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Outline

•No-Core Shell Model

•Long range operators

•Sum rules with NCSM

•Two-body currents of LENPIC interaction

•Monopole transition form factor of 4He

•Time-dependent basis function for nuclear reactions







Non-relativistic ab initio approaches
➢ Few-body methods 

➢ Faddeev Equation for A=3 system

➢ typically in momentum space

➢ Faddeev-Yakuboski Equations for A=4 system

➢ can nowadays be pushed to A=5 and 6 (Lazauskas)

➢ Hyperspherical Harmonics A=6

➢ Many-body methods

➢ Variational Monte-Carlo (A<=12) 

➢ Green’s Function Monte-Carlo (A<=12)

➢ Configuration Interaction (CI) methods (NCSM (A<=20), Coupled Cluster

➢ Nuclear Lattice Simulations

➢ In-Medium SRG (IM-SRG)

➢ Supercomputer Era

➢ Quantum computing Era?



From J. P. Vary



Ab initio No-Core Shell Model



No-Core Shell model

➢ Expand wavefunction in basis states 

➢ Express Hamiltonian in basis

➢ Diagonalize Hamiltonian matrix Hij

➢ No-Core: All A nucleons are treated equally

➢ Complete basis: exact results (Caveat: complete basis is infinite dimensional)

➢ In practice: 

➢ Truncate basis

➢ Study behavior of observables as function of truncation

➢ Computational challenge:

➢ Construct large (1010×1010) sparce symmetric matrix 

➢ Obtain lowest eigenvalues&-vectors corresponding to low-lying spectrum and eigenstates



Basis Expansion
➢ Expand A-body wave function in basis functions

➢ Use basis of single Slater Determinants of Single-Particle states

➢ Single Particle basis states            : 

• HO, Coulomb-Sturmian, Natural orbitals 

➢ M-scheme: Many-body basis states: eigenstates of Jz

➢ Nmax truncation: 

• Exact factorization of CoM in HO basis

• Suitable for excited states



Main Challenges

• Computationally demanding => needs new 
algorithms & high-performance computers

• Requires convergence assessments and 
extrapolation tools to retain predictive 
power

• Current limit 1014 (Perlmutter): 

       12C (Nmax=12), 6He (Nmax=22)

• Achievable for nuclei up to A~20 with 
largest computers available



P. Maris, NTSE2024, Busan



P. Maris, NTSE2024, Busan



P. Maris, NTSE2024, Busan



From P. Maris





Binding Energies with LENPIC-SMS chiral EFT













Long range operators



M. Caprio et al., Phys. Rev. C 105, L061302 (2022)

• Long-range observables converge slowly in HO basis
• Ratio’s of long-range observables converge significantly 

better  



J. Chen et al., Phys. Rev. C 106, 064312 (2022)

15C Experiment



H. Li, D. Fang, H. J. Ong, A. M. Shirokov, J. P. Vary, P. Yin, X. Zhao, Phys. Rev. C 110 , 064325 (2024)
J. Chen et al., Phys. Rev. C 106, 064312 (2022)



H. Li, D. Fang, H. J. Ong, A. M. Shirokov, J. P. Vary, P. Yin, X. Zhao, Phys. Rev. C 110 , 064325 (2024)



Sum rules with NCSM



Sum rules with NCSM

• Sum rule: response of nuclei to external field probe

• Direct techniques: only available for deuteron

• Indirect techniques: Lorentz integral transform, Lanczos sum rule method

• A>2, direct calculation?

P. Yin et al, J.Phys.G 49, 125102 (2022)
P. Yin et al, [arXiv:2208.00267 [nucl-th]] 



➢
4He: polarizability 

➢E1 selection rule: 1- states

➢Retain only 1- states
➢ M-scheme with M=1 (1-,2-,…)

➢ Lagrangian multiplier 
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Sum rules with NCSM

P. Yin, A. M. Shirokov, P. Maris, P. J. Fasano, M. A. Caprio, H. Li,

W. Zuo, J. P. Vary, Phys. Lett. B 855, 138857 (2024)
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• Up through 100 MeV 

• Nmax=15, hΩ=10 MeV 

• 5522 1- states 

• 30 GPU nodes, 16800 Lanczos iterations, 21 hours
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Sum rules with NCSM

P. Yin, A. M. Shirokov, P. Maris, P. J. Fasano, M. A. Caprio, H. 

Li, W. Zuo, J. P. Vary, Phys. Lett. B 855, 138857 (2024). 

• Robust convergence with respect to Nmax

• Uncertainty due to Nmax truncation and energy truncation

• Direct calculation is feasible and robust

• Independent of diagonalization techniques
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Sum rule with NCSM

6He+Pb/C at 70 MeV/A

Y. L. Sun, et al. Phys. Lett. B 814, 136072 (2021) P. Yin et al. in progress
NCSM with Daejeon16

• Slow convergence

• ~0.7 fm3

• Support HH results

• Larger nuclei, total-J



rpp with NCSM: Daejeon 16
4He: 2.487 fm
6He: 2.645 fm

rp with NCSM: Daejeon 16
4He: 1.90 fm
6He: 1.514 fm

M. Huang, T. Frederico, P. Maris, P. Yin, R. 

Basili, P. Fasano, J. P. Vary, in preparation

Constrain photoabsorption/strength function with nuclear structure calculations!



Monopole form factor with NCSM



Monopole transition form factor of 4He

E. Hiyama et al., Phys. Rev. C 70, 031001(R) (2004) 

S. Bacca et al., Phys. Rev. Lett. 110, 042503 (2013) 

• Ground state: benchmark few-body methods

• Hiyama: Gaussian expansion, simplified force

• Bacca: HH+LIT, realistic NN+3N from chiral EFT 





• NCGSM-CC with Vlowk

• Er=400 keV
• Er=120 keV





• Viviani: HH 3He+n, 3H+p, chiral NN+3N

• Two-body current

• First successful calculation with chiral EFT?

• Large T=1 components

K       P(T=1)      P(T=2) 

28    0.35593    0.00297 

30    0.45106    0.00297 

32    0.56375 0.00297 



From Sonia Bacca



From Sonia Bacca



From Sonia Bacca



Monopole transition form factor of 4He

P. Yin, A. M. Shirokov, H. Li, B. Zhou , X. Zhao,

S. Bacca, J. P. Vary, arXiv2412.18037
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Puzzle NOT resolved!

Interaction or continuum?



Two-body currents
LENPIC interaction





• Updated photoabsorption data

• Two-body current: 5%

Shiplu Sarker, P. Yin et al., in preparation



复旦：郝子锐



Summary
➢ Introduction to ab initio NCSM approach

➢ Long range operators

➢ Sum rules with NCCI

➢ Monopole transition form factor of 4He

➢Two-body currents

Outlook
➢Photoabsorption reaction

➢ Neutrino-nucleus reaction

➢ n+α, p+3H, n+3He… scatterings

➢ Coulomb dissociation of light nuclei



• 3He(α,γ)7Be and 3H(α,γ)7Li
• 7Li(p,e+e−)8Be: X17
• α+α
• p+7Be and p+7Li
• 8Li(n,γ)9Li, 7Be(p,γ) 8B

NCSM with continuum (P. Navratil)



Time Dependent Basis Function



Scattering at sub-barrier with the tBF approach

• Natural extension of ab initio nuclear structure approaches, e.g., NCSM

• Non-perturbative

• Full quantal coherence

1. Ab initio structure 
calculation 

2. Time-dependent process

➢ Weijie Du, Peng Yin*, Yang Li, Guangyao Chen, Wei Zuo, Xingbo Zhao, and James P. Vary, Phys. Rev. C 97, 064620 (2018);
➢ Weijie Du, Peng Yin, Guangyao Chen, Xingbo Zhao, and James P. Vary, in Proceedings of the International Conference 

“Nuclear Theory in the Supercomputing Era–2016” (NTSE-2016), Khabarovsk, Russia, September 19–23, 2016;
➢ Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, J. Phys. G (2022);
➢ Weijie Du, James P. Vary, Xingbo Zhao, Wei Zuo, Phys. Rev. A 104, 012611 (2021).
➢ Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, arXiv 2208.00267
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𝐻 𝑡 = 𝐻0 + V(t)
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d+208Pb scatterings below Coulomb barrier (11 MeV)
Solving EOM for CM motion of deuteron in external field:
V=Vcoul+ Vpol

Vpol = −
1

2
αZ2e2

1

𝑟4

51

Peng Yin, et al., in preparation

➢Harmonic oscillator (HO) basis; 

➢Parameters of HO basis:
      Nmax and ω, (2n + l ≤ Nmax);

➢α is converged with respect to 
Nmax and ω;

➢ LENPIC interactions:
    regulator R=1.0 fm.

Z=82



H0 
= Trel+Vnp

Basis set

Time-independent:

Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, arXiv 2208.00267

➢NN interaction:  LENPIC-N4LO

➢3DHO basis: Nmax, ω = 20 MeV

➢ S=1, Jmax=2

Time-dependent:tBF: d+208Pb 

52

H t = H0 + V(t)

E1 is dominant



d+208Pb scatterings at Ed=7 MeV and θ=150°

Convergence with respect to Nmax and Ecut

• Initial state: deuteron ground state with M=-1;
• P0 is the probability of the initial state;
• The asymptotic value is well converged with respect to Nmax and Ecut. 

53
Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, arXiv 2208.00267



d+208Pb scatterings at Ed=7 MeV and θ=150°

Sequence of population 

• Initial state: deuteron ground state 3S1-3D1 with M=-1;
• P is the probability of states other than the initial state;
• Allowed states (solid lines) populate first. Forbidden states (dotted lines) populate afterward;
• 6 allowed states populate dominantly in the early stage of the time evolution. 

Nmax=200, hw=20 MeV

54

Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, 
arXiv 2208.00267



d+208Pb scatterings at Ed=7 MeV and θ=150°

Phase coherence and decoherence 

~2π ~2π ~?

𝜅 = Γ𝐸𝑥

55



❖ 3DHO: Nmax= 200, ω = 20 MeV;
❖ S=1, Jmax=2 and Ecut=14 MeV;
❖ Populations of forbidden states are comparable to allowed states;
❖ Forbidden and allowed transitions: higher-order effects.

Occupation probabilities of np states after d+208Pb scattering 
Ed=7 MeV and θ=150° 

: LENPIC-N4LO

56
[Peng Yin et al., JPG (2022)]



Observables for d+208Pb scattering

57

Vpol = −
1

2
𝛼𝑍2𝑒2

1

𝑟4

❖ Exp: N. L. Rodning, L. D. Knutson, W. G. Lynch and M. B. Tsang,     
     Phys. Rev. Lett. 49, 909 (1982); 
❖ No adjustable parameter;
❖ No optical potential;
❖ Energy loss correction.

LENPIC-N4LO
𝝎=20 MeV Nmax=200

[Peng Yin et al., JPG (2022)]



d+208Pb scattering Ed=3-7 MeV 
Sensitivity to NN interactions

58
Peng Yin, Weijie Du, Wei Zuo, Xingbo Zhao and James P. Vary, arXiv 2208.00267
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Conclusions/Perspectives

❖ Non-perturbative time-dependent basis function approach;

❖ Application to d+208Pb scattering;

❖ Extension of the tBF method to heavier projectiles, e.g., rare isotopes,…:

      using wavefunctions from NCSM.

❖ Extension to higher incident energies: adding strong interaction between scattering nuclei.

❖ Two-body electromagnetic operators from chiral effective field theory.

❖ Quantum consideration of center of mass motion of the projectile.

❖ Quantum computing
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