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\ [ stable nuclei ~ 300 nuclei
THET unstable nuclei observed ~ 2700 nuclel
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PC-PK1 + DRHBC :

DRHBc Collaboration, At. Data Nucl. Data Tables 144, 101488 (2022)

4829 bound even-Z nuclei with8 <2 <120



How were the heavy elements from iron to Uranium made ?
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r-process sites

GW170817 neutron-star-
merger event shows that
neutron star merger is one of
the r-process sites

ApJL 848, L12 (2017)
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Key mechanism : rapid neutron
capture process (r-process)

/ Systematic nuclear physics
knowledge: mass,
B-decay half-lives, reaction rates ...

Accurate description: difficult problem in

nuclear physics N
Gamow-Teller transition

electron antineutrino

key : difficulties in experiments

Large-scale accurate theoretical

calculations nuclear are demanded
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Mass measurement

Short-Lived Neutron-Rich Nuclel with the Novel
Large-Scale Isochronous Mass Spectrometry at

71 nuclides covered the FRS-ESR FaCIIIty Sun et al. NPA 812 (2008) 1-12

27 nuclides were measured

8 measured for the first time

8 unresloved ground state and isomeric states
1 isomeric state of 133Sb (E*=4564(170) keV) .
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Mass accuracy: 1.0 -10°(~120 keV) ;

Resolving power: 200,000 %f-r_.r

m Directly measured masses L [ [ILLLIILILL] W[
m Masses used as references EEEEEEEEEEEEE
m Stable isotopes N=50
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Relativistic Density Functional
Physics close to the drip-line
DRHB¢ mass table collaboration
Physics along N=Z nuclei

Relativistic density functional theory in 3D lattice
® Linear alpha-chain
® Nuclear fusion
® Nuclear fission
® Chiral dynamics
ReCD theory

Toward Relativistic ab initio DFT



Relativistic functional PC-PK1
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Why relativistic?

P. Ring Physica Scripta, T150, 014035 (2012)

Relativistic Density Functional for Nuclear Structure

Meng (Ed.), World Scientific, Singapore (2016)

Spin-orbit automatically included
Lorentz covariance restricts parameters
Pseudo-spin Symmetry

Connection to QCD: big V/S ~ £400 MeV
Consistent treatment of time-odd fields

Relativistic saturation mechanism

~+350 MeV

[ ]
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~ =400 MeV
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Liang, Meng, Zhou, Physics Reports $70 : 1-84 (2015).

Pseudospin symmetry
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Brockmann & Machleidt, PRC42, 1965 (1990)
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Relativistic Density Functional Theory

Relativistic Density Functional for Nuclear Structure
Elementary building blocks Meng (Ed.), World Scientific, Singapore (2016)

(?LOTF??D) OT = {177-7Z} s {177u7757757u70-u1/}

Energy Density Functional
Densities and currents

occ Eigin = Z vi / Vi (—YV + m) Prdr
Isoscalar-scalar ps(r) = Z Ui ()Y (r) .
" 1
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Dirac equation

(oo

)

EB

scalar potential:

S(r) = -400 MeV

vector potential:

V(r) = 350 MeV

continuum

V+S = 750 MeV

Covariant Delsity Functione
Theory and Agplications in

2m* = 1100 MeV

Dirac sea

2m = 1900 MeV




Dirac Sea: Spin symmetry
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S. G. Zhou, J. Meng and P. Ring, PRL92(03)262501



Relativistic functional PC-PK1
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Zhao, LI, Yao, Meng, PRC 82, 054319 (2010)




Predictive power
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P. W. Zhao, et al. Phys. Rev. C, 86 024324 (2012)
Data from L. Chen, et al. Nucl. Phys. A 882 71 (2012)

v' 53 new mass measured at GSI are reproduced well by PC-PK1
(only 11 parameters) with a rms deviation of 0.859 MeV.




Predictive power

Z =102-116

6 | DRHBc 1 ws4 | FRDM % %_’

250 260 270 280 290 250 260 270 280 290 250 260 270 280 290
Mass number A

Kaiyuan Zhang, et al

Phys. Rev. C104 (2021) L021301

Predictive power for superheavy nuclear mass and possible stability beyond the
neutron drip line in deformed relativistic Hartree-Bogoliubov theory in continuum



Physics close to the drip-line
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Continuum, deformation, clustering, ..



New phenomena in exotic nucleus

l. Tanihata, et al Phys. Rev. Lett. 55 (1985) 2676

ad
U

|. Tanihata et al.
Phys. Rev. Lett. 55, 2676 (1985)

Interaction cross section
measurements at Bevalac
(790 MeV/u)
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Nuclear radius (fm)

6 10
Mass number

effective NN interaction
strong in-medium effects

From Xin-Hui Wu

- (A Meng and Ring, Phys. Rev. Lett. 77 (1996) 3963
- S Meng and Ring, Phys. Rev. Lett. 80 (1998) 460

Shell structure, low density, continuum , bound state,
spatial distribution, pairing correlation, coupling between
bound state and continuum...

O Meng, Toki, Zhou, Zhang, Long & Geng, Prog. Part. Nucl. Phys. 57 (2006) 470
O Meng and Zhou, J. Phys. G: 42 (2015) 093101



Halo nuclei

»Halo nuclel have attracted lots of attention since the
discovery of the halo phenomenon in LLi. )

Li

Tanihata et al., PRL 55, 2676 (1985)
Tanihata et al., PPNP 68, 215 (2013)
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V(r}+S(r) [MeV]

20

Proton

Neutron

r[fm]

Density in 11-Li

RCHB: Relativist. Continuum
Hartree-Bogoliubov theory with

denstiy dependent pairing force

J. Meng and P. Ring, PRL 77, 3963 (1996),




Glant halos
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J. Meng and P. Ring, PRL 80(1998)a60  FLfmM]



Halo in 35-Na

Meng, Tanihata & Yamaji, PLB419, 1(1998)

RLediction of giant halo
In Na isotopes

s.p.energy[MeV]




Deformed halos

v'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)
v'Considering deformation, pairing, and continuum

effects, the deformed relativistic  Hartree-
Bogoliubov theory in continuum (DRHBc) predicts

deformed halo_nuclel.
Zhou, Meng, Ring, and Zhao, PRC 82, 011301(R) (2010)

Li, Meng, Ring, Zhao, and Zhou, PRC 85, 024312 (2012)

v'Candidates of deformed halo nuclei have been suggested ir

experiment, 3'Ne and 3’Mg.
P . Nakamura et al., PRL 112, 142501 (2014

i Kob hietal., PRL 112, 242501 (2014
v'DRHBc theory has been applied for halo and other exotic P enomen(a.

Sun, Zhao, and Zhou, PLB 785, 530 (2018) Sun, PRC 103, 054315 (2021)
Zhang, Wang, and Zhang PRC 100, 034312 (2019) Zhang et al., PRC 104, L021301 (2021)
Sun, Zhao, and Zhou, NPA 1003, 122011 (2020) Pan et al., PRC 104, 024331 (2021)

Yang et al., PRL 126, 082501 (2021) He et al., CPC 45, 101001 (2021)



4Mg: Density distributions

Zhou_Meng Ring Zhao2010 PRC82-011301R
Zhou Meng Ring Zhao2011 JPConfProc312-092067
Li_Meng Ring Zhao Zhou2012 PRC85-024312

* Prolate deformation
* Large spatial extension in neutron density distribution

Proton Meutron

Proton Meutron
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0.0 200

e =
Mg -8 -4 0 4 8
* (frm) x (fm)

Viewpoint: A Walk Along the Dripline by Paul Cottle and Kirby Kemper
http://link.aps.org/doi/10.1103/Physics.5.49



Prolate core & oblate halo

Zhou, Meng, Ring & Zhao, Phys. Rev. C 82, 011301 (2010)
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Halo in triaxial nucleus #2Al
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v Core: v =3.85fm, £ =038 y=50° z>x>y
v Halo: r =5.26fm, § =079, y=-23°% z>y>x



DRHBc mass table collaboration

Since December 5, 2018, PC-PK1 + DRHBc
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RCHB mass table

First nuclear mass table including
continuum effects

Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215

Contents lists available at ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt

The limits of the nuclear landscape explored by the relativistic
continuum Hartree-Bogoliubov theory

XW.Xia®, Y. Lim "<, PW.Zhao ¢, HZ. Liang, X.Y. Qu*%, Y. Chen ", H. Liu %, LF. Zhang,
S.Q.Zhang, Y. Kim*¢, ]. Meng %-*"-*

1 School of Physics and Nuclear Energy Engineering Beihang University, Beijing 100191, China

Y Cydotron Institute, Texas A&M University, College Station, TX 77843, USA

© Rare Isotope Science Project, Institute for Basic Science, Daejeon 305-811, Republic of Korea

9 State Key Laboratory of Nudear Physics and Technology, School of Physics, Peking University, Beijfing 100871, China
E Physics Division, Argonne National Laborarory, Argonne, [L 60439 USA

' RIKEN Nishina Center, Wako 351-0198, Japan

& School of Mecharronics Engineering, Guizhou Minzu University, China

" Insticuee of marerials, China Academy of Engineering Physics, Sichuan, 621907, China

i Deparrment of Physics, University of Seellenbosch, Stellenbosch, South Africa

ARTICLE INFO ABSTRACT
Artidle history: The ground-state properties of nuclei with 8 < Z < 120 from the proton drip line to the neutron drip line
Received 2 May 2017 have been investigated using the spherical relativistic continuum Hartree-Bogoliubov (RCHB) theory with

Received in revised form 12 August 2017
Accepted 5 September 2017
Awailable online 1 November 2017

the relativistic density functional PC-PK1. With the effects of the continuum included, there are totally
9035 nuclei predicted to be bound, which largely extends the existing nuclear landscapes predicted with
other methods. The calculated binding energies, separation energies, neutron and proton Fermi surfaces,



RCHB
PC-PKI1

Drip-lines in variant models

The number of bound nuclides with between 2 and 120
protons is around 7,000 28JUNE2012|VOL486|NATURE|509

130
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No pairing
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8 < Z < 120: 9035 nuclei predicted to be bound

Atomic Data and Nuclear Data Tables 121-122 (2018) 1-215

nuclel with data,

ei from Z=8 to Z=130 predicted by RCHB theory with PC-PK1. For 2227
ninding energy differences between data and calculated results are shown in

different color. The nucleon drip-lines predicted TMA, HFB-21, WS3, FRDM , UNEDF and
without pairing correlation are plotted for comparison.
See also: Afanasjev, Aghemava, Ray, Ring, PLB726(2013)680



Possible existing isotopes

Atomic Data and Nuclear Data Tables 121-122(2018)1-215

140
[ Estimated to exsit: arXiv:1704.08906, 2017
[ Estimated to exsit: Nature 468 509 (2012)
" 120 I New from FRIB
@ B Isotopes with at least one excited state known
Q.
o 100
i
O Atomic Data and Nuclear Data
;“:’ 804 Tables 121-122 (2018) 1-215
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DRHBc mass table collaboration

PC-PK1 + DRHBc
I. Even—even nuclei

II. Even Z-0dd N nuclei

III. Odd-Z nuclei

=
il
3§§&mum%%_r

%,

*
7
W\

[

KT

&

M

/1952
il

1946

-

N N,

I~
THE UNIVERSITY OF TOKYO



Deformation improve the accuracy

20 T T T T T 1T 1
/>-\ 16 _ - =i - RCI— PC'PK] _
> | ~o--- DRHBc pabaly -
> 12 |4 -
N—’ A, Aﬁ
TG n
LN s :
| h\ /d
% 4T o, 00 03.)3 ﬂﬁ i
2%as o 2 0" 0% pq 0-000 g

] o 0r9° 0-0
) S B -
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70 74 78 82 86 90 94 98 102
Neutron number N Exp: CPC 45, 030003 (2021)
Even-even: PRC 102, 024314 (2020)
v With deformation included, the data can be better reproduced
DRHBc 2.38 MeV RCHB 9.08 MeV.
v The rotational correction energy is expected to further improve the
results for odd nuclel.



15t Paper by DRHBc Collaboration
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Deformed relativistic Hartree-Bogoliubov theory in continuum with
a point-coupling functional: Examples of even-even Nd isotopes

Kaiyuan Zhang (5KFF7T) et al. (DRHBc Mass Table Collaboration)
Phys Rev. C 102, 024314 — Puihlichad 12 Aninneti2020 [ m
PHYSICAL REVIEW C 102, 024314 (2020)

Article

Deformed relativistic Hartree-Bogoliubov theory in continuum with a point-coupling functional:
Examples of even-even Nd isotopes

Kaiyuan Zhang (5K JFJC),"! Myung-Ki Cheoun,” Yong-Beom Choi,® Pooi Seong Chong,* Jianmin Dong (# #tf),>-¢
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(DRHBc¢ Mass Table Collaboration)

!State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
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4 Department of Physics, The University of Hong Kong, Pokfulam 999077, Hong Kong
3 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
6School of Physics, University of Chinese Academy of Sciences, Beijing 100049, China



DRHBc Mass Table: even-even Nuclei

Atomic Data and Nuclear Data Tables 144 (2022) 101488

Contents lists available at ScienceDirect

Atomic Data and Nuclear Data Tables

journal homepage: www.elsevier.com/locate/adt
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Nuclear mass table in deformed relativistic Hartree-Bogoliubov theory |
in continuum, I; Even-even nuclei
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DRHBc for Odd-A and O-O Nuclei
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covering nuclear physics
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Deformed relativistic
with a point-coupling

Cong Pan (7&IR) et a/. (DRHBc Ma
Phys. Rev. C 106, 014316 — Publist Deformed relativistic Hartree-Bogoliubov theory in continuum with a point-coupling
functional. II. Examples of odd Nd isotopes

PHYSICAL REVIEW C 106, 014316 (2022)
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Potential energy curve (PEC)
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One-neutron separation energy
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Quadrupole deformation
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Possible stability beyond the neutron drip line in DRHBc
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144, 101488 (2022)



Nuclear level density

CDFT + combination + Strutinski well
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Physics along N=Z nuclei

@ o @

T=1, S=0, L=0 T=0 S=1; L=0

Pp + nNn + pnh pairing



Evidence for pairing correlations

@ Low-lying spectra @ 0-E mass differences
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Evidence for pn pairing
e

O Wigner terms
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Larger 6V, reflects larger binding energy with N = Z
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Abnormal bifurcation

The double binding energy dif ferences 6V ,, between the
odd=odd and even=even nuclei along the N= Z line
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Relativistic density functional theory + SLAP

Shell model Like Approach Yang & Zeng, Acta Physica Sinica 20, 846 (1964)
. Treating the blocking effects exactfy "% """ %> 1{19%3)
 good particle number
« treating simultaneously nn, pp, pn pairing
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Y.P. Wang, Y.K. Wang, F. F. Xu, P.W. Zhao, and J. Meng
Phys. Rev. Lett. 132, 232501 — Published 4 June 2024




Relativistic density functional theory + SLAP

Shell model Like Approach Yang & Zeng, Acta Physica Sinica 20, 846 (1964)

oV, [MeV]

- - & Cheng, NPA 405, 1 (1983
. Treating the blocking effects exac&tfy "% "™ 40> 11983

 good particle number

+ treating simultaneously nn, pp, pn pairing

provide excellent interpretation for the abnormal 8V,
bifurcation, and signal for the pn pairing correlations
for nuclei close to the N = Z line.
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Relativistic density functional theory in 3D lattice

Linear alpha-chain

Nuclear fusion

Ground state

ho = 0.5~1.5 MeV

Nuclear fission

ho =2.0~3.5 MeV
® Chiral dynamics snearchan

h® = 4.0 MeV




Time-dependent CDFT

The many-body problem is mapped onto a one-body problem!

- ~  Time-dependent Kohn-Sham DFT
Runge-Gross Theorem

There is a unique mapping between the time
dependent external potential and the density, for

many body systems evolving from a given initial
 state.

g 5 / Pexact(T) t) = pgs(T,t)

J

Runge and Gross, PRL 52, 997 (1984)

Ren, Zhao, Meng, PLB 801,135194 (2020)

Vip|(r,t) Nomemory effects |




Applications of the TD-CDFT

3D Lattice: no spatial symmetry restriction

v/ Applications include:

Linear al pha-chain PRL 115, 022501 (2015) PLB 801,135194 (2020)
Nuclear fission PRL 128, 172501 (2022) PRC 105, 044313 (2022) PRC 107, 014303 (2023)
Chiral dynamics PRC, 105, L011301 (2022)




Linear alpha-chain




Nuclear cluster

Rev. Mod. Phys. 90, 035004 (2018)

Nucleon gas

10 MeV

DL (e
®

Liquid drop

0 MeV




Linear-chain clustering

Strongly deformed states towards a hyper-deformation may exist in light N = Z nuclei
due to a cluster structure.

+ the linear alpha cluster chain has been searched
more than 60 years.

+ new radioactive beams provide new opportunities in
realizing the linear chain state.

No firm evidence | 1y gifficulties i Two mechanisms

%a v/ antisymmetrization effectsé v/ adding neutrons (isospin)
~ v weak-coupling nature

Itagaki, PRC2001; Maruhn, NPA2010;
Ichikawa, PRL2011

CDFT is employed without assuming clustering a priori.




Spin and Isospin Coherent Effects

Static calculations with reflection-symmetry

Proton density distribution :
Y neutron orbitals
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Zhao, ltagaki, Meng, PRL 115, 022501 (2015)




Rod shape against bending and fission

Static calculations in 3D lattice
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Ren, Zhang, Zhao, Itagaki, Maruhn, Meng, Sci. China-Phys. Mech. Astron., 62, 112062 (2019)




Resonant scattering of “He + 2Be

He+®Be, tme=0  fm/c




‘He +10Be

4He+8Be 4He+10Be

*He+%Be, time=0 fm/c

:

%L 100 fm/c

X [fm]

4He+1OBe, time =20 fm/c

8 4 0 4 8 -8 -4 0 4 8
Z [fm]

Z [fm]

Ren, Zhao, Meng, PLB 801, 135194 (2020)
V' The metastable linear chains can be formed in “He+2Be and *He+1%Be collisions.

v/ During the time evolution of the linear-chain configuration, moving clusters can be found.




Octupole deformation
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Dynamical isospin effects
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Chiral dynamics




Nuclear spin-chirality

The aplanar (3D-) rotation of a triaxial nucleus could present chiral geometry.
Frauendorf and Meng, Nucl. Phys. A 617, 131 (1997)

Intrinsic frame :

Chiral Symmetry breaking
= TR, ()

FromX.H.Wu  J v

Left-handed |£) Right-handed |R)
1+2 N Lab. frame :
\\v{/ Chiral Symmetry restoration
+1 Y " A "\ 7 1 , n
o 14) = 25 (10) + [R))
| v > < .
14 1) 1-) = 5 (10) = [R))

Exp. signal : Two near degenerate Al =1 bands, called chiral doublet bands
19



NPA 617, 131
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Applications of TAC-CDFT for chiral nuclei

Zhao PLB 773, 1-5 (2017)
102-107 106 135 136
Rh; Ag; Nd; Nd Zhao, Wang, and Chen, PRC 99, 054319 (2019)

Peng and Chen, PLB 810, 135795 (2020)
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Energy surface against tilted angles
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Chiral geometry is clearly seen.




Chiral rotation

The lower bands are well reproduced.

Energy [MeV]
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Zhao, PLB 773, 1 (2017)
Ren, Zhao, Meng, PRC, 105, L011301 (2022)




Chiral precession in triaxial nuclei

Chiral Precession across left and right sectors
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Precession periods are roughly identical.
Ren, Zhao, Meng, PRC, 105, L011301 (2022)




Chiral excitation energies via Fourier analyses
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Energy spectrum

Ren, Zhao, Meng, PRC, 105, L011301 (2022)
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Fission



Ternary and quaternary fission

» The ternary and guaternary fission were discovered by

Tsien San-Tsiang, Ho Zah-Wel et al. in 1947.

Tsien San-Tsiang, Ho Zah-Wei, L. Vigneron, and R. Chastel,
Nature 159, 773 (1947)

Ternary and quaternary fission of *°U(ng,,f)

10?2 ————————————————— Scission mechanism
3L o : .. .. :
107 / \ ! |+ Statistical scission-point model
10 t® 1
g o5l “He \ { |* Random neck rupture model
5 10°F Li N 1 |+ Geometrical definitions
© 107 | SBe/ (ata) ;
S Bt A G { |+ Ratio between nuclear and Coul. Forces
109} o e
(t+t) e Quantum localization method
‘10- M 1 " 1 " 1 N 1 N 1 M 1 1 1 " 1 " 1 " ]
T T 23 4 5 6 7 8 9 10 |

F. Gonnenwein, Nucl. Pr%%s.s&% 213 (2004)



Ternary and quaternary fission

No. 4049 June 7, 1947 NATURE 773

LETTERS TO THE EDITORS

The KEditors do not hold themselves responsible
for opinions expressed by their correspondents.
No notice i8 taken of anonymous communicalions

Ternary and Quaternary Fission of
Uranium Nuclei

AFTER our experimental proof of the existence of
tripartition and quadripartition (ternary and quatern-
ary fission) of U?** by means of photographic emul-
gionl?, a systematic study of the mass and kinetic
energy of fission fragments has been made with the
Ilford Nuclear Research (', plate. The experimental
conditions were similar to those of previous work.
C, plates soaked with 10 per cent solution of uranyl
nitrate were bombarded with slow neutrons nroduced

Similar experiments have been made recently on
the fission of uranium by fast neutrons. Short-range
third light particles have been observed with the
same frequency, but until now no long-range particle
has been detected. Similar results have also been
obtained in the case of fission of thorium by fast
neutrons (observation made by the senior author in
collaboration with Mrs. H. Faraggi).

TsIEN SAN-TSIANG

Ho Zas-WEI

L. VigGNERON s 3 ¢ i

R. CEASTEL Fig. 2 (above); Fig. 3 (below)
Laboratoire de Chimie Nucléaire, Fig. 2. TRIPARTITION OF URANIUM NUCLEUS WITH THREE FRAG-

MENTS OF COMPARABLYE MASSES : m, = 127 ; Mg = 77 ; M,y = 32

Wi 2 NATTATMRIPAVTITIAN AR TRANTOW NITOT.WITS

Collége de France, Paris.
March 15.



Ternary and quaternary fission

How are heavy nuclel ruptured?
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Z 107 "He \ ® Random neck rupture model
L‘: E . . ", .
S 107 Li g ® Geometrical definitions
B 107 Be 0 (at+a) ] :
s 10 e—e cxp. ternary (o) O,-’ ® Ratio between nuclear and Coul. forces
108 O=0 exp. quaternary 7’ : o
P o 5 ® Quantum localization method
10 (t+1)
10'10 1 1 " 1 " 1 M 1 M 1 " 1 1 1 1 1 M 1 M : . e
0 1 2 3 4 5 6 7 8 9 10 \ Y

Mass number

Tsien San-Tsiang, Ho Zah-Weil, L. Vigneron, and R. Chastel, Nature (London) 159, 773 (1947)
F. Gonnenwein, NPA 734 (2004) 213
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249Pu: Nuclear density
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Ren, Vretenar, Niksi¢, Zhao, Zhao, Meng, PRL 128, 172501 (2022)
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Localization function

2 N
Dyo(r) = |3 |Va(r,0)|° — Zaeq¢“(T’U()v)¢“(r’U) the probability of finding two like-particles in
acq Pao T the vicinity of each other —) Localization!
— — _1 g

Becke and Edgecombe, J. Chem. Phys., 92, 5397 (1990)

ot~ 1+ (Z0))

C=1/2; Thomas-Fermi Gas
C=1, Highlylocalized

. J

4 0 16
He 0 02040608 1 O

118 a
Og |
[294] %

Reinhard, et al., Phys. Rev. C 83, 034312 (2011)
Jerabek et al., Phys. Rev. Lett. 120, 053001 (2018)




y [fm]

Localization function

Toroidal states in 28Si

molecular a-chain nuclei

E*=81.6 b)| E=818  (c)

E*=98.5

Zhang, Ren, Zhao, Vretenar, Niksi¢, Meng, PRC,
105, 024322 (2022)

E*=128.4

E*=168.0 (j)j E*=168.2 (k) § E*=185.2

-10-5 0 510 -10-5 0 510 -10-5 0 510 -10-5 0 5 10
X [fm]

Cao et al., Phys. Rev. C, 99, 014606 (2019)
Ren, Zhao, Zhang, Meng, Nucl. Phys. A, 996, 121696, (2020)
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COPR~hO DO

240Py - Localization function

PRL 128, 172501 (2022)

24Py, time = 1170 fm/c C,

24 16 -8 0 8 16 24
Z [fm]

1
0.75

1 0.5

0.25
0

Scission point between two alpha-like particles




Toward a comprehensive description of nuclear fission

r N\ ( )
TDGCM+GOA TD-CDFT
o collective degrees of freedom o independent nucleons
& quantum correlations (beyond MF) 0 no quantum correlations (MF)
kt:l no dissipation (adiabatic) ) \tzr dissipative dynamics (nonadiabatic) )
TOGCM @ TODFT" (1)) = | daf(a, Dlb(a, )

30 — TDGCM ® TDDFT
—  F 13TMeV e TDDFT
w20
fia
i 10
0

5 10 15 20 25 30

arXiv:2304.13369 [nucl-th] Excitation energy [MeV]



ReCD theory

Relativistic Configuration-interaction Density functional theory

1. A self-consistent relativistic DFT calculation
2. Construction of intrinsic configuration space

3. Angular momentum projection

4. Shell-model diagonalization




ReCD: nuclear spectroscopy
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ReCD: nuclear spectroscopy
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O The energy spectra and the EZ2 transition probabilities are
reproduced satisfactorily
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ReCD: spin-isospin excitations

6 | ; | ; | ; | ; | ; I

4804 _y 48gc e EXp
O ReCD -

4 L _
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E, (MeV)

O The Gamow-Teller strength distribution around the whole energy

region is reproduced satisfactorily
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ReCD: nuclear weak decay

010 T | ' | T [ ' I '
" 484 —)48Ti ReCD O The ZVEIB deCC(y NME
0.08 - -
can be reproduced
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= Exp . :
2 the quenching factor
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Nuclear 0vgp decay

O Violation of lepton number
O Majorana nature of neutrinos

[0 Matter dominance in the Universe

O Neutrino mass scale and hierarchy

Avignone, Elliott, Engel, Rev. Mod. Phys. 80, 481 (2008) (A,Z) — (A, Z 4+ 2)+e  + e~

Isotopes Tflh/’2 (yr) Collaborations v No OV,Bﬁ'deCGy Signa| has
BCa > 5.8 x 1022 ELEGANT VI h h g £
“Ge > 1.8 x 1026 GERDA, MAJORANA, CDEX €en observed so Tar.
828 > 3.5 x 1024 CUPID-0, NvDE ..
) " o v Current limit on the
1Mo > 1.5 x 10** CUPID-Mo
130Te > 3.2 x 102° CUORE decay half-life ranges
136X e > 2.3 x 10%¢ KamLAND-Zen, EX0-200, PandaX
’ ’ 22 26
5ONd > 2.0 x 10?2 NEMO-3 from 10 Yr to 10 yr.

Agostini, Benato, Detwiler, Menéndez, Vissani, Rev. Mod. Phys. 95, 025002 (2023)
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0vBS-decay nuclear matrix elements

O 0vBp decay rates (inversion of the decay half-life) :

TP~ = G™(Q, 2)IM P f(A), f(A) = (mgp)”

Nuclear matrix element MY = <\ij|OAOV‘\Ij@'>

Theoretical studies on vBf decay build a bridge between data and

underlying new physics

PHYSICAL REVIEW LETTERS 123, 102501 (2019)

Evidence for Rigid Triaxial Deformation in 7Ge from a Model-Independent Analysis

A.D. Ayangeakaa ,1’$ R.V.F. Janssens,z’g’+ S. Zhu,4’$ D. Little,z’3 J. Henderson,5 C.Y. \)Vu,5 D.J. Hartley,1 M. Albers,4
K. Auranen,4 B. Bucher,5 S M. P. Carpenter,4 P. Chowdhury,6 D. Cline,” H. L. Crawford,8 P. Fallon,8 A. M. Forney,9
A. Gade,lo’ll A. B. Hayes,7 F. G. Kondev,4 Krishichayan,‘%’12 T. L.auritsen,4 J. Li,4 A.O. Macchiavelli,8 D. Rhodes.,m’11
D. Seweryniak,4 S. M. Stolze,4 W. B. VValtelrs,9 and J. Wu*



NME of the 2vBp decay

0.28 O All  possible odd-odd
mm— Axial - intermediate 1* states
' Triaxial

0.21 | ~ heeds to be considered

(around 200 1* states are

m included).
Exp
0.07 - |l O The two-body currents
6Ge_s76Se are not considered =
0.00 — uenchin factor
0 4 8 12 16 20 q 9 q

E, - (E +E,)/2 (MeV) ranging from 0.68 to
0.77 are adopted in our

calculations.

M? = ¢° Z (el 2, O'aTc:r|\Ij1j;><\Ij1¢| Db O'bTb+|\Iji>



NME: triaxial effects

GARE
GO (Qu 2) M

(mgp) |2

e

half-life decreases by

a factor of four

1.0
—— Mt
X € 1

Less detector materials

are needed

38
- /7] ReCD (Axial)
. B ReCD (Triaxial)
4 |-
=
?2
O WI ve v | =
él ®Ge — °Se
_2 | | | | | |
vw AA AP PP MM Tot

Y. K. Wang, P. W. Zhao, J. Meng, Science Bulletin, accepted

O Triaxial deformation enhances the 0vgf-decay NME by a factor

around two.




Double Gamow-Teller transition
O DGT cross section can be factorized ., ., N (a2 — 2)
as: reaction factor, and DG T-transition ‘ 0
NMEs between initial state and the \
final state %
Santopinto et al.,, PRC 98, 061601(R) (2018) ‘ \ ‘

Therefore, DGT-transition NMEs can be Nr(A, Z) Nr(A, Z + 2)

fixed by the experimental cross section Nz (A, Z) + Np(a,z) = Nr(A, Z +2) + Np(a, z — 2)

O Same initial and final states + similar decay operator = correlation

between DGT transition and 0v3S decay?
Rodriguez et al., PLB 719, 174 (2013), Cappuzzello et al., EPJA 51, 145 (2015)

Constraining the 0vBf decay NME by DGT transitions!

Shimizu et al., PRL 120, 142502 (2018), Yao et al., PRC 106, 014315 (2022), lv et al., PRC 108, L051304 (2023)



ESSSS————
Correlation between 0vSp decay and DGT transition

2.4 T T T T 1 1 T T T 1 10 lei:
® PC-PK1 (Triaxial) Il o PC-PK1 (Axial) i nuciler.
20L ™® P.C—F1 (TrlaX|aI) O PC-F1 (Axial) 4 480y, 76Ge, 82Se,
Linear fit

96Zr 1OOMO 116Cd
V4 V4 V4
124Sn 128Te 130Te

V4 V4 V4
136Xe

Axial and triaxial
deformations

Full model space

04 08 12 16 04 08 12 16 20
MOV > A—1/3 MOV > A—1/3

O A strong linear correlation between 0vBS decay and DGT transition
is demonstrated

O The linear correlation is robust against nuclear deformations
Y. K. Wang, P. W. Zhao, J. Meng, PLB, under review
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Decomposition of the NMEs

2.4 ' [ ' [ ' [
® PC-PK1 (Triaxial)
20 L ™ PC-F1 (Triaxial)
Linear fit

1] o= Zo

MOI/ _ Z ng

00 02 04 06 038
MOV « A-1/3 MOV« A173

O The leading order M}Y,is more strongly correlated with MPST while

the correlation between M}Y, and MP¢T is weaker.



E/A [MeV]

Toward Relativistic ab initio DFT

_25 A 1 . | N | . | . 1 . | A
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e z P’ ¥ ab initio calculation has become one of hot

5 . 5 : : .
@ pEm{;{mwmsm topics In current nuclear physics

ab Initio----- “from the beginning”

» without additional assumptions
» without additional parameters

ab initio In nuclear physics
» with realistic nucleon-nucleon interaction
» with few-body or many-body methods, such as Monte Carlo method, shell
model and energy density functional theory

ab Initio in nuclear matter

» Variational method Akmal PRC1998 <
. Q

» Green’s function method Dickhoff PPNP2004 = ~

» Chiral Perturbation theory Kaiser NPA2002 <

» Brueckner-Hartree-Fock (BHF) theory Baldo RPP2012

» Relativistic BHF theory Brockmann PRC1990

P i,

-25
00 01 0.2 0.3 04 05 06 0.7
o [fm™]



Toward Relativistic ab initio DFT

Progress in Particle and Nuclear Physics 109 (2019) 103713

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review
Towards an ab initio covariant density functional theory for )
nuclear structure K=

Shihang Shen ", Haozhao Liang *“, Wen Hui Long "¢, Jie Meng *"',
Peter Ring *

aState Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
® Dipartimento di Fisica, Universita degli Studi di Milano, Italy

SINFN, Sezione di Milano, via Celoria 16, I-20133 Milano, Italy

9 RIKEN Nishina Center. Wako 351-0198. Japan
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PHYSICAL REVIEW LETTERS

Recent Collections Authors

Highlights

Accepted

4

<]

Referees

Relativistic NN interaction

Search

Press About Staff N

Access by Beijing Peking Universit

Accurate Relativistic Chiral Nucleon-Nucleon Interaction up to

Next-to-Next-to-Leading Order

Jun-Xu Lu, Chun-Xuan Wang, Yang Xiao, LI-Sheng Geng, Jie Meng, and Peter Ring

Phys. Rev. Lett. 128, 142002 — Published 6 April 2022

» Baryon Interaction by lattice QCD

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees

Accepted Paper

Search

Press About

Staff ™

Dibaryon with highest charm number near unitarity from lattice QCD

Phys. Rev. Lett.

Yan Lyu, Hui Tong, Takuya Sugiura, Sinya Aoki, Takumi Doi, Tetsuo Hatsuda, Jie Meng, and Takaya Miyamoto

Accepted 2 July 2021

PHYSICAL REVIEW LETTERS

Highlights

Recent Accepted Collections Authors

Editors’ Suggestion

Referees

Search

Press About Editori

Doubly Charmed Tetraquark T, from Lattice QCD near Physical

Point

Yan Lyu, Sinya Aoki, Takumi Doi, Tetsuo Hatsuda, Yoichi lkeda, and Jie Meng

Phys. Rev. Lett. 131, 161901 — Published 16 October 2023 ﬂ

X. L. Ren, K. W. Li, L. S. Geng, B. W.
» Chiral Nucleon-Nucleon Interactiontong, P. Ring, and 1. Meng,

Leading order relativistic chiral nucleon-
nucleon interaction,

Chin. Phys. C 42, 014103(2018) J
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> Energies and charge radii for 1°O
P |

Energies and charge radii of 1°0 in RBHF in comparison
with EDA and BHF

-4 T T T T T gz
- [T60 A Ssig _ .
_sb K7, A ## 1 RBHF Iimproves the description
< o\ PR over EDA or BHF.
> Q7 i, 2 ) :
g -6 Q4 .
~ L& 4 C {1 EDA and BHF taken from
1 -TES’BHE 0. A5 B 1 H. Mdither, R. Brockmann, and R.
CIN EDA g5, ] Machleidt, PRC 42, 1981 (1990).
-8 ]
RBHF ;'(p.
-9 IR 1 4 1 N
22 23 24 25 26 27 28
r. (fm)

Shen, Hu, Liang, Meng, Ring, Zhang, Chin. Phys. Lett. 33 (2016) 102103

Shen, Liang, Meng, Ring, Zhang, Phys. Rev. C 96, 014316 (2017)
0
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PHYSICAL REVIEW C 98, 054302 (2018)

Relativistic Brueckner-Hartree-Fock theor}’ in nuclear matter without
| the average momentum approximatiunl

Hui Tong (F#4),' Xiu-Lei Ren ({F#&#%)."? Peter Ring,'* Shi-Hang Shen (H i:£7),!
Si-Bo Wang (T #21#)," and Jie Meng (& 75)"*%"
IState Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, Chi
2 Institut fiir Theoretische Physik II, Ruhr-Universitdt Bochum, D-44780 Bochum, Germany
* Physik-Department der Technischen Universitit Miinchen, D-85748 Garching, Germany

PHYSICAL REVIEW C 103, 054319 (2021)

E/A (MeV)

ab Initio calculation
* “Relativistic Brueckner Hartree-Fock Theory
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L :
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FIG. 1. Binding energy per nucleon for nuclear matter as a function of the total density p. Results for Bonn potentials A, B, C with (left
panel) and without (right pancl) c.m. momentum approximation are shown. The RBHF results are represented by open and solid circles, where
open circles stand for the data used in the fitand solid circles indicate the validity of the results of the fit (solid curves). The red stars indicate
the saturation points obtained from RBHF resulis.

Nuclear matter in relativistic Brueckner-Hartree-Fock theory
with Bonn potentia] in the full Dirac space I

Sibo Wang.! Qiang Zhao.! Peter Ring®.? and Jie Meng ®!3-*
' State Key Laboratory of Nuclear Physics and Technology, School of Physics, Peking University, Beijing 100871, China
2Department of Physik, Technische Universitit Miinchen, D-85747 Garching, Germany
3Yukawa Institute for Theoretical Physics, Kyvoto University, Kyoto 606-8502, Japan

M (Received 25 March 2021; accepted 11 May 2021; published 24 May 2021)

Starting from the Bonn potential, the relativistic Brueckner-Hartree-Fock (RBHF) equations are solved for
nuclear matter in the full Dirac space, which provides a unique way to determine the single-particle potentials
and avoids the approximations applied in the RBHF calculations in the Dirac space with positive-energy states
(PESs) only. The uncertainties of the RBHF calculations in the Dirac space with PESs only are investigated, and
the importance of RBHF calculations in the full Dirac space is demonstrated. In the RBHF calculations in the full
Dirac space, the empirical saturation properties of symmetric nuclear matter are reproduced, and the obtained
equation of state agrees with the results based on the relativistic Green’s function approach up to the saturation
density.
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ﬂt > J’ '\Effects of tensor forces in nuclear spin—orbit splittings
5=

> Neutron drop is a neutron system confined in an external field. It is an
iIdeal and simple system to investigate the neutron-rich environment by

ab initio methods and phenomenological density functional theory.
Pudliner et al.,, PRL 76, 2416 (1996). Gandolfi, Carlson, Pieper, PRL 106, 012501 (2011).
Maris et al., PRC 87, 054318 (2013). Potter et al., PLB 739, 445 (2014). Zhao & Gandolfi,
PRC 94, 041302(R) (2016).

> A neutron drop provides also an ideal and simple system to investigate
the effects of tensor forces.

> From fully self-consistent relativistic Brueckner theory, a systematic and
specific pattern due to the tensor forces is found in spin-orbit splitting
in neutron drops, which forms a guide for the derivations of relativistic
and nonrelativistic nuclear energy density functional.

Shen, Liang, Meng, Ring, Zhang,
Effects of tensor forces in nuclear spin—orbit
splittings from ab initio calculations.
Phys. Lett. B778 (2018) 344-348




Spin-Orbit Splitting

4 L | i I 0 i - = -
S Ll » Comparison with the phenomenological
) - = .
= | relativistic Hartree-Fock (RHF) energy

. . :

i’u‘; N density functionals (EDF).

0 - |
< I oW
— 4
S 3

2 : - - -
S gl O RHFE shows similar pattern, mainly
< 51 contributed by zNN tensor interaction.
W] . .
<4 | -1 O Neither RBHF nor CDFT includes beyond-

3 _ ) _

S 10 10w 1 1y, 1den 1 mean-field effects =» a fair comparison!
% ! - PKO1 (A = 0.7) ] . . . .
= 2 e PKO1 (1.2 1.0) ??553353‘:8‘:{@%3_- Shi-Hang Shen, Hao—Zhaoqtlaarr]\gZ,hJ;igMeng, Peter Ring, Shuang-
l,’_u‘% [ Eﬁfﬁpf’“' ' 1 Effects of tensor forces in nuclear spin-orbit splittings from ab initio
<]0'_,____,____,____;.___,' calculations.

10 20 30 40 50 Phys. Lett. B7/8 (2018) 344-348

Neutron Number N Relativistic Brueckner-Hartree-Fock theory for neutron drops

Phys. Rev. C 97, 054312 (2018)
T



2 )} ¢ Fully self-consistent relativistic
At . F ¥ ——proeckner theoy

Progress in Particle and Nuclear Physics 109 (2019) 103713

Contents lists available at ScienceDirect
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) ﬂt,f}.quf Summary

v' Origin of the heavy elements is a fundamental problems in

v

v

modern sclence.

Predictive power of PC-PK1 iIs demonstrated. Physics around
the neutron drip line and N=Z nuclei are discussed.

Status of the DRHBc mass table collaboration 1s introduced.
The effects of the continuum and deformation as well as the
related Interesting topics are discussed.

Relativistic density functional theory solved in 3D lattice and

Its time-dependent versio
applications for Linear-chali

N are Introduced together with

n, Chiral dynamics, Fission, etc.

Strategy to build density functional based on QCD-spirited
Interaction and ab inito calculation are outlined.
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