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Linear 3α clusters chain structure for 12C against the bending
and fission in cranking CDFT and TD CDFT on a 3D lattice

Ren, Zhang, Zhao, Itagaki, Maruhn, Meng, SCPMA 62, 112062 (2019)
Ren, Zhao, Meng, Physics Letters B 801 (2020) 135194

(Time-depend) CDFT in 3D lattice
EoM on 3D lattice with the inverse Hamiltonian 
and Fourier spectral methods.



Toroidal states in 28Si

7α disassembly of  28Si

Density distributions in the
z = 0 plane for the toroidal
states in cranking CDFT
on a 3D lattice

Cao et al., Phys. Rev. C 99, 014606 (2019)

Ren, Zhao, Zhang, Meng, Nuclear Physics A996 (2020) 121696
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 Z. X. Ren, J. Zhao, D. Vretenar, T. Nikšić, P. W. Zhao, and J. Meng, Microscopic
analysis of induced nuclear fission dynamics, Phys. Rev. C 105, 044313 (2022)

 Z. X. Ren, D. Vretenar, T. Nikšić, P. W. Zhao, J. Zhao, and J. Meng, Dynamical
synthesis of 4He in the scission phase of nuclear fission, Phys. Rev. Lett. 128,
172501 (2022)

裂变原子核在断裂点附

近的局域化函数分布

(Time-depend) CDFT in 3D lattice
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(Time-depend) CDFT in 3D lattice



Nuclear Chirality-Parity (ChP) violation 



ab initio calculation
Relativistic Brueckner Hartree-Fock Theory
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Shi-Hang Shen, Jin-Niu Hu,Hao-Zhao Liang, Jie Meng, Peter Ring, Shuang-Quan Zhang, 
Relativistic Brueckner–Hartree–Fock Theory for Finite Nuclei . 
Chin. Phys. Lett. 33 (2016) 102103 

Energies and charge radii of  
16O in RBHF in comparison 

with EDA and BHF



 Neutron drop is a neutron system confined
in an external field.

……
 A neutron drop provides also an ideal and

simple system to investigate the effects of
tensor forces.

 RHF shows similar pattern, mainly contributed by πNN tensor interaction.
 Neither RBHF nor CDFT includes beyond-mean-field effects  a fair

comparison!

σωρ σωρπ

Shi-Hang Shen, Hao-Zhao Liang, Jie Meng, Peter Ring, Shuang-Quan 
Zhang, 
Effects of tensor forces in nuclear spin–orbit splittings from ab initio 
calculations. 
Phys. Lett. B778 (2018) 344–348
Relativistic Brueckner-Hartree-Fock theory for neutron drops
Phys. Rev. C 97, 054312 (2018)

Tensor effects on spin-Orbit Splitting



ab initio calculation
Relativistic Brueckner Hartree-Fock Theory



Relativistic NN interaction

High-precision relativistic nucleon force up to NNLO 10

X. L. Ren, K. W. Li, L. S. Geng, B. W.
Long, P. Ring, and J. Meng,

Leading order relativistic chiral nucleon-
nucleon interaction,

Chin. Phys. C 42, 014103(2018) J

 Chiral Nucleon-Nucleon Interaction 

 Baryon Interaction by lattice QCD 



Density functional from machine learning 

X. H. Wu, Z. X. Ren, P. W. Zhao, Phys. Rev. C, 105, L031303 (2022)

H-K Theorem proves the existence of a universal functional depends solely on density.

BUT, all previous attempts for a nuclear kinetic energy functional FAILS.   
 One has to introduce Kohn-Sham, i.e., a functional of orbits 

By Machine Learning, a robust and accurate orbital-free density functional is established !

Robust self-consistent solution
Most accurate ever orbit-free DFT for nuclei 
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 Introduction

 Theoretical framework

 Results and discussion

 Summary

Outline



Halo nuclei
 Halo nuclei have attracted lots of attention since the discovery of

the halo phenomenon in 11Li.

Tanihata et al., PRL 55, 2676 (1985)
Tanihata et al., PPNP 68, 215 (2013)

22Al: Lee et al., PRL 125, 192503 (2020)
29F: Bagchi et al., PRL 124, 222504 (2020)

37Mg: Kobayashi et al., PRL 112, 242501 (2014) 

Neutron dripline 
confirmed for Z ≤ 10



Theoretical study of halo nuclei
 Few-body model

 Shell model

 Antisymmetrized molecular dynamics model

 Halo effective field theory

 Non-relativistic density functional theory

 Covariant density functional theory (CDFT)

Zhukov et al., Phys. Rep. 231, 151 (1993)

Otsuka et al., PRL 70, 1385 (1993)

Horiuchi et al., ZPA 349, 279 (1994)

Bertulani et al., NPA 712, 37 (2002)

Terasaki et al., NPA 600, 371 (1996)

Koepf et al., ZPA 340, 119 (1991)

 Advantages of the CDFT:

 Spin-orbit automatically included
 Lorentz covariance restricts parameters
 Pseudo-spin Symmetry
 Consistent treatment of time-odd fields
 Relativistic saturation mechanism
 …

Ring, PPNP 37, 193 (1996)
Vretenar et al., Phys. Rep. 409, 101 (2005)

Meng et al., PPNP 57, 470 (2006)
Niksic et al., PPNP 66, 519 (2011)

Meng and Zhou, JPG 42, 093101 (2015)
Liang et al., Phys. Rep. 570, 1 (2015)
Shen et al., PPNP 109, 103713 (2019)

Meng (Editor), Relativistic Density Functional for Nuclear Structure (World Scientific, 2016)



Spherical halo nuclei & Giant halos
 Based on the CDFT, a self-consistent description of the neutron halo in 11Li is

achieved by the relativistic continuum Hartree-Bogoliubov (RCHB) theory.
Meng and Ring, PRL 77, 3963 (1996)

 Pairing correlations and continuum effects are very important
for the description of halos.

Meng and Ring, PRL 77, 3963 (1996)
Meng et al., PPNP 57, 470 (2006)

 The RCHB theory also predicts giant halos in Zr isotopes.
Meng and Ring, PRL 80, 460 (1998)

 Later studies based on DFT and CDFT support the prediction
of giant halos in Zr and Ca isotopes.

Meng, Toki, Zeng, Zhang, and Zhou, PRC 65, 041302(R) (2002)
Sandulescu, Geng, and Hillhouse, PRC 68, 054323 (2003)

Terasaki, Zhang, Zhou, Meng, PRC 74, 054318 (2006)
Grasso, Yoshida, Sandulescu, and Van Giai, PRC 74, 064317  (2006)



RCHB Mass Table
 Based on the RCHB theory, a nuclear mass table including continuum effects has

been constructed.
Times Cited: 97 (Web of Science)



Deformed halos
 There has been controversy over the existence of deformed halo nuclei.

Otsuka, Muta, Yokoyama, Fukunishi, and Suzuki, NPA 588, 113c (1995)
Misu, Nazarewicz, and Aberg, NPA 614, 44 (1997)

Tanihata, Hirata, and Toki, NPA 583, 769 (1995) 
Nunes, NPA 757, 349 (2005)

 Considering axial deformation, pairing, and continuum
effects, the deformed relativistic Hartree-Bogoliubov theory
in continuum (DRHBc) predicts deformed halo nuclei.

Zhou, Meng, Ring, and Zhao, PRC 82, 011301(R) (2010)
Li, Meng, Ring, Zhao, and Zhou, PRC 85, 024312 (2012)

 Recently, several candidates of deformed halo nuclei have been suggested in
experiment, such as 31Ne and 37Mg.

Nakamura et al., PRL 112, 142501 (2014)
Kobayashi et al., PRL 112, 242501 (2014)

 The DRHBc theory has been applied to study halo and other exotic phenomena.
Sun, Zhao, and Zhou, PLB 785, 530 (2018) 
Zhang, Wang, and Zhang PRC 100, 034312 
(2019)
Sun, Zhao, and Zhou, NPA 1003, 122011 (2020) 

      

Sun, PRC 103, 054315 (2021)
Zhang et al., PRC 104, L021301 (2021)
Pan et al., PRC 104, 024331 (2021)
He et al., CPC 45, 101001 (2021)



DRHBc Mass Table
 To construct a nuclear mass table including both deformation and continuum effects,

the DRHBc Mass Table Collaboration was established.
Zhang et al. (DRHBc Mass Table Collaboration), PRC 102, 024314 (2020)

 Recently, the DRHBc mass table for even-even nuclei has been constructed, and it
for odd nuclei is in progress.

Zhang et al. (DRHBc Mass Table Collaboration), ADNDT 144, 101488 (2022)
Pan et al. (DRHBc Mass Table Collaboration), arXiv:2205.01329



CDFT for nuclear masses 
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 PC-PK1 + DRHBc, 2583 even-even nuclei with 8 ≤ Z ≤ 120, first mass table including
both deformation and continuum, σ = 1.5 MeV

K. Y. Zhang et al. (DRHBc Mass Table Collaboration), Nuclear mass table in deformed
relativistic Hartree–Bogoliubov theory in continuum, I: Even–even nuclei, At. Data Nucl.
Data Tables 144, 101488 (2022)



Triaxially deformed halo nucleus?

 Triaxial deformation plays a crucial role in nuclear chirality, wobbling motion, and
fission.

Frauendorf and Meng, Nucl. Phys. A 617, 131 (1997)
Bohr and Mottelson, Nuclear Structure (1975)

Lu, Zhao, and Zhou, PRC 85, 011301(R) (2012)

Spherical Axial Triaxial

 A study based on triaxial Woods-Saxon potential suggests that the triaxial
deformation might extend the region of halo nuclei.

Uzawa, Hagino, and Yoshida, PRC 104, L011303 (2021)

Recently, a triaxial relativistic Hartree-Bogoliubov theory in continuum (TRHBc),
which considers triaxial deformation, pairing, and continuum effects, is developed to
search for triaxially deformed halo nuclei.

Zhang, Ph.D. thesis, Peking University (2022)
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CDFT: Point-coupling model
 The starting point is a effective Lagrangian density,

Meng (Editor), Relativistic Density Functional for Nuclear Structure (2016)



RHB equations
 Relativistic Hartree-Bogoliubov (RHB) equations for nucleons read



Spherical harmonic expansion
 To include triaxial deformation, densities and potentials are expanded in terms of

spherical harmonic functions,

 According to spatial reflection symmetry and reflection symmetries with respect to
xy, xz, and yz plane,



Dirac Woods-Saxon basis

 In the TRHBc theory, the RHB equations are
solved in a Dirac Woods-Saxon (DWS) basis,
whose wave function has a more realistic
behavior at large r compared with the HO basis.

 The DWS basis is obtained by solving a Dirac equation containing the spherical
Woods-Saxon potential. Because the basis function itself is a Dirac spinor, there is
no need to expand upper and lower components separately.

Zhou, Meng, and Ring, PRC 68, 034323 (2003)
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Numerical details

Zhang et al. (DRHBc Mass Table Collaboration), PRC 102, 024314 (2020)
Pan, Zhang, and Zhang, IJMPE 28, 1950082 (2019)

Xia et al., ADNDT 121–122, 1 (2018)



Deformation of Al isotopes

 Light neutron-rich nuclei are calculated, and several Al isotopes are found to
be triaxially deformed.



Observables

Sn data taken from CPC 45, 030003 (2021)
[Experimental values for 11 ≤ N ≤ 25]

Rch data taken from PRC 103, 014318 (2021)



Increase of neutron radii

 The ratio of TRHBc calculated neutron radius increment to that from
empirical formula increases significantly at 40,42Al, which is similar to the
increase in giant halo Zr isotopes.

RCHB + PC-PK1: ADNDT 121–122, 1 (2018)
RCHB + NLSH:    PRL 80, 460 (1998) 



Neutron levels, radii, and contribution

Weakly bound level 4 occupied by the
valance neutron has a remarkably large
rms radius.

 Level 4 has considerable 2p
components (≥ 45%).

 Level 4 contributes dominantly to the
total neutron density in the region far
from center.



Density in different planes
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Summary

 Triaxial relativistic Hartree-Bogoliubov theory in continuum (TRHBc) is developed
to explore triaxially deformed halo nuclei.

 TRHBc theory reproduces available experimental data for Al isotopes. 42Al has
triaxially deformed ground state, small Sn, and suddenly increased neutron radius.

 Decomposed neutron densities suggest that 42Al is a triaxially deformed halo nucleus
with a triaxial shape decoupling between the core and the halo.

 The orbital occupied by the valance odd neutron of 42Al has a significantly large
radius, due to its weak binding and considerable 2p components, and it contributes
dominantly to neutron density at large r.

 RCHB and DRHBc theories based on the CDFT have been successful for spherical
and deformed halo nuclei.



Thank  you for your attention!
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