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For many-body calculations, normal-ordered approximation by neglecting residual 3NF

cD
cE

How to optimize 3NF LECs cD and cE

using 3H energy and 4He radius, but still many discussions remain.

A-body intrinsic Hamiltonian
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3NF



Calculating the properties of light nuclei using chiral 2N and 3N forces 

NCSM calculation  

by P. Navratil et al.
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only
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M. Wang, Y.H. Zhang,…, FRX,… PRL 130, 192501 (2023)

We find that 3NF enhances the pn pairing 

interaction which is strong in odd-odd nuclei.
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VS-IMSRG with chiral 2NF plus 3NF named EM1.8/2.0

Q. Yuan, B.S. Hu, X.Y. Xu, J.G. Li, FRX, and P.M. Walker, PRC 111, 034309 (2025)

3NF importance to explaining the isomerism in A=52 chain
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J = 19/2 is the maximum angular momentum 

obtained by coupling one proton f7/2 hole and 

two f7/2 neutron holes.

Q. Yuan, B.S. Hu, X.Y. Xu, J.G. Li, FRX, and P.M. Walker, PRC 111, 034309 (2025)
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Q. Yuan, B.S. Hu, X.Y. Xu, J.G. Li, FRX, and P.M. Walker, PRC 111, 034309 (2025)
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Therefore, 3NF is an important in calculations of both energy and radius



Element production


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Fe (26)
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protons

neutrons

stellar burning

Big Bang

Cosmic Rays

Supernovae

rp process

r process

Mass known
Half-life known
nothing known
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II. The continuum effect

弱束缚和不束缚的原子核属于“开放的量子体系”Open Quantum Systems

12Time-dependent problem

共振+连续



Gamow-Berggren ensemble provides a good basis for many-body calculations of nuclei as 

OQS

𝜓(𝒓, 𝑡)=𝑒−𝑖𝐸𝑡/ℏ𝜑𝐸 𝒓 (Stationary or quasi-stationary)

[−
ℏ2

2𝑚
𝛻2 +V]𝜑𝐸 𝒓 =E𝜑𝐸 𝒓

But E can be complex, and

the inner product: ׬𝜑𝐸 𝒓 𝜑𝐸 𝒓 =1 (not the complex conjugate)

E is a negative real number: a bound state 

E is a positive real number: a continuum (scattering) state 

𝐸 =
ℏ2𝑘2

2𝑚
=𝐸𝑅 − 𝑖

𝛤

2
: a resonant state 

𝜓(𝒓, 𝑡)=𝑒−𝑖𝐸𝑡/ℏ𝜑𝐸 𝒓 =𝑒−𝑖𝐸𝑅𝑡/ℏ𝜑𝐸 𝒓 𝑒−𝛤ℏ𝑡/2

T. Berggren, Nucl. Phys. A109 (1968) 265
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Complex-momentum space:  bound, resonance and continuum
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complex scaling:

，

J. Aguilar and J. M. Combes, Comm. Math. Phys. 22, 269 (1971)；

E. Balslev and J. M. Combes, Comm. Math. Phys. 22, 280 (1971)

Non-integrable



0+

6He halo and 2+ resonance 

calculated by GSM with 4He core

Density

6He halo
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The continuum coupling is important in descriptions of  carbon spectra, giving correct orders of levels
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Calculations without 

the continuum effect 

cannot give the 

correct g.s. and level 

order.

Y. F. Geng, J. G. Li, Y. Z. Ma, B. S. Hu, Q. Wu, Z. H. Sun, S. Zhang, and FRX, PRC 106, 024304 (2022)
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GSM with 16O core: N3LO(NN) + N2LO(NNN)

N3LO(NN): Entem and Machleidt, PRC 66, 014002 

(2002)

N2LO(NNN): cD=-1, cE=-0.34, P. Navrátil et al., PRL 

99, 042501 (2007)

Y.Z. Ma, FRX et al., PLB 802, 135257 (2020)

[3] Otsuka, Suzuki, Holt, Schwenk, Akaishi, PRL 105 (2010) 032501

[31] Hagen, Hjorth-Jensen, Jansen, Machleidt, Papenbrock, PRL108 

(2012) 242501
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III. Combined effects of 3NF and the coupling to the continuum



Thomas-Ehrman shift (TES) in mirror pair

CSB: charge symmetry breaking, a violation of rotation invariance by 180°

Only for pp and nn

CIB: charge independence breaking, a violation of rotation invariance in isospin space. 

T=1 NN interaction: Tz=+1 (pp), 0 (np) and -1 (nn)

The main reasons: mp≠mn,  π0, π± mass splitting CIB is more significant than CSB

S. Zhang, Y.Z. Ma, J.G. Li, B.S. Hu, Q. Yuan, Z.H. Cheng, F.R. Xu, PLB 827, 136958 (2022)

If no 3NF, calculation 

cannot give the correct 

order of the levels.

Continuum effect

Both continuum 

effect and 3NF 

are important to 

make the 

observed TES
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GT transition matrix elements |MGT|

Z.C. Xu, S. Zhang, J.G. Li, S.L.Jin, Q. Yuan, Z.H. Cheng, N. Michel, and FRX, PRC 108, L031301 (2023)

[54] J. Lee et al., PRL 

125, 192503 (2020)

GT transitions at driplines
J. Lee et al.,PRL125，

192503 (2020)



Ab initio nuclear many-body calculations show:

Both 3NF and continuum effect plays important roles in describing nuclei around driplines

Chiral 2NF + 3NF

Complex-energy resonance with continuum effect

IV. Conclusions
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