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Nuclear Physics

Finite number of nucleons
interacting with strong interaction

Rich structures 
on the basis of the nuclear Saturation



Nuclear saturation
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Independent-pair scattering mode

L.C. Gomes, J.D. Walecka & V.F. Weisskopf
Ann. Phys. 3 (1958) 241 

Foundation of Shell Model
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Hole-line expansion method

h≥Δ⋅Δ rp

kF

g
e
Qvvg +=⇒



3S/1S ratio 1.0 1.7

Matter 4He

Tensor enhancement
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Infinite matter

Few-body systems
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Nuclear saturation
(1) Tensor force
(2) Exchange force
(3) Repulsive core

(1-m)+mPr ,
Saturation condition, m > 0.8, 

is not satisfied.

Majorana exchange

Energy of nuclear matter
H.A. Bethe, Ann. Rev. Nucl. Sci. 21 (1971) 93
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M. Serra, T. Otsuka et al., Prog. Theor. Phys. 113 (2005) 1009:
g-matrix Relativistic Mean Field

Lower densities



Central ~ -100 MeV at 1 fm

Tensor force effects on clusterization

Y. Akaishi, H. Bando &  S. Nagata,
Prog. Theor. Phys. Suppl. 52 (1972) 339

“Essential 4-body”ω =ε1+ε2
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“Model space”
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Alpha particle (0s)4
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Real space vs. model space





Multiple scattering process

Two-body scattering in medium





Amalgamation of Two-body correlations 
into Multiple Scattering process

ATMS

Two-body scattering 
in medium
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Live fish “Sashimi”

Structure-dependent
3S1 interaction

Alpha particle

MeV621.=ωh

ATMS        
M. Sakai, I. Shimodaya,Y. Akaishi, J. Hiura & H. Tanaka,

Prog. Theor. Phys. Suppl. 56 (1974) 32







Short-range correlation

Tensor renormalization



0s
0p

0d,1s



Since then, 20 years have passed.
Y. En’yo:

What is “Tensor Force”?

Realistic NN interaction
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An evidence for OPEP





Alpha particle

Phys. Rev. C64 (2001) 044001
Benchmark test calculation of 4N

FY
H. Kamada, W. Gloeckle et al.

CRCGV
M. Kamimura, E. Hiyama et al.

SVM
Y. Suzuki, K. Varga et al.

HH
M. Viviani, A. Kievsky et al.

GFMC
J. Carlson, R.B. Wiringa et al.

NCSM
P. Navratil, B.R. Barrett et al.

Ordinary
single particle model

AV8’ (Sc&D tr.)
-25.3
54.1

-32.0
-47.4

-79.4



K. Ikeda
Tensor pion

0=l

1=l

2002

“Is the effective model unique?”



Ikeda’s idea

Parity- & charge-mixed s.p. state
Tensor pion

Charge
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A challenge @ the citadel of standard S. M.

Parity

π+, π0, π- coherence
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r fm

Tensor BHF calculation
(0s+0p)4 AV8’

Pp=6.0%
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Y. Kanada-En’yo

Mixed up!



Alpha particle

Phys. Rev. C64 (2001) 044001
Benchmark test calculation of 4N

FY
H. Kamada, W. Gloeckle et al.

CRCGV
M. Kamimura, E. Hiyama et al.

SVM
Y. Suzuki, K. Varga et al.

HH
M. Viviani, A. Kievsky et al.

GFMC
J. Carlson, R.B. Wiringa et al.

NCSM
P. Navratil, B.R. Barrett et al.

Ordinary
single particle model

AV8’ (Sc&D tr.)
-25.3
54.1

-32.0
-47.4

-79.4

“Ptolemaic”
Geocentric

“Copernican”

Parity- & charge-mixed
single particle model

AV8’ (Sc tr.)
-7.6
58.6

-25.8
-9.3

-35.1

-31.1

P(p)=6.0 %

-66.2

Heliocentric



Wave function of 4He
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P Q

Momentum distribution in 4He

Model space 
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High momentum
and short range

at k
=0.4 GeV/c

j0(kr)

j2(kr)
High momentum
but long range
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Momentum distribution in 4He

Harmonic 
oscillator
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Tensor correlation
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Short-range correlation
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kF=1.4, 1.1, 0.7 fm-1

less dependence on kF
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r fm

Tensor BHF calculation
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Alpha particle

Phys. Rev. C64 (2001) 044001
Benchmark test calculation of 4N

Ordinary
single particle model

AV8’ (Sc&D tr.)
-25.3
54.1

-32.0
-47.4

-79.4

“Ptolemaic”
Geocentric

“Copernican”

Parity- & charge-mixed
single particle model

AV8’ (Sc tr.)
-23.1
89.1
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-27.4

-56.9

-55.2

P(p)=9.8 %

-112.1
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Concluding remarks

Ordinary single particle model

State-dependent effective interactions
(Density-, cluster-, halo-, … dependent)

Challenging !

“New generation”

Pions play a leading role in nuclei.

Charge-parity mixed
single particle model

High-momentum phenomena
due to long-range tensor correlation

(Restoration of chiral symmetry)



Models of new generation

A wide variety of nuclear structures 

Effective interaction

Dynamically     determined

Antisymmetrized Molecular Dynamics
Y. Kanada-En’yo, H. Horiuchi et al.

must include physical essences
of strong interaction.

“Pion dominance”



Thank you very much!


