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Covariant density functional theory (CDFT) ‘

The nucleons interact via the exchange of effective mesons =
- effective Lagrangian

P

(J=T)=(0".0) (I%.T)=(1-.0) (T T)=(1-.1)
Long-range Short-range

. ) Isovector
attractive repulsive vector field
scalar field field '€

1
Ervelp, ¢] = Tr[(ap + pm)p] £ f [E{vfg;m)z + U(d,, ;-] A*r + Tr[(Fp ) P

density matrix p b, = {o, w", 5", A} -meson fields
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Two major differences between the state-of-the-art classes of
covariant energy density functionals:

1. Range of interaction (finite => mesons are included)
(zero => no meson, point-coupling models)

2. Effective density dependence
- non-linear (through the power of sigma-meson)
- explicit

Fitting protocol - another source of theoretical uncertainties
in the definition of the functionals

All deformed calculations presented here were obtained in axial
Relativistic Hartree-Bogoliubov (RHB) framework with separable pairing
(see S. Agbemava et al, PRC 92, 054310 (2015)).



Basic structure of CEDFs and their density dependence

The basic idea comes from ab initio calculations.
Density dependent coupling constants include
Brueckner correlations and three-body forces

= 12

o 11

Coupling constants| =

Effective interactions with medium-
dependent couplings:

J.(P)

? Py

»

Jw(P)  go(P)

Remove mesons - point coupling models with

derivative terms
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Non-linear models Models with explicit
density dependence

no nonlinear terms in the g meson
gi(p) = gi(psar) fi(x) tor 1 =o0,w,p
1+ b;j(x +d;)?

. — . for cand w
i\X) = d;

folx) =exp[—a,(x — 1)] for p

X = p/psat DD-ME2, DD-ME$

U(o)= %mgaz + %g203 + %g304




‘Theoretical errors in the description of masses
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Mass number A Mazs mumber A
EDF  |measured measured-estimated Uncertainties in radii
AEr‘ms AErtns A(SQ'H,)rms A(SQp)rms
NL3* 2.96 3.00 1.23 1.29 CEDF Ar™s [fm]
DD-ME2 2.39 2.45 1.05 0.95
DD-MEd) 2.29 2.40 1.09 1.09 NL3* 0.0283
DD-PC1 2.01 2.15 1.16 1.03 DD-ME2 0.0230
S. Agbemava, AA, D, Ray, P.Ring, PRC 89, 054320 (2014) | DD-ME6 | 0.0329
includes complete DD-PC1 mass table as supplement DD-PC1 0.0253




Reexamining the structure of
superheavy nuclei in CDFT

Detailed results in S. Agbemava et al, PRC 92, 054310 (2015)
Covariant density functional theory: Reexamining the
structure of superheavy nuclei
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‘Deformation effects on shell structure ‘
- Very important — deformed results differ substantially from spherical ones

Unusual feature: oblate shapes above the spherical shell closures
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‘ The source of oblate shapes — the low density of s-p states ‘
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Confronting experimental data




E. Litvinova, AA, PRC 84, 014305 (2011)
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Statistical distribution of deviations of the energies of
one-quasiparticle states from experiment

50 | | | | | | | | | The description of deformed states
Z — NL3%-actinides | [' 5t DFT level is better than spherical
. === NLI - actinides | }
0! | .=+ NL1 -rare-earth| [~ Ones by a factor 2-3 (and by a
: | - factor ~1 (neutron) and ~2 (proton)
S, - as compared with spherical PVC
%30' - calculations)
%J Region calculated | compared
2 20 - —] (parametrization) | states (#) | states (#)
= | Actinides (NL3%*) 415 209
] — Actinides (NL1) 444 217
7 == Rare-carth (NL1) | 360 149
’ [ -|=.-..—.1 |E Triaxial CRHB; fully self-consistent
0 T— 1 1t T T T blocking, time-odd mean fields
00 02 04 06 08 10 12 14 16 18 20
[E (theon)-E_(exp)] [MeV] included, NL3*, Gogny D1S pairing,
AA and S.Shawaqfeh,
Two sources of deviations: PLB 706 (2011) 177
1. Low effective mass (stretching of the energy scale) Similar problems in
2. Wrong relative energies of the states Skyrme and Gogny DFT




Accuracy of the description of experimental data in Z>94 nuclei ‘

CEDF [AE,ms [MeV][A(S2n)rms [MeV][A(S2p)rms [MeV][A(Qa)rms [MeV]
1 2 3 1 5

NL3* | 3.02/3.30 0.71/0.68 1.33/1.34 0.68/0.75

DD-ME2| 1.39/1.40 0.45/0.54 0.85/0.90 0.51/0.65

DD-MES| 2.52/2.45 0.60/0.51 0.45/0.48 0.39/0.51

DD-PC1| 0.59/0.74 0.30/0.32 0.41/0.42 0.36/0.47

PC-PK1| 2.82/2.63 0.25/0.23 0.36/0.33 0.32/0.38
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With exception of the
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‘The Q,-values ‘
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Fission barriers: theory versus experiment [state-of-the-art]

3 L1 | | | ] Il | | I_l__ L | | | | | | | | r 3
2 MM ( Dobrowolski) =1 [ MM ( Méller) -2
— 1F 4 5= 074Mev o [ : =
= - TP e e s gz e nen e w1 F :....l___ SETRELEET ¥-40 [@ nN-138
= x -3 _ 4 E v ¥ X A1 | m N=140
— 2F * J F5=064Mev * J2|® N=142
IR JIPE B B B PR R, I PR R PR B R PR A N=144
m 3 v N=146
"9 N=148
= N=150
- * N=152
[0 X N=154
-1
) Gogny DFT -2
[ | I [ | I [ | I [ | I [ | I [ | [ | I [ | I [ | I [ | I [ | I [ |
88 90 92 94 96 h 88 90 92 04 96 98 100
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A.Dobrowolski et al, P. Moller et al, J.-P. Delaroche et al,
PRC 75, 024613 (2007) | | PRC 79, 064304 (2009) || NPA 771, 103 (2006).

CDFT : actinides H. Abusara, AA and P. Ring, PRC 82, 044303 (2010)
superheavies: H. Abusara, AA and P. Ring, PRC 85, 024314 (2012)

No fit of functionals (parameters) to fission barriers or fission isomers
only in mac+mic (Kowal) and CDFT




Inner fission barrier heights according to different models
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nner fission barrier
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\Conclusions

1. The accuracy of the description and theoretical uncertainties have been
quantified for

- deformations [PRC 88, 014320 (2013) and PRC 92,054310 (2015)]

- masses, separation energies [PRC 89, 054320 (2014), 92, 054310 (2015)]

- a~decays [PRC 92,054310 (2015)]

- fission barriers [PLB 689, 72 (2010), PRC 82, 044303 (2010),
PRC 85, 024314 (2012), also in progress]

- single-particle energies [PRC 84, 014305 (2011), PLB 706, 177 (2011),
NPA 944, 388 (2015)]

- moments of inertia [PRC 88, 014320 (2013), Phys. Scr. 89, 054001 (2014)]

- pairing [PRC 88, 014320 (2013) and PRC 89, 054320 (2014)]

in actinides and superheavy nuclei.

2. Detailed analysis with deformation included does not confirm the
importance of the N=172 spherical shell gap. On the contrary, a
number of functionals show important role of the N=184 shell gap.

3. Some functionals do not predict spherical SHE
around Z=120 and N=184 lines !!!



Conclusions

4. Available experimental data in actinides and SHE does not allow to
give a clear preference to a specific functional predictions in the
Z~120, N~184 region.

5. Be careful with the predictions based on 5,,(Z,N) and 6,,(Z,N)
quantities obtained in spherical calculations !!!

This material is based upon work supported by the U.S. Department of Energy, Office of
Science, Office of Nuclear Physics under Award No. DE-SC0013037 and National Nuclear
Security Administration under Award No. DE-NA0002925



