16√3a) at the time slice
t − t0 = 10. The fitting region is chosen so that the potential becomes zero within the errorbars.

The energy obtained in the 1S0 (
3S1) channel is E = −1.7(0.3) MeV (E = −1.5(0.3) MeV). The

present results for the energies suggest that the spin dependence of the interaction in the low-energy

region seems to be weak, although we need more statistics. The right panel of Figure 8 shows the
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Figure 9: The effective mass of the wave function for !p at several spatial points (x,y,z), in the 1S0 (left)
and the 3S1 (right) channels, obtained by using the PACS-CS gauge configurations. Nconf = 481 is used.

We should also check the “potential plateaux”, which was
given in the p"0 paper.
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• full QCDの方が大きい
• π中間子の質量を軽くすると増大傾向
• 実験値はないが、ハイパー核構造からの予想値は1-2fm程度

２００８年度の成果 III.  ΛN scattering length Preliminary

Lambda-nucleon force from lattice QCD on May 14, 2009 Hidekatsu Nemura

6.3 Scattering lengths
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Figure 24: The scattering length for p! in the 1S0 (circle) and
3S1 (triangle), obtained by the Lüscher’s

formula from the asymptotic behavior of the wave function. The vertical dashed line is the physical point at

m! = 0.135 GeV.
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• π中間子質量=700MeV, 570MeVの解析の完了

• 300MeVの統計を上げる

• 410MeV, 380MeVでの計算を行う

• ポテンシャルのπ中間子質量依存性の研究

• 散乱長のπ中間子質量依存性の研究

• 物理点での計算(L=3 fm vs. 6 fm)

2009年度の課題



Present Status
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Preliminary

• 引力が外に広がっていくようだ。
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