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Introduction 3

» 7000-10000 nuclei are predicted to be bound, while over 2500 nuclei are already measured.
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basic input of nucleosynthesis

» Covariant density functional theory (CDFT): powerful for a global description of nuclei.

J]. Meng et al.,2016, Relativistic Density Functional for Nuclear Structure



Introduction 4

> Global nuclear ground state properties have been studied with CDFT for decades.

Hirata Lalazissis Geng Afanasyev  Xia Yang DRHBc collaboration
1997 1999 2005 2014 2018 2021 2022 2024
DRMF DRMF+BCS DRMF+BCS DRHB RCHB TRHB DRHBc DRHBc
TMA NL3 TMA NL3*... PC-PK1 PC-PK1 PC-PK1 PC-PK1

» The inclusion of exchange terms is important for the description of nuclear properties:

Bouyssy Bernardos 1993 Long Long Geng v" Shell evolution
1987 Shi 1995 2006 2010 2022 W. H. Long et al.,2008,EPL 82,12001
I I I I I I — v Pseudospin(PSO) symmetry

. restoration
First Nonlinear self-coupling DD- DD- Axially

application Density dependence RHF RHFB deformed JoGeng et al 2019, PRCL00,051301R

RHFB v New magicity
from Prof. W. H. Long’s lecture J. Liu et al.,2019,PLB,806,135524

time consuming! [:> hard to be applied in large-scale calculations



Introduction

> Spurious shell exists in many relativistic density » PCF-PK1:

functionals, but it can be cured by PKA1 with
exchange terms.

the point-coupling functional
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» Spurious shells are

J. Geng et al.,2019,PRC 100,051301R

o

with

tensor coupling and with localized exchange
terms by Fierz transformation.

Q. Zhao et al.,2022,PRC 106,034315

successfully eliminated
using PCF-PK1 without numerical complexity
raised by exchange terms.

In this work, the global nuclear ground state properties with localized exchanged terms

will be studied.



Theoretical Framework 6

» The effective Lagrangian density consists of four parts

_ 1 R _ _
L =iy, 0" = M)yp - S [as@) W) + ars TP WTh) + ay (Pyb) Dy H )

+a (Yy, TY) WyHaY) + ar(Po, ) ot yY) + awr (Yo, T) (ot 1))
+“PS(E5V5¢) (1/31/51/1) + Q¢ps ("El/sﬁb) (1/;]/5?1/}) + “PV(EEVSVMI/J) (l/;)’s)’ﬂ Y)

_ _ 1 _ _
+atPV(l/)V5Vufl/))(l/)V5VMa/))] - 555%(1/)1/))6”(1/11/))

LS Dy At — >y Y
_e — —
2 P 4w
known unknown N\
[ Ag, AXts, Ay, Ay, AT ] II: Fierz Transformation $ [atT, Xps, A¢ps, Apy, Aepy
J

exchange terms are treated like direct ones

» The RHB equation is solved in the space of Harmonic Oscillator(H. O.) basis and spherical

hp — A A (Uk) _ (Uk)
A —hy+ 1) \Vk AV

approximation.

Q. Zhao et al.,2022,PRC 106,034315



Choice of Oscillator Frequency

> Take 298Pb as an example, and reference value: N, = 40.

—0—N;=20 —7—N; =30
3r “Pb T 2 n=22 T N=40
PCF-PK1 DD-PC1
S T |
v’ Spherical RHB solved by H.O. basis %’
v Functional: PCF-PK1 w4 L 1 |
v’ Separable pairing: G=657.5419 MeV, a = 0.644 fm. Xﬁm
Q. Zhao et al.,2022,PRC 106,034315 0 k- _____':‘_' ________ T 25 oo 7

30 50 70 90 30 50 70 90 30 50 70 90
ho, [A" MeV]

For PCF-PK1 the convergence behavior is the best when the H.O. frequency is taken as 70 A~1/3 MeV.




Convergence Check

8

» 9 stable nuclei in 3 different regions. Red: the variation of binding energy is within 0.01%.
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20 harmonic oscillator(H.0.) major shells are used for all the nuclei.
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Mass 10
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» Overestimation: neutron-rich side in Z = 8,20 and N = 82,126. Underestimation: neutron-deficient
side in light region and neutron-rich side near N = 100.

» Dripline: close to DD-PC1, UNEDF1, and WS4, but different from PC-PK1 with continuum effect.



Mass 11

» Comparison of mass accuracy with respect to different versions of experimental data.

Exp.data RHBPCF-PK1 o, /MeV  RCHBPC-PK1 6. ./MeV

AME2003 2085 6.938 2111 7.884 G.Audi,2003,NPA 729,337
AME2012 2258 7.026 2285 7.958 M.Wang,2012,CPC 36,1603
AME2016 2301 6.996 2331 7.917 M.Wang,2017,CPC 41,030003
AME2020 2351 7.170 2382 8.103 M.Wang,2021,CPC 45,030003

» For magic nuclei: 0 (PCF-PK1)=2.034 MeV, c (RCHB)= 2.157 MeV.

X. W. Xia et al.,2018,ADNDT 121,1



Charge Radii 12

y g T T : T T T T T g T T
02k RHB PCF-PK1 i R.(DRHBc) — R (RCHB)
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©
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Neutron number o(DRHBc)=0.0322 fm

K. Zhang et al.,2022,ADNDT 144,101488

1. o(PCF-PK1)=0.0362 fm, c(RCHB)=0.0344 fm.
2. 85%: expx0.05 fm(light blue), 70%: exp£0.03 fm(dark blue).

3. Open-shell nuclei: R, are underestimated. R, are expected to increase when deformation
effects are considered.



Neutron Shell Gap
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3. Shell gaps are decreased near the neutron dripline at N =28,50,82,126 and in the

superheavy nuclear(SHN) region with N = 184.



Proton Shell Gap
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1. Traditional magic number: Z = 8,20,28,50,82. Subshell: Z = 14, 16.

2. Spurious shell: Z =58,92 is removed.

Neutron number

14

3. Shell gaps are decreased near neutron dripline at Z = 28,50,82. But not at Z = 20, which

is the same as PC-PK1.



Overview of Shell Gap
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overestimation, compared with PC-PK1, which means a more reasonable shell structure.
2. For spurious shell Z =58,92: smaller than PC-PK1.



Spurious Shell Removal 16

» Shell gaps of Z = 58,92 isotopic chain
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1. Compared with other functionals, PCF-PK1 is closer to the experimental data.

2. PCF-PK1: tensor coupling is included and the constraint f¢'(1) = f,"(1) is released.

W. H. Long et al.,2007,PRC 76,034314; ]J. Geng et al.,2019,PRC 100,051301R



Impacts of Spurious Shell Removal

> Effects of single particle(s. p.) proton shell gaps on the mass for nuclei '*°Ce and 2!8U.

1. Mass overestimation is a problem near 4%°Ce and 2!8U.
L.S. Geng et al.,2005,PTP 113,4,785; X. W. Xia et al.,2018,ADNDT 121,1

2. For doubly magic nuclei: PCF-PK1 is closer to the experiment.
V. Isakov et al.,2002,EPJA 14,29

17

3. Compared with other functionals, s. p. proton shell gaps obtained by

PCF-PK1 are smaller, which improves the mass overestimation.

Ep[MeV] 140Ce 218(J

PCF-PK1  1173.5 1667.5
DD-LZ1 1172.0 1666.6
PC-PK1 1174.4 1670.2
DD-PC1 1178.4 1673.5
DD-ME2 1175.4 1673.0
Exp. 1172.7 1665.6

s.p.Protonshell 13ZSn 140Ce 208Pb 218U
gpsatZ=M&V] 50 58 50 58 82 92 82 92
PCF-PK1 625 022 538 087 406 123 393 173
DD-LZ1 729 135 671 212 520 155 501 223
PC-PK1 623 204 585 257 4.09 257 408 3.00
DD-PC1 621 227 583 265 385 296 401 327
DD-ME2 645 239 602 3.06 406 275 408 3.29
Exp. 608 0.96 421 090

S

58

50

92

82




a-Decay Energy
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. 0(PCF-PK1)=1.6263 MeV, 6(RCHB)=2.0801 MeV.

Near magic nuclei: obvious difference between PCF-
PK1 and PC-PK1. Q, obtained by PCF-PK1 is closer
to the experiment, which implies PCF-PK1 has a
more reasonable description of the shell structure.

Deformed Superheavy nuclear region(Z > 92): closer
to the experiment.



Shell Gaps in SHN Region 19

» Shell gaps in the region with Z > 100. N, = 20 is taken.
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Why Shell Gaps are So Small 20

> S. p. energy level of 292120
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1. Z =120 is regarded as magic number in many functionals.

2. Energy splittings of pseudospin doublets AEpso(v2f) and
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3. AEpsp decreases with tensor coupling strength f; and X,
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S. W. Chen et al.,2016,Sci.Chin. 59,682011 P. Alberto et al.,2002,PRC 65,034307



S. p. Energy Level of Heavy Nuclei
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> S. p. energy level of doubly magic nuclei '32Sn and 2%8Pb
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1. S. p. energy level : in good agreement

with the experiment value, which
indicates the extrapolation ability to the
SHN region.

V. Isakov et al.,2002,EPJA 14,29

Level density: close to the experiment.
Level density increases with tensor
coupling strength increasing.
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— Summary

» 7210 nuclei are predicted to be bound with RHB theory using functional PCF-PK1. The

rms deviation of mass is 7.170 MeV, which is comparable to PC-PK1.

» Spurious shell Z =58,92 are removed with PCF-PK1.

» No obvious proton magic number is predicted in SHN region.

Perspective

O With improved shell structure, B-decay half-lives can be calculated by PCF-PK1, which

is also one of the most important inputs of nucleosynthesis.

Thanks !




Appendix--status

Name(Y) Model Para. Shape Pair Bound "A o(E,) "R o(Ry) Details
D Hirata, 1997 RMF TMA axial  no 2174(8-120) - 271 - - H.O.
G.A Lalazissis, RMF+BCS  NL3 axial  const. 1315(10-98) - 2.6 - H.O.
1999
6969(8- 2882 2.118 523 0.037
L.Geng, 2005 RMF+BC5S TMA axial  J-force H.O.
100) 642% 2.113%- -
I.Meng, 2013 RMF+BCS  PC-PK1  axial  d-force ~2000(>=8) - 1.422 - -
Q.5.Zhang, RMF+BCS  PC-PK1  axial  d-force 575(8-108) 575 124 - - H.O.
2014
K.Q.Lu, 2015 RMF-+BCS PC-PK1 triaxial sep. 575(8-108) 575 1.14 - -
- 297 - 0.0407
NL3* 2216(<120)
638% 2.907*- -
A V. Afanagjev, - 242 - 0.0376
DD-ME2 2050(<120)
2013 . 636% 2.377*- -
RHB axial  sep. H.O.
S.E.Agbemava, ) - 231 - 0.0412
DD-MES$ 2057(<<120)
2014 634% 2.309%- -
- 202 - 0.0402
DD-PC1 2040(<120)
636% 2.019%- -
X.Y.Qu, 2013 RCHB PC-PK1  spherical d-force 402(8-22) 234 223 - - shooting
( _ — 0035(s- 2284 7.060 - 0.0358 )
X.W.Xia, 2018 RCHB PC-PK1  spherical 6-force shooting
L 120) 630% 8.036%- - )
(Y.L Yang, 2020 569(8-50) 252 1.59 - - )
RHB PC-PKl  triaxial sep. - 131 - - H.O.
Y.L.Yang, 2021 -(8-104)
\_ 628% 1.335%- - y,
[ K.Zhang. 2022 DRHBc PC-PK1 axial d-force 2583(8-120) 637 1.518 369 0.032 D.W.S. ]

spherical
triaxially deform.

Axially deform.

23




Appendix-- Mass

Comparison of mass accuracy

Version ~ RHBPCF-PK1 o,./MeV  RCHBPC-PK1 c.. /MeV
AME2003 2085 6.938 2111 7.884
AME2012 2258 7.026 2285 7.958
AME2016 2301 6.996 2331 7.917
AME2020 2351 7.170 2382 8.103

G.Audi,2003,NPA 729,337

M.Wang,2012,CPC 36,1603

M.Wang,2017,CPC 41,030003

M.Wang,2021,CPC 45,030003

o (magic nuclei)=2.034 MeV, which is also lower than 2.157 MeV in PC-PK1.

B PC-PK1 (2.40 MeV) 7
I PCF-PK1 (3.26 MeV) |

gl v v v e Data from IMP report
AN

For newer data, PCF-PK1 is higher than PC-PK1 0.8 MeV.

24



Appendix-- Separation Energy 25
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Appendix-- Separation Energy and Gap with Magicity
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Spurious Shell Removal 32

PCF-PK1 525 099 517 1.07 401 159 397 168 391 177 390 1.77
DD-LZ1 6.63 207 656 196 526 2.00 513 213 494 225 489 224
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£, (MeV) | 'Nd | 4Sm | 2“Ra_| Th | 20Pu | 22Cm _

E gal. — Exp. (MeV)

E CB‘,aI. — Exp. (MeV)
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Appendix-- Neutron Magicity in 5> 54Ca
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Appendix-- Double-Magic nuclide 27°Hs
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Appendix-- Superheavy Double Magic Nucleus 27°Hs 37

* @, with respect to Hs isotopes
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1. In spherical case, PCF-PK1 do not reproduce N = 162(deformed magic number?).

2. PCF-PK1(TRHB) supports the deformed magic number 162, so as PC-PK1(DRHBc). And
the peak magnitude of PCF-PK1 is weaker.

J.Dvorak,2006,PRL 97,242501
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