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Three lectures (1hour X 3) 
1. First lecture 

preliminary(QCD, NJL, Skyrmion) 
  what is nucleon and what is pion?  
pion produces nucleus (homework)  
importance of tensor interaction  
Tensor optimized shell model (TOSM) 

2. Second lecture 
Tensor saturates nuclear matter 
Tensor blocking shell model 

3. Third lecture 
Tensor optimized antisymmetrized  
molecular dynamics (TOAMD) 
Delta isobar in nuclei



First lecture 
1. preliminary (QCD, NJL, Skyrmion) 

  what is nucleon and what is pion 
2. pion produces nucleus (homework) 
3. importance of tensor interaction 
4. Tensor optimized shell model (TOSM)  

for light nuclei 



1. Preliminary
Quantum chromo-dynamics (QCD) 

Fundamental theory of nucleon and nucleus

LQCD = ψ̄(iγμ(∂μ − igAμ) − m)ψ +
1
4

FμνFμν

quark gluon Maxwell equation

Dirac equation

This is all (Gauge theory)!! 
All particles are interacting each other. 

(I encountered this Lagrangian when I am 30.) 
Confinement Dual Ginzburg-Landau theory 

Chiral symmetry NJL model
→

→

ψ → eiθψ
Aμ → Aμ +

1
g

∂μθ



LNJL = ψ̄(iγμ∂μ − m)ψ +
g
2

[(ψ̄ψ)2 + (ψ̄iγ5ψ)2]

Vector transformation ψ → ψ′ � = eiαψ
Chiral transformation ψ → ψ′� = eiγ5βψ

If   is zero, chiral invariant!! 
However, nucleon has mass and 

quark should have mass!

m

Chiral symmetry is broken
E = (e − λ)2 + Δ2

E = p2 + M2

Chiral symmetry and its breaking



< ψ̄ψ > = σ ≠ 0
M = m − gσ

Quarks have mass and nucleon mass is  MN ∼ 3M

Amazing is pion mass becomes close to zero 
Nambu-Goldstone boson

Bethe-Salpeter equation (RPA)

T =
g
2 + T

Mean field approximation

Nucleon has mass and interact with small-mass pion.



Hedgehog state: delta is a brother of nucleon 
Skyrmion

Δ (1230MeV)Delta

(939MeV)

Hedgehog

N

N*   (1440MeV)Roper

(1/2+,1/2)

(1/2+,1/2)

(3/2+,3/2)

Pion connects   and   strongly!N Δ

⃗ϕ ∥ ⃗r



Nuclear Physics 
Ingredient 

Nucleon(composite of quarks and pions) 
Delta(partner of nucleon) 

Pion(light meson)
H = T + V

H = T + V + U(three body)

Hadron Nuclear Physics

H = (T + V )N + (T + V )Δ + VNΔ

 Future is in your hand!!



Yukawa theory (1934)

VC(m = 0 : r) → VC(m : r)

VC(m : r) = −
g2

4π
e−mr

r

H = −
ℏ2

2m
∇2

1 −
ℏ2

2m
∇2

2 + VC(m : r)

= −
ℏ2

m
∇2

R −
ℏ2

4m
∇2

r + VC(m : r)

Hψ = Eψ E = − 2.2 MeV
m = 140 MeV

Pion produces nucleus

1
r

e−mr

r



Homework 
Solve the Schroedinger equation for deuteron using the 
Yukawa potential.  

H = −
ℏ2

2μ
∇2 − V0e−ar2 ℏc = 197 MeV fm

mc2 = 940 MeV
Hψ = Eψ

ψ = Ne− 1
2 br2

ψ(r) = Ne− 1
2 br2

E = − 2.2 MeV
μ = m/2

∫ d3re−br2 = ( π
b )

3/2

∫ d3re− 1
2 br2 ∇2e− 1

2 br2 = −
3
2

b ( π
b )

3/2

E = < H > =
(197)2

940
3
2

b − V0 ( b
a + b )

3/2 dE
db

= 62 − V0
3
2

ab0.5

(a + b)2.5
= 0

Use the gauss integral



∫ d3re−ar2 e−mr

r
= 4π∫

∞

0
rdre−a(r+m/(2a))2+m2/(4a)

= 4π∫
∞

m/(2a)
dx(x − m/(2a))e−ax2em2/(4a)

r + m/(2a) = x r = x − m/(2a)

Yukawa form

If  , we can perform integralm = 0

= 4π[e−ax2(−1)/(2a)]∞
0 = 2π/a

If  , we get error function 
(Python)  import math; math.erf(1)

m ≠ 0

Please work out numbers!!



Pion is a pseudoscalar meson

� · q
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V⇡ =
f2
⇡

m2
⇡

(�1 · q)(�2 · q)
m2

⇡ + q2
⌧1⌧2
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(�1·q)(�2·q)
m2

⇡+q2 = 1
3�1�2

h
m2

⇡+q2

m2
⇡+q2 � m2

⇡
m2

⇡+q2

i
+ 1

3S12(q)
q2

m2
⇡+q2
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δfunction

Pion interaction = tensor interaction

J⇡ = 0�
<latexit sha1_base64="irM7jawSrGe1NXj0imQEHX9P7ps="></latexit><latexit sha1_base64="oZW1M9bQdMTX5hEIbE8/njDJNfM="></latexit><latexit sha1_base64="oZW1M9bQdMTX5hEIbE8/njDJNfM="></latexit><latexit sha1_base64="TdozeC44Hc6p78Zo0c5TOjPexBQ="></latexit>

Tensor

Yukawa



∫
d3q

(2π)3

1
m2 + q2

e−i ⃗q ⃗r =
1

4π
e−mr

r

∫
d3q

(2π)3

q2

m2 + q2
Y2M(q)e−i ⃗q ⃗r =

m2

4π (1 +
3

mr
+

3
(mr)2 ) e−mr

r
Y2M(r)

Fourier transformation

Yukawa interaction

Tensor interaction

Argonne choice

Y(r) =
e−mr

r
(1 − e−cr2)

T(r) = (1 +
3

mr
+

3
(mr)2 ) e−mr

r
(1 − e−cr2)2

c = 2.1 fm−2



H = ∑
i

p2
i

2M
+ ∑

ij
[Vπ(i, j) + VS(i, j)] + ∑

ijk

VΔ(i, j, k)

� 

π

NN interaction (AV8’)

Δ

 Wiringa, Stoks, Schiavila



m⇡ = 140MeV Nuclear Physics=Tensor physics

Tensor interactionCentral+Tensor
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Deuteron (1+)
S=1 and L=0 or 2

Tensor interaction is strong!! 
P(D) is only 6% 

1% provides 3MeV

Ψ = |S⟩ + |D⟩



Second lecture 
1. Argonne description of nucleus 
2. TOSM description of nucleus and nuclear matter
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Variational calculation of light nuclei with NN interaction

C. Pieper and R. B. Wiringa, Annu. Rev. Nucl. Part. Sci.51(2001)

� 

ΨVπ Ψ
ΨVNN Ψ

~ 80%

VMC+GFMC

VNNN

Fujita-Miyazawa

Relativistic

Pion is keyHeavy nuclei (Super model)

(Argonne group)



Argonne group 
 Ψ = Πi<j(1 + Uij)Φ(shell model)

TOSM 
Tensor optimized shell model

Ψ = C0 |0⟩ + ∑
α

Cα |2p2h : α⟩

= (1 + Σi<jUij)Φ(shell model)

2, 3, 4,.. A body operators

Two body operator

= (1 + U12)(1 + U13)(1 + U34) . . . Φ(shell model)

(Jastrow function)

difficult

simpler

= (1 + Σi<jUij + . . + Πi<jUij)Φ(shell model)

Σα |2p − 2h : α⟩⟨2p − 2h : α |ΣUij |0⟩
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Tensor optimized shell model  
（TOSM） 

Myo, Toki, Ikeda, Kato, Sugimoto, PTP 117 (2006)

0p-0h + 2p-2h

Energy variation
(size parameter)

Ψ = C0 |0⟩ + ∑
α

Cα |2p2h : α⟩



Unitary Correlation Operator Method

H. Feldmeier, T. Neff, R. Roth,  
J. Schnack, NPA632(1998)61

corr. uncorr.  SM, HF, FMDCΨ = ⋅Φ ←

{ }1
2exp( ),     ( ) ( )ij r r

i j
C i g g p s r s r p

<

= − = +∑

short-range correlator †
1

  (Unitary trans.)C C−=

rp p pΩ= +
! ! !

Bare Hamiltonian

†  : Hermitian generatorg g=

Shift operator depending on the relative distance r

� 

C+HCΦ = EΦ

� 

HΨ = EΨ

(UCOM)

†  ( )C r C R r+=



4He with UCOM

He  : (0 )   with -parameterA As b
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TOSM+UCOM with AV8’

T

VLS

E

VC

VT

Few body 
Calculation 

(Kamda et al) 

� 

Ψ = C0 0 + Cα 2p2h :α
α
∑

T.Myo H.Toki K.Ikeda 
PTP121(2009)511

(space)

TOSM
Tensor optimized 

Shell model



Myo et al

12.3.21



8Be in TOSM 
− AV8’ − 

• correct level order (T=0,1) 
• tensor contribution : T=0 > T=1 
•  α : 0p0h+2p2h with high-k 

– 2α needs 4p4h. 
– spatial asymptotic form of 2α

α α
clustering

TOSM

Expt. (TUNL)

⇒ TOAMD
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(2011)

Hartree-Fock theory cannot handle tensor interaction.

� 

δ
Ψ H Ψ
Ψ Ψ

= 0

� 

Ψ = C0 0 + Cα
α
∑ 2p − 2h :α

� 

Ψ Ψ = C0
2

+ Cα
α
∑ 2

= 1

12.3.21



toki@numazupion !27

Total energy

Variational principle

� 

Ψ H Ψ = C0
2 0 H 0 + C0

* Cα
α
∑ 0 H 2p − 2h :α

+ C0 Cα
*

α
∑ 2p − 2h :α H 0 + Cα

*

αβ
∑ Cβ α H β

� 

∂
∂Cα

* Ψ H − E Ψ = 0

� 

C0 α H 0 + Cβ
β
∑ α H β = ECα

� 

∂
∂ψ a

* (x)
Ψ H Ψ − ebψ b

* (x)ψ b (x)
b
∑⎡ 

⎣ ⎢ 
⎤ 
⎦ ⎥ = 0

� 

C0
2 ∂
∂ψ a

* 0 H 0 + C0
* Cα

α
∑ ∂

∂ψ a
* 0 H α + Cα

*

αβ
∑ Cβ

∂
∂ψ a

* α H β = eaψ a (x)

� 

2p − 2h :α ≡ α

� 

0 = ψ a
a
∏ (x)

TOSM Hartree-Fock theory



Extender BHF theory

� 

∂
∂ψ a

* (x)
0 Heff − ebψ b

*ψ b
b
∑ 0 = 0

� 

Cα = −C0
1

α H β − Eδαββ
∑ β H 0 = −C0 α

β
∑ 1

H − E
β β H 0

� 

C0
2 ∂
∂ψ a

* 0 H 0 − C0
2 ∂

∂ψ a
* 0 H α α

1
H − E

β β H 0
αβ
∑

+ C0
2 0 H ′ α 
α ′ α β ′ β 
∑ ′ α 1

H − E
α ∂

∂ψ a
* α H β β 1

H − E
′ β ′ β H 0 = eaψ a (x)

� 

Heff = C0
2
H − C0

2
H α α

1
H − E

β β H
αβ
∑

Effective Hamiltonian for HF calculation



Brueckner-Hartree-Fock theory

G = V + V
Q
e

G

= V + V
Q
e

V + V
Q
e

V
Q
e

V + . . .

� 

Ψ = C0 0 + Cα 2p2h :α
α
∑

Veff = |C0 |2 V + |C0 |2 Σαβ⟨0 |V |2p − 2h : α⟩
1

E − ⟨2p − 2h : α |V |2p − 2h : β⟩
⟨2p − 2h : β |V |0⟩

G = V + Σ(2p)
αβ ⟨0 |V |2p − 2h : α⟩

1
E − ⟨2p − 2h : α |V |2p − 2h : β⟩

⟨2p − 2h : β |V |0⟩

Nuclear matter

TOSM



� 

N = Z

Nuclear matter

Attraction due to tensor interaction decreases with density 
Relativistic framework is important

J. Hu, Toki and Y. Ogawa



Momentum distribution in nuclear matter

1. Low momentum component decreases
2. High momentum component appears

URCA process

� 

n→ p + e− + ν



Tensor correlation and short range correlation

1. Short range correlation increases with density
2. Tensor correlation decreases with density



E = p2 + (m + U)2 = p2 + m2(1 +
2mU + U2

2ε2
)

= ε +
m
ε

U +
U2

2ε
−

m2U2

2ε3
= ε +

m
ε

U +
p2

2ε3
U2

U ∼ − 400 MeV

p2

2ε3
U2 ∼ 2 MeV (ρ/ρ0)8/3

Relativistic kinematics generates 
Strong repulsive effect!!

Brockmann-Machleight 
1990



Tensor interaction is  
generating strong attraction

kF

Attraction is decreased 
with density

ρ =
4

(2π)3

4π
3

k3
F =

2
3π2

k3
F

Saturation:  
1. 2p-2h states appear with small excitation energy 
2. Some 2p-2h states can be blocked by shell  

model state
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16O (p,d)  
Ep = 198 MeV 
Θd   = 10°

16O (p,d)  
Ep  = 295 MeV 
Θd  = 10°

16O (p,d)  
Ep = 392 MeV 
Θd   = 10°

15O
Level scheme 1/2

-
0.0

- -+ +
Ong, Tanihata et al

12.3.21
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Third lecture 
1. Tensor blocking shell model 
2. Tensor optimized antisymmetrized  

molecular dynamics (TOAMD) 
3. Delta isobar effect



Tensor blocking shell model

Understanding Magic Numbers in Neutron-Rich Nuclei by Tensor Blocking Mechanism

I. Tanihataa,b, H. Tokib, S. Terashimaa, and H.-J. Ongb

Fig. 1 The most important 2p-2h excitation by the tensor interaction in 4He. This 
configuration alone, (1p1/2)2(1s1/2)-2, provides 8.4 MeV of potential energy in a 4He nucleus.

Table I Outstanding questions in neutron-
rich nuclei

1.Why are 10He and 28O not bound while 48Ca 
is bound and magic? 

2.Why does the dripline suddenly extend so 
much in F isotopes? 

3.How are new magic numbers N=6, 14, 16, 
32 and 34 realized?

4.Why do the magic numbers N=8 and N=20 
disappear in neutron-rich nuclei?

5.How can we understand the peculiar 
configurations of 11Li, 11Be and 12Be 
consistently?
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Nuclear Saturation by Tensor 
Blocking

p n
1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

12C
p n

1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

16O
p n

1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

40Ca

Blocking and Opening occurs simultaneously and keep the 
binding per nucleon to be almost constant.
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What is the difference between 
stable and neutron rich nuclei?

Blocking and Opening 
occur simultaneously.

Symmetric nuclei Neutron rich nuclei

p n
1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

16O

Only tensor blocking 
occurs.

p n
1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

28O
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• Use spirit of TOSM (include 2p-2h configurations as base 
wave function so that tensor force is treated properly).

• Treat only Δl=1 orbital separately. All light nuclei so far 
fills only up to Δl=1 orbitals.

New!  

Tensor Blocking Shell Model



NSD2019@Venice 2019.01.25

Ψ =ψ Sh +ψ 2 p−2h

Δl=1 gives 5~8 MeV additional energy in the binding.

H = T+VC + VT 

Ψ VC +VT Ψ = ψ Sh VC ψ Sh + ψ Sh VT ψ Sh + 2 ψ Sh VT ψ 2 p−2h + ψ 2 p−2h V ψ 2 p−2h

Potential energy

So we treat all other terms as a mean field potential given 
by phenomenologically accepted Woods-Saxon potential. 

ψsh only low momentum
ψ2p-2h includes high-momentum 

Tensor Blocking in Shell Model

HF_tensor TOSM_tensor

ψ2p−2h = |Δl = 1⟩ + Σhigher l |2p − 2h⟩

p n
1s1/2

1d5/2

1p3/2

1p1/2

2s1/2

1d3/2

1f7/2

1f5/2
2p3/2

2p1/2

28OAny mean field mode can be used.
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Woods-Saxon potential parameters are from the book of Bohr and Mottelson.
Calculations are made for A/Z=3 nuclei.

Orbitals in W-S potential and blocking of 
2p-2h excitation (>5MeV) 



ΔE(TB) = 2.5 MeV (A/10)−1/3

for  A = 102ΔE(TB) = 5 MeV

From TOSM calculation
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energy gaps become 
more than factor of 
two larger due to the 
tensor blocking.

How are new magic numbers 
N=6,14,16,32,34 made?
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Originally a large gap but the 
tensor blocking effectively bring 
p1/2 much loosely bound and 
mixes with sd-shell.  Blocking 
occurs  for s1/2 until proton fills 
p1/2.

Originally the energy gap is 
larger than ~4 MeV but the 
tensor blocking effectively bring 
d3/2 much loosely bound and 
mixes with fp-shell. For loosely 
bound nuclei not only f7/2 but also 
p3/2 comes closer.  f7/2 has no 
blocking effect and p3/2 does not 
until proton fills d3/2.

Why magic numbers N=8 and N=20 
disappear in neutron-rich nuclei?



8Be in TOSM 
− AV8’ − 

• correct level order (T=0,1) 
• tensor contribution : T=0 > T=1 
•  α : 0p0h+2p2h with high-k 

– 2α needs 4p4h. 
– spatial asymptotic form of 2α

α α
clustering

TOSM

Expt. (TUNL)

⇒ TOAMD



Tensor Optimized Antisymmetrized  
Molecular Dynamics (TOAMD)

Tensor optimized shell model（TOSM） 
1. We include tensor interaction most effectively to shell model　 
2. Difficult to treat cluster structure

+
Antisymmetrized molecular dynamics (AMD) 
1. Cluster+shell structure is handled on the same footing using 

effective interaction 
2. Difficult to treat bare nucleon-nucleon interaction

Study nuclear structure based on bare NN interaction

Myo Toki  Ikeda

Horiuchi Enyo Kimura..



Phys. Lett. B769 (2017) 213



TOAMD 
(Tensor optimized antisymmetrized molecular dynamics)

Ψ = AMD + FD AMD

AMD = A ψ pii=1

A∏ (!ri )χ pi
(si )ξ pi

(ti )

ψ pi
(!ri ) =

2ν
π

⎛
⎝⎜

⎞
⎠⎟
3/4

e−ν (
!ri−
!
Dpi )

2

χ pi
(si ) = β pi

↑ + (1− β pi
) ↓

ξ pi
(ti ) = proton or neutron

(shifted Gaussian)

FD = 1
2

fD
i≠ j
∑ (rij )S12 (rij )τ i ⋅τ j

fD (rij ) = Cµ
µ
∑ rij

2e−aµrij
2 (Tensor correlation function)

S12 (rij ) = 3(σ i ⋅ r̂ij )(σ j ⋅ r̂ij )− (σ i ⋅σ j )

= r̂ijxr̂ijy
xyx 'y '
∑ σ ix 'σ jy ' (3δ xx 'δ yy ' −δ xyδ x 'y ' )

� 

Ψ = C0 0 + Cα 2p2h :α
α
∑

(TOSM)



Argonne wave function (Monte-Carlo method)

Ψ = 1+Uij (rij )( )
i≠ j
∏ Ψ J (SM )

Multiple correlation functions are contained. 
This is the reason why the calculations are time 
consuming. (very complicated)

TOSM (Tensor optimized shell model)

Ψ = C0 SM + Cα
α
∑ 2p2h;α

Relative correlation function is expressed by 2p2h 
states.  (include 4p4h states are highly complicated)

Jastrow(1955)

VMC method



Hamiltonian (AV18)

H = T +V +U

T = pi
2

2m
⎛
⎝⎜

⎞
⎠⎟i=1

A

∑ −TCM

V = 1
2

V p (rij
i≠ j
∑ )

p
∑ Op (ij)

V p (rij ) = Cµ
µ
∑ e−a

p
µrij
2

U = 1
2

U p (ijk
i≠ j≠k
∑ )

p
∑
U p (ijk) =V π (ij)V π ( jk)



Energy (minimization)

E =
AMD (1+ FD )H (1+ FD ) AMD
AMD (1+ FD )(1+ FD ) AMD

Difficulty
1. many body matrix elements (7 body) 
2. antisymmetrization (exchange of particles) 
3. tensor interaction (high momentum)

Advantage
1. Gaussian integral (analytical) 
2. antisymmetrization (matrix technique)

momentum space (separable)

e−arij
2

= π
a

⎛
⎝⎜

⎞
⎠⎟
3/2

e−k
2 /4aeik (ri−rj )

k∫



Two-body matrix element

AMD O1O2 AMD = p1p2..pA O(i)O( j)
i≠ j

A∑ det q1q2..qA

M (O1O2 ) =

p1 q1 p1 q2 … p1 qA
pr1 O1 q1 pr1 O1 q2 ! pr1 O1 qA

pr2 O2 q1 pr2 O2 q1 ! pr2 O2 q1
pA q1 pA q2 ! pA qA

r1≠r2

A

∑

M (O1O2 ) = pr1 O1 ql1 pr2 O2 ql2
l1≠l2

A

∑
r1≠r2

A

∑ C(r1r2 : l1l2 )

is a co-factor matrix of B.C(r1r2 : l1l2 )



Central interaction

V c = 1
2

Cµ
µ
∑

i≠ j
∑ π

aµ

⎛

⎝⎜
⎞

⎠⎟

3/2

e−k
2 /4aµeikri

k∫ e− ikrj

AMD V c AMD = 1
2

!Cµ
(0) e−k

2/4 aµ
p1 e

ikr1 q1 p2 e
ikr2 q2 C(p1p2 :q1q2 )k∫

µ
∑

p1≠p2:q1≠q2
∑

= 1
2

!Cµ
(0)I (12)(A,B,C)M p1q1M p2q2M p1q1M p2q2C

µ
∑

p1≠p2:q1≠q2
∑ (p1p2 :q1q2 )

I (12)(A,B,C) = 1
(2π )3

π
A

⎛
⎝⎜

⎞
⎠⎟
3/2

e−B
†A−1B/4+C

A = 1/ 4ν +1/ 4aµ

B = 1
2
!
Dp1

+
!
Dq1( )− 12

!
Dp2

+
!
Dq2( )

C = − 1
2
ν Dp1

− Dq1( )2 + Dp2
− Dq2( )2⎡

⎣⎢
⎤
⎦⎥

p1 p2

q2q1



Many correlations

Ψ = AMD + FD AMD →
→ AMD + FD AMD + FDFD AMD ..
→ (1+ FS )(1+ FD + FDFD + ..) AMD

FS =
1
2

Cµ
i≠ j
∑ e−aµrij

2

FD = 1
2

Cµrij
2

i≠ j
∑ e−aµrij

2

S12 (rij ) Tensor correlation

Short range correlation





Some example of matrix element

AMD O AMD = !Cµ1
(2) !Cµ2

(0) !Cµ3
(0) !Cµ4

(0) !Cµ5
(0) !Cµ6

(2)

µ1µ2µ3µ4µ5µ6
∑

p1≠p2≠p3:q1≠q2≠q3
∑

I1x1y6z6u
((12)3:23:(12)2 )(A,B,C)

xyzux 'y 'z 'u '
∑ Mx 'z '

p1q1My 'u '
p2q2M p3q3M p1q1M p2q2M p3q3

(3δ xx 'δ yy ' −δ xyδ x 'y ' )(3δ zz 'δuu ' −δ zuδ z 'u ' )C(p1p2p3 :q1q2q3)

T

T

S

S
C C

p1 p3p2

q1 q2 q3

Any complicated matrix elements 
can be written in similar expressions

Nuclear Feynmann diagram



He(A=3)

�TOAMD = (1 + FS + FD + FSFS + FSFD + FDFD)�AMD

We achieve convergence successively.

Interaction is AV8’
TOAMD group: Phys. Lett. B769 (2017) 213

(Successive variational method)



He(A=4)

�TOAMD = (1 + FS + FD + FSFS + FSFD + FDFD)�AMD

TOAMD group: Phys. Lett. B769 (2017) 213

Interaction is AV8’



A=3 A=4

TOAMD calculation

We have to calculate all the multi-body terms 
in order to get a variationally stable state



TOAMD vs Jastrow correlation (VMC)

1. TOAMD is better than Jastrow correlation method 
2.   is significantly lower than  F(1) ≠ F(2) F(1) = F(2)

AV8 interaction



P-shell nuclei 
In TOAMD

Angular momentum projection



We have wave function of ground state

A O A ≈ model:A O model:A + model:A FDOFD model:A

µ
(Sp + Sn )

2

eikr

Magnetic moment
Spin operators
Form factor

|Ai = (1 + F )|AMDi

Experiments

2p2h



Tensor correlation 
reproduces the halo 
structure of 11Li 



Matsubara Tamii..PRL(2015)

(Sp + Sn )
2 (Sp − Sn )

2



  Chiral symmetry

m ! M
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Chiral symmetry breaking (Nambu-Jana Lasinio)
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1
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Three body 
Interaction



All the attraction comes from the tensor interaction 
due to the delta excitations

H = (T + V )N + (T + V )Δ + VNΔ

PRC (1985) 
Wiringa et al 

AV28



Conclusion: 
Nuclear Physics = Tensor physics 
Pion generates strong tensor interaction 
We formulate TOSM + TOAMD 
We calculated He3 and He4 using TOAMD 
We treat delta excitation explicitly for He3 
We develop tensor blocking shell model 
Delta is treated explicitly

Hadron nuclear physics

謝謝　Thank you!!
Fruitful collaborations are welcome!


