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3NF from Chiral EFT

Chiral perturbation theory (ChPT)

• Degree of freedom : nucleons and pions 
• Chiral symmetry 
• Many body forces on equal footing 

Weinberg; van Kolck; R. Machleidt; D. Entem et al.

2

A scheme to make the theory  
manageable and calculable

Effective Lagrangians (for nuclear forces)

Infinitely many terms

QCD and nuclear physics can be linked by Chiral EFT
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3NF from Chiral EFT

Chiral perturbation theory (ChPT)

From N2LO, three-nucleon force (3NF) appears

• Degree of freedom : nucleons and pions 
• Chiral symmetry 
• Many body forces on equal footing 

Three-nucleon force 
and 

5 low-energy constant 
CD & CE appear first time

Weinberg; van Kolck; R. Machleidt; D. Entem et al.

2

A scheme to make the theory  
manageable and calculable

Effective Lagrangians (for nuclear forces)

Infinitely many terms

QCD and nuclear physics can be linked by Chiral EFT
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3NF Significance

3NF has significant contribution not only for binding energies but also for the description of 
excitation spectra and other observables  

P. Navrátil, V. G. Gueorguiev, J. P. Vary  

et al., Phys. Rev. Lett. 99, 042501 (2007) 

Spectra from ab-initio no-core shell modelSaturation of nuclear matterGround-state energy from SRG

K. Hebeler, S. K. Bogner et al.,  

Phys. Rev. C 83, 031301(R) 

E. D. Jurgenson, P. Navrátil et al.,  

Phys. Rev. Lett. 103, 082501 (2009) 

2019-Oct-10
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Purpose & Procedure 
Motivation
• Including 3NF based on EFT in nuclear many body calculations  
    by means of the harmonic-oscillator basis. 

• Investigating 3NF effects and the dependence of cut off (regulator), LECs,  
    model space, etc. 
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Procedure

Antisymmetry 
(diagonalization of antisymmetrizer) 

 

Transform from JJ coupling  
basis to Jacobi basis (CM separation)

formulation

Calculation
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Purpose & Procedure 
Motivation
• Including 3NF based on EFT in nuclear many body calculations  
    by means of the harmonic-oscillator basis. 

• Investigating 3NF effects and the dependence of cut off (regulator), LECs,  
    model space, etc. 
    
Procedure

Antisymmetry 
(diagonalization of antisymmetrizer) 

 

Transform from JJ coupling  
basis to Jacobi basis (CM separation)

formulation

Calculation

4

V 2π−exch
3N V 1π+contact

3N V contact
3N

~70 pages of formula

~20,000 lines of code 
OpenMP+MPI

2019-Oct-10
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Hamiltonian with 3NF

Contributions from three-body forces

Hint = (1� 1

A
)
X

i

p
2
i

2m
+

X

i<j

(V NN
ij � pi · pj

mA
) +

X

i<j<k

V
3N
ijk

hja|1b3N |jai =
X

h1h2
J12J

Ĵ2

2ĵ2a
h[(jh1jh2)J12 , ja]J |V3N |[(jh1jh2)J12 , ja]Ji

h(jajb)J |2b3N |(jcjd)Ji =
X

hJ 0

Ĵ 02

Ĵ2
h[(jajb)J , jh]J 0 |V3N |[(jcjd)J , jh]J 0i

h2h1

a

a a b

h

c d
1. one body

2. two body

Contribution from 3NF

Normal ordering
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Realistic Shell Model

A many-body Hamiltonian H defined in the full Hilbert space:

H = H0 + H1 =
A∑

i=1

(Ti + Ui) +
∑

i<j

(V NN
ij − Ui) +

∑

i<j<k

V 3N
ijk

2019-Oct-10
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Realistic Shell Model

A many-body Hamiltonian H defined in the full Hilbert space:

H = H0 + H1 =
A∑

i=1

(Ti + Ui) +
∑

i<j

(V NN
ij − Ui) +

∑

i<j<k

V 3N
ijk

Then, introducing a similarity transformation X :
⎛

⎜⎜⎜⎜⎜⎜⎝

PHP PHQ

QHP QHQ

⎞

⎟⎟⎟⎟⎟⎟⎠

⎛

⎜⎜⎜⎜⎜⎜⎝

PHP PHQ

0 QHQ

⎞

⎟⎟⎟⎟⎟⎟⎠

H = X−1HX

QHP = 0

X = eω ω =

(
0 0

QωP 0

)
Suzuki & Lee : with

Heff
1 (ω) = PH1P + PH1Q

1

ϵ−QHQ
QH1P + PH1Q

1

ϵ−QHQ
ωH1

eff (ω)

2019-Oct-10
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Benchmark with NCSM

 NN potential only

NN + 3N

 

Realistic shell model calculation for p-shell nuclei

RSM: T. Fukui, L. De Angelis, Y. Z. Ma et al., PRC 98, 044305 (2018) 

NCSM: J. P. Vary, P. Navratil, et al., PRC 87, 014327 (2013); PRL 99, 042501 (2007)
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Apply 3NF to mid-mass nuclei 

 

Apply 3NF to mid-mass nuclei

• Success to derive & calculate 3N matrix element from chiral NNLO 
• Present  the results of RSM calculation for p-shell nuclei and show that 3N force 

can greatly improve the agreement between our calculation and experiment 
observables  

• Compare our calculated energy spectra with NCSM which supports the reliability 
of our 3N force and RSM calculations

fp-shell & shell evolution   

RSM: 48Ca -> 56Ni

sd-shell & neutron drip line   

CGSM: 18O -> 26O

Gamow Basis  
(continuum effects)

+

2019-Oct-10
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Z=20 Z=22

Z=24 Z=26 Z=28

I: fp-shell & shell evolution (RSM)

48Ni 50Ni 52Ni 54Ni 56Ni

46Fe 48Fe 50Fe 52Fe 54Fe

44Cr 46Cr 48Cr 50Cr 52Cr

42Ti 44Ti 46Ti 48Ti 50Ti

40Ca 42Ca 44Ca 46Ca 58Ca

20 28N
20

28

Z

2019-Oct-10

Y. Z. Ma et al., PRC.100.034324(2019) 
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Z=20 Z=22
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I: fp-shell & shell evolution (RSM)
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• High lying 2+ state and low B(E2) 
value of 48Ca (Z=20), indicates a 
well closed shell. 

• Only 2NF can not obtain the right 2+ 
state and B(E2) value of 56Ni (Z=28) 
against data. 

• 3NF is crucial for shell-evolution 
and 3NF monopole component can 
mainly take the responsibility for 
the shell closure properties.

I: fp-shell & shell evolution (RSM)

2019-Oct-10

Y. Z. Ma et al., PRC.100.034324(2019) 

https://arxiv.org/abs/1806.01573
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N Michel, W Nazarewicz, et al., J. Phys. G 36 (2009) 013101 

II: sd-shell & neutron drip line (3NF & continuum)

One-body problem: Berggren basis

d2u(k, r)

dr2
=

h l(l + 1)

r2
+

2m

~2 U(r)� k2
i
u(k, r)
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Z. H. Sun et al., PLB 769 (2017) 227–232
X

n

un(r)un(r
0) +

Z

L+

u(k, r)u(k, r0)dk = �(r � r0)
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Different wavefunction behavior of:  
bound, resonance, continuum states

T. Berggren, Nucl. Phys. A109 (1968) 265 

in complex-k space
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1. Add 3N contribution to Hamiltonian

Z. H. Sun et al., PLB 769 (2017) 227–232

2. Transfer to Berggren basis

hab|V |cdi =
X

↵�

X

��

hab|↵�ih↵�|V |��ih��|cdi
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Many-body problem: Effective Hamiltonian for CGSM (core Gamow Shell Model)
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1. Add 3N contribution to Hamiltonian
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Core (16O)

Model 
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h
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f5/2 · · ·
<latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit>

f7/2 · · ·
<latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit>

1s1/2
<latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit>

0d3/2
<latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit>

0d5/2
<latexit sha1_base64="EaGmIDXrKJZJim6W31eJsTDlpcQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qklR9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172eV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3F+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBByyPSw==</latexit><latexit sha1_base64="EaGmIDXrKJZJim6W31eJsTDlpcQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qklR9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172eV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3F+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBByyPSw==</latexit><latexit sha1_base64="EaGmIDXrKJZJim6W31eJsTDlpcQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qklR9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172eV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3F+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBByyPSw==</latexit><latexit sha1_base64="EaGmIDXrKJZJim6W31eJsTDlpcQ=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qklR9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172eV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3F+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBByyPSw==</latexit>

Continuum

Bound

d3/2
<latexit sha1_base64="pxJYjYxQn3+dFaHwTGG10bUVwLI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeiF48V7Ae0oWw203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8gFn1FipHfazy4vatF+uuFV3DrJKvJxUIEejX/7qhTFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOyVnVgnJIFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UDG78jMskNSjZYtEgFcTEZPY7CblCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqvdwVanf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w+VD48P</latexit><latexit sha1_base64="pxJYjYxQn3+dFaHwTGG10bUVwLI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeiF48V7Ae0oWw203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8gFn1FipHfazy4vatF+uuFV3DrJKvJxUIEejX/7qhTFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOyVnVgnJIFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UDG78jMskNSjZYtEgFcTEZPY7CblCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqvdwVanf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w+VD48P</latexit><latexit sha1_base64="pxJYjYxQn3+dFaHwTGG10bUVwLI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeiF48V7Ae0oWw203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8gFn1FipHfazy4vatF+uuFV3DrJKvJxUIEejX/7qhTFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOyVnVgnJIFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UDG78jMskNSjZYtEgFcTEZPY7CblCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqvdwVanf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w+VD48P</latexit><latexit sha1_base64="pxJYjYxQn3+dFaHwTGG10bUVwLI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU02qoMeiF48V7Ae0oWw203bpZhN2N0IJ/RFePCji1d/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8gFn1FipHfazy4vatF+uuFV3DrJKvJxUIEejX/7qhTFLI5SGCap113MT42dUGc4ETku9VGNC2ZgOsWuppBFqP5ufOyVnVgnJIFa2pCFz9fdERiOtJ1FgOyNqRnrZm4n/ed3UDG78jMskNSjZYtEgFcTEZPY7CblCZsTEEsoUt7cSNqKKMmMTKtkQvOWXV0mrVvXcqvdwVanf5nEU4QRO4Rw8uIY63EMDmsBgDM/wCm9O4rw4787HorXg5DPH8AfO5w+VD48P</latexit>

channel

3. Q-box folded diagrams in complex-k sapce
Q̂(E) = PV P + PV Q

1

E �H
QV P

<latexit sha1_base64="TWSu0qSUUWiWgQ+CvLzVkB9Zazw=">AAACC3icbVDNSsNAGNzUv1r/qh69LC1CRSyJCHoRilLoMQWbFppQNttNu3SzCbsboYTcvfgqXjwo4tUX8ObbuG1z0OrAwjAzH99+48eMSmWaX0ZhZXVtfaO4Wdra3tndK+8fODJKBCYdHLFI9HwkCaOcdBRVjPRiQVDoM9L1J7czv3tPhKQRv1PTmHghGnEaUIyUlgblijtGKm1ntebJte3Yp7bTdgOBcGplafOslbUde1CumnVzDviXWDmpghw6/+kOI5yEhCvMkJR9y4yVlyKhKGYkK7mJJDHCEzQifU05Con00vktGTzWyhAGkdCPKzhXf06kKJRyGvo6GSI1lsveTPzP6ycquPJSyuNEEY4Xi4KEQRXBWTFwSAXBik01QVhQ/VeIx0hXoXR9JV2CtXzyX+Kc1y2zbrUvqo2bvI4iOAIVUAMWuAQN0AI26AAMHsATeAGvxqPxbLwZ74towchnDsEvGB/fwY+Zlg==</latexit><latexit sha1_base64="TWSu0qSUUWiWgQ+CvLzVkB9Zazw=">AAACC3icbVDNSsNAGNzUv1r/qh69LC1CRSyJCHoRilLoMQWbFppQNttNu3SzCbsboYTcvfgqXjwo4tUX8ObbuG1z0OrAwjAzH99+48eMSmWaX0ZhZXVtfaO4Wdra3tndK+8fODJKBCYdHLFI9HwkCaOcdBRVjPRiQVDoM9L1J7czv3tPhKQRv1PTmHghGnEaUIyUlgblijtGKm1ntebJte3Yp7bTdgOBcGplafOslbUde1CumnVzDviXWDmpghw6/+kOI5yEhCvMkJR9y4yVlyKhKGYkK7mJJDHCEzQifU05Con00vktGTzWyhAGkdCPKzhXf06kKJRyGvo6GSI1lsveTPzP6ycquPJSyuNEEY4Xi4KEQRXBWTFwSAXBik01QVhQ/VeIx0hXoXR9JV2CtXzyX+Kc1y2zbrUvqo2bvI4iOAIVUAMWuAQN0AI26AAMHsATeAGvxqPxbLwZ74towchnDsEvGB/fwY+Zlg==</latexit><latexit sha1_base64="TWSu0qSUUWiWgQ+CvLzVkB9Zazw=">AAACC3icbVDNSsNAGNzUv1r/qh69LC1CRSyJCHoRilLoMQWbFppQNttNu3SzCbsboYTcvfgqXjwo4tUX8ObbuG1z0OrAwjAzH99+48eMSmWaX0ZhZXVtfaO4Wdra3tndK+8fODJKBCYdHLFI9HwkCaOcdBRVjPRiQVDoM9L1J7czv3tPhKQRv1PTmHghGnEaUIyUlgblijtGKm1ntebJte3Yp7bTdgOBcGplafOslbUde1CumnVzDviXWDmpghw6/+kOI5yEhCvMkJR9y4yVlyKhKGYkK7mJJDHCEzQifU05Con00vktGTzWyhAGkdCPKzhXf06kKJRyGvo6GSI1lsveTPzP6ycquPJSyuNEEY4Xi4KEQRXBWTFwSAXBik01QVhQ/VeIx0hXoXR9JV2CtXzyX+Kc1y2zbrUvqo2bvI4iOAIVUAMWuAQN0AI26AAMHsATeAGvxqPxbLwZ74towchnDsEvGB/fwY+Zlg==</latexit><latexit sha1_base64="TWSu0qSUUWiWgQ+CvLzVkB9Zazw=">AAACC3icbVDNSsNAGNzUv1r/qh69LC1CRSyJCHoRilLoMQWbFppQNttNu3SzCbsboYTcvfgqXjwo4tUX8ObbuG1z0OrAwjAzH99+48eMSmWaX0ZhZXVtfaO4Wdra3tndK+8fODJKBCYdHLFI9HwkCaOcdBRVjPRiQVDoM9L1J7czv3tPhKQRv1PTmHghGnEaUIyUlgblijtGKm1ntebJte3Yp7bTdgOBcGplafOslbUde1CumnVzDviXWDmpghw6/+kOI5yEhCvMkJR9y4yVlyKhKGYkK7mJJDHCEzQifU05Con00vktGTzWyhAGkdCPKzhXf06kKJRyGvo6GSI1lsveTPzP6ycquPJSyuNEEY4Xi4KEQRXBWTFwSAXBik01QVhQ/VeIx0hXoXR9JV2CtXzyX+Kc1y2zbrUvqo2bvI4iOAIVUAMWuAQN0AI26AAMHsATeAGvxqPxbLwZ74towchnDsEvGB/fwY+Zlg==</latexit>

Z. H. Sun et al., PLB 769 (2017) 227–232

2. Transfer to Berggren basis

hab|V |cdi =
X

↵�

X

��

hab|↵�ih↵�|V |��ih��|cdi
<latexit sha1_base64="KqzeHnHY2aHjUA8IbkJLz7KPbzs="></latexit><latexit sha1_base64="KqzeHnHY2aHjUA8IbkJLz7KPbzs="></latexit><latexit sha1_base64="KqzeHnHY2aHjUA8IbkJLz7KPbzs="></latexit><latexit sha1_base64="KqzeHnHY2aHjUA8IbkJLz7KPbzs="></latexit>

NL=6+6+8

Many-body problem: Effective Hamiltonian for CGSM (core Gamow Shell Model)

II: sd-shell & neutron drip line (3NF & continuum)

2019-Oct-10
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1. Add 3N contribution to Hamiltonian

0s1/2

0p3/2
0p1/2

Core (16O)

Model 

a b

h

c d

1p1/2, 2p1/2 · · ·
<latexit sha1_base64="yQpJgRtGTbX40TluLaGt6PbOWBI=">AAACAHicbZDLSgMxFIYz9VbrbdSFCzfBIriQOimCLotuXFawF2iHIZNJ29BMMiQZoQyz8VXcuFDErY/hzrcxbWehrT8EPv5zDifnDxPOtPG8b6e0srq2vlHerGxt7+zuufsHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDutdx6p0kyKBzNJqB/joWADRrCxVuAeoSTI0EU9P68X0CeRNDpwq17NmwkuAyqgCgo1A/erH0mSxlQYwrHWPeQlxs+wMoxwmlf6qaYJJmM8pD2LAsdU+9nsgByeWieCA6nsEwbO3N8TGY61nsSh7YyxGenF2tT8r9ZLzeDaz5hIUkMFmS8apBwaCadpwIgpSgyfWMBEMftXSEZYYWJsZhUbAlo8eRna9Rryauj+stq4KeIog2NwAs4AAlegAe5AE7QAATl4Bq/gzXlyXpx352PeWnKKmUPwR87nD9yUlUs=</latexit><latexit sha1_base64="yQpJgRtGTbX40TluLaGt6PbOWBI=">AAACAHicbZDLSgMxFIYz9VbrbdSFCzfBIriQOimCLotuXFawF2iHIZNJ29BMMiQZoQyz8VXcuFDErY/hzrcxbWehrT8EPv5zDifnDxPOtPG8b6e0srq2vlHerGxt7+zuufsHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDutdx6p0kyKBzNJqB/joWADRrCxVuAeoSTI0EU9P68X0CeRNDpwq17NmwkuAyqgCgo1A/erH0mSxlQYwrHWPeQlxs+wMoxwmlf6qaYJJmM8pD2LAsdU+9nsgByeWieCA6nsEwbO3N8TGY61nsSh7YyxGenF2tT8r9ZLzeDaz5hIUkMFmS8apBwaCadpwIgpSgyfWMBEMftXSEZYYWJsZhUbAlo8eRna9Rryauj+stq4KeIog2NwAs4AAlegAe5AE7QAATl4Bq/gzXlyXpx352PeWnKKmUPwR87nD9yUlUs=</latexit><latexit sha1_base64="yQpJgRtGTbX40TluLaGt6PbOWBI=">AAACAHicbZDLSgMxFIYz9VbrbdSFCzfBIriQOimCLotuXFawF2iHIZNJ29BMMiQZoQyz8VXcuFDErY/hzrcxbWehrT8EPv5zDifnDxPOtPG8b6e0srq2vlHerGxt7+zuufsHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDutdx6p0kyKBzNJqB/joWADRrCxVuAeoSTI0EU9P68X0CeRNDpwq17NmwkuAyqgCgo1A/erH0mSxlQYwrHWPeQlxs+wMoxwmlf6qaYJJmM8pD2LAsdU+9nsgByeWieCA6nsEwbO3N8TGY61nsSh7YyxGenF2tT8r9ZLzeDaz5hIUkMFmS8apBwaCadpwIgpSgyfWMBEMftXSEZYYWJsZhUbAlo8eRna9Rryauj+stq4KeIog2NwAs4AAlegAe5AE7QAATl4Bq/gzXlyXpx352PeWnKKmUPwR87nD9yUlUs=</latexit><latexit sha1_base64="yQpJgRtGTbX40TluLaGt6PbOWBI=">AAACAHicbZDLSgMxFIYz9VbrbdSFCzfBIriQOimCLotuXFawF2iHIZNJ29BMMiQZoQyz8VXcuFDErY/hzrcxbWehrT8EPv5zDifnDxPOtPG8b6e0srq2vlHerGxt7+zuufsHbS1TRWiLSC5VN8SaciZoyzDDaTdRFMchp51wfDutdx6p0kyKBzNJqB/joWADRrCxVuAeoSTI0EU9P68X0CeRNDpwq17NmwkuAyqgCgo1A/erH0mSxlQYwrHWPeQlxs+wMoxwmlf6qaYJJmM8pD2LAsdU+9nsgByeWieCA6nsEwbO3N8TGY61nsSh7YyxGenF2tT8r9ZLzeDaz5hIUkMFmS8apBwaCadpwIgpSgyfWMBEMftXSEZYYWJsZhUbAlo8eRna9Rryauj+stq4KeIog2NwAs4AAlegAe5AE7QAATl4Bq/gzXlyXpx352PeWnKKmUPwR87nD9yUlUs=</latexit>

1p3/2, 2p3/2 · · ·
<latexit sha1_base64="g7g6mhVHRF8w4YzKgg+YKHJa3uw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cBM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AHi2pVP</latexit><latexit sha1_base64="g7g6mhVHRF8w4YzKgg+YKHJa3uw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cBM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AHi2pVP</latexit><latexit sha1_base64="g7g6mhVHRF8w4YzKgg+YKHJa3uw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cBM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AHi2pVP</latexit><latexit sha1_base64="g7g6mhVHRF8w4YzKgg+YKHJa3uw=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cBM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AHi2pVP</latexit>

1d3/2, 2d3/2 · · ·
<latexit sha1_base64="ll4bMMXihchkHNV/UH9iikXvexg=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cEM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG87pU3</latexit><latexit sha1_base64="ll4bMMXihchkHNV/UH9iikXvexg=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cEM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG87pU3</latexit><latexit sha1_base64="ll4bMMXihchkHNV/UH9iikXvexg=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cEM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG87pU3</latexit><latexit sha1_base64="ll4bMMXihchkHNV/UH9iikXvexg=">AAACAHicbZDLSsNAFIYn9VbrLerChZvBIriQmlRBl0U3LivYC7QhTCbTdnAyCTMnQgnZ+CpuXCji1sdw59s4bbPQ1h8GPv5zDmfOHySCa3Ccb6u0tLyyulZer2xsbm3v2Lt7bR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrBw82k3nlkSvNY3sM4YV5EhpIPOCVgLN8+cEM/Oz+r56f1Avo0jEH7dtWpOVPhRXALqKJCTd/+6ocxTSMmgQqidc91EvAyooBTwfJKP9UsIfSBDFnPoCQR0142PSDHx8YJ8SBW5knAU/f3REYircdRYDojAiM9X5uY/9V6KQyuvIzLJAUm6WzRIBUYYjxJA4dcMQpibIBQxc1fMR0RRSiYzComBHf+5EVo12uuU3PvLqqN6yKOMjpER+gEuegSNdAtaqIWoihHz+gVvVlP1ov1bn3MWktWMbOP/sj6/AG87pU3</latexit>

g9/2 · · ·
<latexit sha1_base64="/MPjR9bwbCGeEwd6VF3OoIZ1EwE=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WQb0VvXisYD+gXUo2m21Ds8mazBbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExDDBJesCRwE6ySakTgQrB2M7mZ+e8y04Uo+wiRhfkwGkkecErCSP+hnNxe1aY+GCky/XHGr7hx4lXg5qaAcjX75qxcqmsZMAhXEmK7nJuBnRAOngk1LvdSwhNARGbCupZLEzPjZ/OgpPrNKiCOlbUnAc/X3REZiYyZxYDtjAkOz7M3E/7xuCtG1n3GZpMAkXSyKUoFB4VkCOOSaURATSwjV3N6K6ZBoQsHmVLIheMsvr5JWreq5Ve/hslK/zeMoohN0is6Rh65QHd2jBmoiip7QM3pFb87YeXHenY9Fa8HJZ47RHzifP1Qqkc0=</latexit><latexit sha1_base64="/MPjR9bwbCGeEwd6VF3OoIZ1EwE=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WQb0VvXisYD+gXUo2m21Ds8mazBbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExDDBJesCRwE6ySakTgQrB2M7mZ+e8y04Uo+wiRhfkwGkkecErCSP+hnNxe1aY+GCky/XHGr7hx4lXg5qaAcjX75qxcqmsZMAhXEmK7nJuBnRAOngk1LvdSwhNARGbCupZLEzPjZ/OgpPrNKiCOlbUnAc/X3REZiYyZxYDtjAkOz7M3E/7xuCtG1n3GZpMAkXSyKUoFB4VkCOOSaURATSwjV3N6K6ZBoQsHmVLIheMsvr5JWreq5Ve/hslK/zeMoohN0is6Rh65QHd2jBmoiip7QM3pFb87YeXHenY9Fa8HJZ47RHzifP1Qqkc0=</latexit><latexit sha1_base64="/MPjR9bwbCGeEwd6VF3OoIZ1EwE=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WQb0VvXisYD+gXUo2m21Ds8mazBbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExDDBJesCRwE6ySakTgQrB2M7mZ+e8y04Uo+wiRhfkwGkkecErCSP+hnNxe1aY+GCky/XHGr7hx4lXg5qaAcjX75qxcqmsZMAhXEmK7nJuBnRAOngk1LvdSwhNARGbCupZLEzPjZ/OgpPrNKiCOlbUnAc/X3REZiYyZxYDtjAkOz7M3E/7xuCtG1n3GZpMAkXSyKUoFB4VkCOOSaURATSwjV3N6K6ZBoQsHmVLIheMsvr5JWreq5Ve/hslK/zeMoohN0is6Rh65QHd2jBmoiip7QM3pFb87YeXHenY9Fa8HJZ47RHzifP1Qqkc0=</latexit><latexit sha1_base64="/MPjR9bwbCGeEwd6VF3OoIZ1EwE=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WQb0VvXisYD+gXUo2m21Ds8mazBbK0t/hxYMiXv0x3vw3pu0etPXBwOO9GWbmBYngBlz32ymsrW9sbhW3Szu7e/sH5cOjllGppqxJlVC6ExDDBJesCRwE6ySakTgQrB2M7mZ+e8y04Uo+wiRhfkwGkkecErCSP+hnNxe1aY+GCky/XHGr7hx4lXg5qaAcjX75qxcqmsZMAhXEmK7nJuBnRAOngk1LvdSwhNARGbCupZLEzPjZ/OgpPrNKiCOlbUnAc/X3REZiYyZxYDtjAkOz7M3E/7xuCtG1n3GZpMAkXSyKUoFB4VkCOOSaURATSwjV3N6K6ZBoQsHmVLIheMsvr5JWreq5Ve/hslK/zeMoohN0is6Rh65QHd2jBmoiip7QM3pFb87YeXHenY9Fa8HJZ47RHzifP1Qqkc0=</latexit>

f5/2 · · ·
<latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit><latexit sha1_base64="iqAsqES0/S3yx+5ezgxGUezdGuU=">AAAB9HicbVBNSwMxEJ2tX7V+VT16CRbBU90tih6LXjxWsB/QLiWbzbah2WRNsoWy9Hd48aCIV3+MN/+NabsHbX0w8Hhvhpl5QcKZNq777RTW1jc2t4rbpZ3dvf2D8uFRS8tUEdokkkvVCbCmnAnaNMxw2kkUxXHAaTsY3c389pgqzaR4NJOE+jEeCBYxgo2V/KifXV3Upj0SSqP75YpbdedAq8TLSQVyNPrlr14oSRpTYQjHWnc9NzF+hpVhhNNpqZdqmmAywgPatVTgmGo/mx89RWdWCVEklS1h0Fz9PZHhWOtJHNjOGJuhXvZm4n9eNzXRjZ8xkaSGCrJYFKUcGYlmCaCQKUoMn1iCiWL2VkSGWGFibE4lG4K3/PIqadWqnlv1Hi4r9ds8jiKcwCmcgwfXUId7aEATCDzBM7zCmzN2Xpx352PRWnDymWP4A+fzB0xmkcg=</latexit>

f7/2 · · ·
<latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit><latexit sha1_base64="yM4yL52HbZvpfNIQQvoUZ1dGS7U=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BIvgqe4WoR6LXjxWsB/QLiWbzbah2WRNZgtl6e/w4kERr/4Yb/4b03YP2vpg4PHeDDPzgkRwA6777RQ2Nre2d4q7pb39g8Oj8vFJ26hUU9aiSijdDYhhgkvWAg6CdRPNSBwI1gnGd3O/M2HacCUfYZowPyZDySNOCVjJjwZZ/ao269NQgRmUK27VXQCvEy8nFZSjOSh/9UNF05hJoIIY0/PcBPyMaOBUsFmpnxqWEDomQ9azVJKYGT9bHD3DF1YJcaS0LQl4of6eyEhszDQObGdMYGRWvbn4n9dLIbrxMy6TFJiky0VRKjAoPE8Ah1wzCmJqCaGa21sxHRFNKNicSjYEb/XlddKuVT236j1cVxq3eRxFdIbO0SXyUB010D1qohai6Ak9o1f05kycF+fd+Vi2Fpx85hT9gfP5A0+Akco=</latexit>

1s1/2
<latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit><latexit sha1_base64="iSoeSrGRPOs/W/zEq0olk0WUcNY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRbBU90UQY9FLx4r2A9ol5JNs21oNlmTrFCW/gkvHhTx6t/x5r8xbfegrQ8GHu/NMDMvTAQ31ve/vcLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmallvBOolmJA4Fa4fj25nffmLacCUf7CRhQUyGkkecEuukDjb9DF/Upv1yxa/6c6BVgnNSgRyNfvmrN1A0jZm0VBBjuthPbJARbTkVbFrqpYYlhI7JkHUdlSRmJsjm907RmVMGKFLalbRorv6eyEhszCQOXWdM7MgsezPxP6+b2ug6yLhMUsskXSyKUoGsQrPn0YBrRq2YOEKo5u5WREdEE2pdRCUXAl5+eZW0alXsV/H9ZaV+k8dRhBM4hXPAcAV1uIMGNIGCgGd4hTfv0Xvx3r2PRWvBy2eO4Q+8zx8ZsY9X</latexit>

0d3/2
<latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit><latexit sha1_base64="vO+YODpK+xmmstAMegWcnYiKVu8=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4qkkV9Fj04rGC/YA2lM1m2y7dbOLuRCihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecJxwP6IDJfqCUbRS2w172cV5ddIrld2KOwNZJl5OypCj3it9dcOYpRFXyCQ1puO5CfoZ1SiY5JNiNzU8oWxEB7xjqaIRN342u3dCTq0Skn6sbSkkM/X3REYjY8ZRYDsjikOz6E3F/7xOiv1rPxMqSZErNl/UTyXBmEyfJ6HQnKEcW0KZFvZWwoZUU4Y2oqINwVt8eZk0qxXPrXj3l+XaTR5HAY7hBM7AgyuowR3UoQEMJDzDK7w5j86L8+58zFtXnHzmCP7A+fwBBB6PSQ==</latexit>

0d5/2
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Continuum

Bound

d3/2
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channel

3. Q-box folded diagrams in complex-k sapce
Q̂(E) = PV P + PV Q

1

E �H
QV P
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Z. H. Sun et al., PLB 769 (2017) 227–232

2. Transfer to Berggren basis

hab|V |cdi =
X

↵�

X

��

hab|↵�ih↵�|V |��ih��|cdi
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NL=6+6+8

Many-body problem: Effective Hamiltonian for CGSM (core Gamow Shell Model)

4. Diagonalization in complex-k space by 
Davidson method  

(cooperation with Nicolas)

II: sd-shell & neutron drip line (3NF & continuum)

2019-Oct-10
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NN(CD-Bonn) + Continuum: Z. H. Sun et al., PLB 769 (2017) 227–232

NN + 3N: T. Otsuka et al., PRL 105, 032501 (2010) 

NN + 3N(Effective) + Continuum: G. Hagen et al., PRL 108, 242501 (2012)

NN: N3LO two-body forces 
3N: N2LO three-body forces 

(cD=-1.0, cE=-0.34)

• 3NF & Continuum is crucial to 
reproduce Oxygen drip line, especially 
for the ground state of 26O. 

• 3NF behaves repulsive effects 

• 3NF effects increase rapidly  
     as the increasing of neutron number

S2n(MeV) NN NN+3N Expt.

24O 9.110 7.038 6.925

25O 6.254 3.568 3.453

26O 3.362 -0.150 -0.018

II: sd-shell & neutron drip line (3NF & continuum)

Y. Z. Ma, F. R. Xu et al., in preparation

2019-Oct-10

https://arxiv.org/abs/1806.01573


 

• 3NF lifts all the three orbits especially d3/2. 

• When A=26, d3/2 orbital is slightly above 0, 
which is consistent with 26O narrow resonance 
ground state. 

• 3NF (especially monopole part) plays an 
important role for the magic number N=14 
between d5/2 and s1/2. 

• 3NF enlarges the gap between s1/2 and d3/2 
when N=16.

Effective single-particle energy

N=16

N=14

II: sd-shell & neutron drip line (3NF & continuum)

15

ESPE(j) = ✏j +
X

j0

V mon
jj0 nj0
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2019-Oct-10

https://arxiv.org/abs/1806.01573
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Contributions from different components  (2-π, 1-π and contact term) of 3NF

• Besides long-range 2-π exchange term,
1-π exchange & contact term also have 
a significant contribution.  

• 2-π exchange & contact term have 
repulsive effects, while 1-π exchange 
term has an attractive contribution. 

• 1-π exchange + contact term has a 
small contribution. 

• 2-π exchange term increases faster 
than the other two terms with the 
increasing of neutron number.

c′ a′ b′

c a b

c′ a′ b′

c a b

c′ a′ b′

c a b

2⇡
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ct
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Y. Z. Ma, F. R. Xu et al., in preparation

II: sd-shell & neutron drip line (3NF & continuum)

2019-Oct-10

https://arxiv.org/abs/1806.01573
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3NF systematically improves the 
spectra of oxygen isotopes

• All the first excited states have been lift by 3NF. 

• The first 2+ state of 22O and 24O is very close to 
data and the big gap above ground state indicates 
the sub-shell when neutron number equals 14 and 
16.

• In general, 3NF+Continuum can give out very reasonable 
Resonance width against data. 

• In 24O, the first 2+ and 1+ have a width of 17 KeV and 39 KeV. 

• In 25O, only NN + 3N force can reproduce ground state 
resonance nature and we obtain a very good result of first 
1/2+ state consistent with data (PRC 96, 054322 (2017)). 

• In 26O, ground state has very narrow resonance.

II: sd-shell & neutron drip line (3NF & continuum)

Y. Z. Ma, F. R. Xu et al., in preparation

2019-Oct-10

https://arxiv.org/abs/1806.01573


Conclusion  & Outlook 
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Our goal is: 
• To adopt 3N force to nuclear many body method (RSM, Gamow-SM, Gamow-IMSRG … ) 
• To investigate the role of 3N force plays in heavier nuclei 
•      …

Summary: 

1. Success to derive & calculate 3N matrix element  
    from chiral NNLO 
2. Test the reliability of our 3NF and many-body  
    methods by the benchmark of p-shell nuclei 
3. Study of fp-shell nuclei uncovers the role  
    played by 3NF in the shell evolution 
4. Both 3NF and Continuum are crucial to reproduce  
    the Oxygen neutron drip line.

sd-shell

pf-shell

p-shell

2019-Oct-8

Challenge: 

• Including high order contribution from 3N force. 
• To adopt 3N force to heavier nuclei we need calculate 3N matrix element in a much larger model 

space which means the demand of huge computation resource and highly optimized program. 

Du to the explosion of computation cost with the 
increasing of model space, up to now, we can not calculate 
the 3N matrix element in a very big model space. 

https://arxiv.org/abs/1806.01573
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7

Realistic Shell Model

This recursive equation for Heff may be solved using iterative techniques  
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo …)

with   -box vertex function:Q̂

Q̂(ϵ) = PH1P + PH1Q
1

ϵ−QHQ
QH1P

He↵ = Q̂� Q̂
0
Z

Q̂+ Q̂
0
Z

Q̂

Z
Q̂� Q̂

0
Z

Q̂

Z
Q̂

Z
Q̂ · · ·
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For a many-body system, exact calculation of the   -box is prohibitive,  
then we perform a perturbative expansion:

Q̂
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Realistic Shell Model

This recursive equation for Heff may be solved using iterative techniques  
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with   -box vertex function:Q̂
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1

ϵ−QHQ
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1

ϵ−QHQ
=
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n=0

(QH1Q)n

(ϵ−QH0Q)n+1

1st- & 2nd-ordrder

One body

3rd-ordrder: 126 diagrams
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For a many-body system, exact calculation of the   -box is prohibitive,  
then we perform a perturbative expansion:
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Realistic Shell Model

This recursive equation for Heff may be solved using iterative techniques  
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo …)

with   -box vertex function:Q̂

Q̂(ϵ) = PH1P + PH1Q
1

ϵ−QHQ
QH1P

1

ϵ−QHQ
=

∞∑

n=0

(QH1Q)n

(ϵ−QH0Q)n+1

1st- & 2nd-ordrder

One body

3rd-ordrder: 126 diagrams
L. Coraggio et al., Annals of Physics 327 (2012)
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For a many-body system, exact calculation of the   -box is prohibitive,  
then we perform a perturbative expansion:

Q̂
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