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Covariant density functional theory (CDFT) ‘

The nucleons interact via the exchange of effective mesons 2>
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Dirac equation for fermions Densities
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Relativistic Hartree-Bogoliubov (RHB) framework
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The separable version of the finite range Brink-Booker part of the
Gogny D1S force is used in the particle-particle channel

V(ry,re,ry,ry) =
— FGO(R-R')P(r)P()
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The NL3*, PC-PK1, DD-ME2, DD-PC1 and DD-MEJ covariant energy density functionals
are used in order to assess the dependence of results on the functional and underlying

single-particle structure and assess systematic theoretical uncertainties

The global results for even-even nuclei are available in tabulated form at:

S. Agbemava, AA, D, Ray, P.Ring, PRC 89, 054320 (2014)
includes complete DD-PC1 mass table as supplement

Mass Explorer at FRIB (the results for DD-PC1, NL3*, DD-ME2, and DD-MEJ)
http://massexplorer.frib.msu.edu/content/DFTMassTables.html



A.V.Afanasjev, P.Ring, J. Konig, PRC 60 (1999) R051303, Nucl. Phys. A 676(2000) 196

Cranked Relativistic
Hartree-Bogoliubov Theory

The CRHB equations for the fermions in the rotating frame in the one-
dimensional cranking approximation
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Space-like components of vector currents
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Important in rotating nuclei: give ~ 20-30% contr. to moments of inertia
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Nuclear landscape (state-of-the-art-view) ‘

deformation
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Global description of charge radii

U.C.Perera, AA and P.Ring,

PRC 104 064313 (2021)
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Theoretical errors in the description of charge radii ‘
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‘Theoretical uncertainties in the description of masses
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NL3* 2.96 3.00 1.23 1.29 CEDF Arg™s [fm]
DD-ME2 2.39 2.45 1.05 0.95
DD-MEJ) 2.29 2.40 1.09 1.09 NL3* 0.0283
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| Deformation parameters and nuclear shapes |

Quadrupole deformation parameter:
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Octupole deformation parameter:

167 3 3
—— —AR;

ﬁ3=Q3°/( 7 4n

where Ry = 1.241/3

Hexadecapole deformation parameter:
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Approximations in the modelling of nuclear many-body problem.

General approach (DFT level)

P

Non-relativistic Schrodinger
equation:
Skyrme and Gogny DFT

)Range of interaction l\

Relativistic Dirac equation:
covariant DFT (CDFT)

Zero range - point coupling models Finite range - meson exchange models
in CDFT (no mesons) in CDFT
- Skyrme DFT - Gogny DFT

Effective density dependence

CDFT : - explicit (DD-ME2, DD-PC1)
- non-linear (through the powers of mesons) (NL1, NL3%)
Skyrme and Gogny DFTs: different prescriptions for density dependence



Theoretical uncertainties:

- not well defined for the regions
beyond experimentally known
A. based on the set of the models which does not form statistical
ensemble
B. biases of the models are not known

> Systematic uncertainties
C. biases of the fitting protocols

> Statistical uncertainties

Systematic uncertainties are defined by the spreads (the difference
between maximum and minimum values of physical observable
obtained with employed set of CEDF’s).

AO(Z~N) — |Omax(Z~N) — Onlin(Z-N)l

NL3*, DD-ME2, DD-MES, DD-PC1 and PC-PK1 functionals



How many parameters are truly independent?
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Parametric correlations for PC-X CEDF:
Statistical analysis in full parameter hyperspace
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Proton quadrupole deformation spread A3,

Proton quadrupole deformation spread AB,
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Theoretical uncertainties are most pronounced for
transitional nuclei (due to soft potential energy surfaces) and in
the regions of transition between prolate and oblate shapes.
Details depend on the description of single-particle states

S. Agbemava, AA, D, Ray, P.Ring,




Proton number Z

Proton hexadecapole deformation spread A4

Proton hexadecapole deformation spread AP,
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CDFT: Neutron deformation is larger than proton one in ~ 2/3 of nuclei, in the

rest of deformed nuclei the situation is opposite
Skyrme DFT: Neutron deformation is smaller than proton one in
majority of nuclei.
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Isovector deformation is typically smaller in CDFT = mic+mac model,

which assumes the same deformation for protons and neutrons, is
is better justified in CDFT than in Skyrme DFT.

S. Agbemava, AA, D, Ray, P.Ring, PRC 89, 054320 (2014)



Accuracy of the description of the single-particle states in DFTs

One-quasiparticle energies [MeV]
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Systematics of one-quasiparticle states in actinides: the CRHB study

Triaxial CRHB; fully self-consistent blocking, time-odd mean fields included,
Gogny D1S pairing, AA and S.Shawaqgfeh, PLB 706 (2011) 177
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‘ 2>4No: model dependence of the single-particle structure ‘
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E. Litvinova, AA, PRC 84, 014305 (2011)
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‘ Deformations of the ground states in actinides states

0.36 L] I LI L] l LI L] I LELELJ l L} I LI L] l LI | I LB l L} I LI L] l LI L) I L L] l L} l LI l LI L] l LI L) l
U (Z=92) 4 Cm(Z=96) 4F Fm (Z=100) 4} Rf(Z=104) 4
(o]

32F -1 -1 -1 -

" r 0939@0. ‘600(10 RS

/ -
028k 4L 4 -k N
L () exp. (direct) JL o
5 024 T N | -
§ (o] exp. (indirect) ok

g 02 sl sl laaal
’E ’ L} I LI L I LI L) I LB I L} I LI L I LI L} I LI B I L} I LI L I LI L) l LI L I L} I LI L] I LI I | . LI L) I
b Th(z=90) J4F Puz=94) 4} cCf@z=98) J} No(z=102) .
<032 1+ 4t oo. AF o A

. 1l = 1 %o Al AT
028k Y .8 7400& 4 N N
' /

024fF G'eo ¢ 4+ 4k -

2 lasslasalaaal lasslasalaaal | [ FEEEEEEE EE N | lLag sl sl

136 144 152 160 136 144 152 160 136 144 152 160 136 144 152 160
Neutron number N

Experiment: AA and O.Abdurazakoy,
Direct = Coulomb excitations and lifetime measurements PRC 88, 014320 (2013)

Indirect = Grodzins relation

167 3 2) Note: including higher powers of [3, yields the
5 47

= —— —AR
P QQO/( values of (3, that are ~10% lower



138 140 142 144 146 148 150 152 154 156 158 160

160

A =
106 (Sg) C i
— 160
104 (Rf) S 120 !
o : .
S v v, v,
20 Y4 ¥ %
o |1 T
o (] (] ]
= -
96 (Cm) ﬁ# s 4 AA and O.Abdurazakoy,
) 0.2 04 PRC 88, 014320 (2013)
94 (Pu) Jﬁﬁ AA, Phys. Scr. 89 (2014)
160 : : : . |
92 (U) 138 . I ﬁ 0.2 0.4 054001
160 : 3 ] 02 04 o CRHB+LN (NL3%)
90 (Th) 120 . “ .J . experiment

40
0 0204 0204 0204 0204 0204 02 04

Rotational frequency (2 [MeV]



Proton number

000
5688066660060
000000000000
1 OO_ 0C00ee009000
CHit
000000000
CO000000 .,
..Q§§§8.88.Qr
80-
60- —— known nuclei
-------- drip lines
o R » stable nuclei
40 90 ..=IIICO !

‘ Landscape of pear-shaped even-even nuclei

Model multiplicity m(Z,N) = number of models predicting non-zero
octupole deformation in the nucleus with (Z,N)
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Neutron number

- the RHB calculations with 4 CEDFs
- Skyrme HFB calculations with 5 EDFs

Y. Cao et al, AA, PRC 102, 024311 (2020)



CDFT vs Skyrme DFT predictions for octupole deformed nuclei ‘

. HFB 83, 0mmE

100 _ . RHB ... u 8;. 11
o « HFB & RHB
0
£ 80-
C
- .
5 :
O
x 60 -

—— known nuclei
4048 00 e geed e drip lines

40 60 80 100 120 140 160 180 200
Neutron number

A shift in the position of octupole deformed regions (by two to four neutron
numbers) is seen when comparing the results of CDFT and SDFT calculations.
It comes from the differences In the underlying single-particle structure

Y. Cao et al, AA, PRC 102, 024311 (2020)
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Extreme dependence of the predictions for octupole
deformation on model/functional
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‘ Factors affecting the predictions of octupole deformed nuclei ‘

AEoct = E(By.B3) — E™(B}. B = O)

" 15" r*"nr"=nr"1
= 3ETTH (Z290) . Lo .,,i
g 02 (d) A,
g U o @-® DD-PCI
S o1 77 OO0 DD-ME2
L J;/ & NL3*
T, obeZy DD-MES
c

The differences in the underlying single-
particle structure are responsible for the
differences in predictions
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Factors affecting the predictions of 1 ' | L3
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Global study of pairing correlations
indicate significant dependence
of pairing strength on the way how it = —fGS(R—R')P(r)P(r")

is extracted

V(ry,ro,ry,rh) =

(1—-P7)
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How reliable and unique is the interpretation of ground state in 2¢Zr
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%Zr: PLB 788, 396 (2019)
- reduced B(E3, 3- 20*) strength
- Monte Carlo shell model

calculations indicate that it is
due to octupole vibrations

987r: triple shape coexistence in 28Zr.
ground state = spherical
PRL 121, 192501 (2018)



How reliable and unique is the interpretation of ground state in 2¢Zr

Yu-Ting Rong, Bing-Nan Lu, A. Petrovici and A. S. Mare, Triple shape
Static octupole deformations in coexistence and B decay of %Y to 9%Zr, PRC
%Zr from angular momentum 101, 024307 (2020)

and parity projections,

arXiv:2201.02114v1 - o
9 Zr
=3
. . . 2
: TA-RS o N
. § l 0+
3
i 0"
2 |
0+
S 0"
= 1k i
¥
g of 0" 0" i
+ Exp EXVAM
w

TABLE 1. The structure of the wave functions for the lowest four
0t states of *Zr.

I1h] Spherical Prolate Oblate
of 94% 1% 4%
(g 19% 45% 35%
0F 30% 54% 15%

0F 36% 16% 47%




Are the density distributions flat
in the central region of the nuclei of interest

IO(T) — i R
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A isobars A isobars A isobars
36 Ar, S 106 Pd, Cd 148! Nd. Sm
40 Ca. Ar 108 Pd, Cd 150/ Nd, Sm
16 Ca, Ti 110 Pd, Cd 152| Sm, Gd
48 Ca, Ti 112 Cd, Sn 154 Sm, Gd
50| Ti, V,Cr 113 Cd, In 156 | Gd, Dy
54 Cr, Fe 114 Cd, Sn 158 Gd, Dy
64 Ni, Zn 115 In, Sn 160 Gd, Dy
70 Zn, Ge 116 Cd, Sn 162 Dy, Er
74 Ge, Se 120 Sn, Te 164 Dy, Er
76 Ge, Se 122 Sn, Te 168 Er, Yb
78 Se, Kr 123 Sb, Te 170 Er, Yb
80 Se, Kr 124 | Sn, Te, Xe | 174 Yb, Hf
84 | Kr, Sr, Mo | 126 Te, Xe 176 | Yb, Lu, Hf
86 Kr, Sr 128 Te, Xe 180 Hf, W
87 Rb, Sr 130 | Te, Xe, Ba | 184 | W, Os
092 | Zr, Nb, Mo | 132 Xe, Ba 186 W, Os
04 Zr, Mo 134 Xe, Ba 187 Re, Os
96 | Zr, Mo, Ru | 136 | Xe, Ba, Ce | 190 Os, Pt
98 Mo, Ru 138 | Ba, La, Ce | 192 Os, Pt
100 Mo, Ru 142 Ce, Nd 198 Pt, Hg
102 Ru, Pd 144 Nd,Sm | 204 Hg, Pb
104 Ru, Pd 146/ Nd, Sm




Are the densities flat in the central part of the nucleus?

Density p__ (r) [fm'3]

0 2 4 6 8 10 120 2 4 6 8 10 120 2
Radius r [fm]

4 6 8 10 12

Question: How the deviations from flat densities in subsurface region affect
the description of the HI collisions



‘ Are the densities flat in the central part of the nucleus? ‘
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The toroidal shapes: distribution in nuclear chart and
their stability with respect of breathing deformations

Proton number Z
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Toroidal nuclei are stable with respect of breathing deformations



Possible observation of toroidal shapes at high spin in 28Si

X.G.Cao et al, PRC 99, 014606 (2019)

Examination of evidence for resonances at high excitation energy in the 7« disassembly of 2*Si
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“Evidence for the Decay of Nuclear Matter Toroidal Geometries in
Nucleus-Nucleus Collisions”, N. T. B. Stone et al, PRL 78, 2084 (1997)
86Kr + ?3Nb reactions

Open question: how to produce hyperheavy nuclei ‘

| ] | | 0.5

160 0.4
N DD-PC1 0.3
. 0.2
2120 0.1
S 0.1
g 80 - -0.2
E Ry
= 40 Regions of relatively stable |- -0.5
R ol hyperheavy nuclei added -0.6
*50 N=82 0.7

0 | I | | I | | | -0.8

0 40 80 120 ¥60 200 240 280 320 360 400 440

eutron number N

Fusion reactions of stable nuclei 1165n+208pb gives the element
with (Z=132,N=192)




