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involving inter-nucleon interactions!
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. The exact density functional is approximated with powers and gradients of
i ground-state nucleon densities and currents.
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L ocal densities and currents:

T=0 density: po(r) = po(r,r) = Z plvaT; BaT)
T=1 density: ) = pz) =3 plrorzer)T
T=0 spin density: so(r) = so(r,r) = i p(roT;r0'T) 0414
T=1 spin density: si(r) = si(er)= OOZTIO(I'O'T; r0'T) Gyig T
Current: jr(r) = %(V/ - V)O;TT(P’ ') ‘r:r’
Spin-current tensor: Jr(x) = (V' -V)Qsp(e,r)| _,
Kinetic density: rr(®) = V-V (e, r/)‘r:r/
Kinetic spin-density:

Tr(r) = V-Visp(rr)| _,
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Relativistic Energy Density Functionals

¢/ natural inclusion of the spin degree of freedom (spin-orbit
potential with empirical strength)
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Relativistic Energy Density Functionals

¢/ natural inclusion of the spin degree of freedom (spin-orbit
potential with empirical strength)

<
TS T TT T irrrt

¢/ unique parameterization of time-odd components (currents) of
the nuclear mean-field
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Relativistic Energy Density Functionals

¢/ natural inclusion of the spin degree of freedom (spin-orbit

potential with empirical strength)

<
TS TT T irrrt

¢/ unique parameterization of tlme odd components (currents) of

the nuclear mean -field
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v/ the distinction between scalar and vector self-energies
satur'atlon mechanism for nuclear matter
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Advantages of the Energy Density Functional

approach to nuclear structure
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Advantages of the Energy Density Functional

approach to nuclear structure

¢/ an intuitive interpretation of mean-field results in terms of intrinsic
shapes and single-particle states

v’ the full model space of occupied states can be used; no distinction
between core and valence nucleons, no need for effective charges

v/ the use of universal density functionals that can be applied to
all nuclei throughout the periodic chart

Important for extrapolations to regions far from stability!
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... microscopic foundation for a universal EDF framework, related
to and constrained by low-energy QCD
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... microscopic foundation for a universal EDF framework, related
to and constrained by low-energy QCD

... accurate and controlled approximations for the nuclear exchange-
correlation energy functional
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... microscopic foundation for a universal EDF framework, related
to and constrained by low-energy QCD

... accurate and controlled approximations for the nuclear exchange-
correlation energy functional

... correlations related to restoration of broken symmetries and
fluctuations of collective coordinates
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Semi-empirical functionals

Infinite nuclear matter cannot determine the density functional on the level of
accuracy that is needed for a quantitative description of structure phenomena in
finite nuclei.

... start from a favorite microscopic nuclear matter EOS

... the parameters of the functional are fine-tuned to data of finite nuclei
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Semi-empirical functionals

Infinite nuclear matter cannot determine the density functional on the level of
accuracy that is needed for a quantitative description of structure phenomena in
finite nuclei.

... start from a favorite microscopic nuclear matter EOS

... the parameters of the functional are fine-tuned to data of finite nuclei

DD-PCI Nik&i¢, Vretenar, and Ring, Phys. Rev. C 78, 034318 (2008)
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Semi-empirical functionals

Infinite nuclear matter cannot determine the density functional on the level of
accuracy that is needed for a quantitative description of structure phenomena in
finite nuclei.

... start from a favorite microscopic nuclear matter EOS

... the parameters of the functional are fine-tuned to data of finite nuclei

DD-PCI Nik&i¢, Vretenar, and Ring, Phys. Rev. C 78, 034318 (2008)

... starts from microscopic nucleon self-energies in nuclear matter.

... parameters adjusted in self-consistent mean-field calculations of masses of 64
axially deformed nuclei in the mass regions A ~ 150-180 and A ~ 230-250.
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... calculated masses of finite nuclei are primarily sensitive to the three leading terms

in the empirical mass formula:
(N-2)"

E — ’UA SA2/3 I
B a + a -+ Q4 AA

... generate families of effective interactions characterized by different values of ay, as

and a4, and determine which parametrization minimizes the deviation
from the empirical binding energies of a large set of deformed nuclei.

volume energy: Ay = —16.06 MeV
surface energy: Qs = 17498 MGV
symmetry energy: <S2> = 27.8 MeV (CL4 — SSMGV)
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Deformed nuclei

Binding energies used to adjust the parameters of the functional:

Z 62 64 66 63 70 72 90 92 94 96 98

Npin 92 92 92 92 92 72 140 138 138 142 144

Nimaz 96 98 102 104 108 110 144 148 150 152 152
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Niksi¢, Vretenar, and Ring, Phys.

Rev. C 78, 034318 (2008)
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Systematic calculation of ground-state properties:

Absolute error of calculated masses:
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-tion energies of collective modes:
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mation energies of collective modes:

IVGDR
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-itation energies of collective modes:
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.citation energies of collective modes:
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Nuclear Many-Body Correlations

¢ J

short-range long-range collective correlations
(hard repulsive core of nuclear resonance large-amplitude soft modes:
the NN-interaction) modes (center of mass motion, rotation,
(giant resonances) low-energy quadrupole vibrations)
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Nuclear Many-Body Correlations

B o S B TR e T T B DI TR TR U e

short-range
(hard repulsive core of
the NIN-interaction)

e oo
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O T e o o h . T T T
. L AR I =a _ SR -
N

long-range 4 collective correlations
nuclear resonance large-amplitude soft modes:
modes ¥ (center of mass motion, rotation,

(giant resonances) low-energy quadrupole vibrations)

ol N RS Nk
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Nuclear Many-Body Correlations

DTS
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o)

i short-range long-range 4 collective correlations
§ (bard repulsive core of nuclear resonance large-amplitude soft modes:
§ the NN-interaction) modes ¥ (center of mass motion, rotation,

(giant resonances) low-energy quadrupole vibrations)

E

s b ) - X e NSRRI AERAEY AN R

...vary smoothly with nucleon number!
Can be included implicitly in an effective
Energy Density Functional.
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Nuclear Many-Body Correlations

S T O - 2k i e AT TS e A LA =k e = T A kAR e e < Y s G S TR B s T A I D ot 0, i G A s L R DR T R U (O SR
S O TR b b g 4 . ’ B ERA S B T B e R I T B G\ MG T T R T T - TS BT k] qos.
o - P o . - . g - oy " - & “ -~ .
. . LA : o > .9 0
» 1‘

LR S L~ A SO L "

| short-range
§ (hard repulsive core of
1 the NNe-interaction)

E

=~

e o R SR S T ey
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modes ¥ 4 (center of mass motion, rotation,

(giant resonances) £ § low-energy quadrupole vibrations)
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...vary smoothly with nucleon number!
Can be included implicitly in an effective

Energy Density Functional.
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Nuclear Many-Body Correlations

Z §

short-range long-range i1 collective correlations
(hard repulsive core of nuclear resonance § large-amplitude soft modes:
§ the NN-interaction) modes ¥ § (center of mass motion, rotation,
1 (giant resonances) {';? low-energy quadrupole vibrations)
...vary smoothly with nucleon number! ...sensitive to shell-effects and strong variations
Can be included implicitly in an effective with nucleon number!
Energy Density Functional. Cannot be included in a simple EDF framework.

Monday, June 27, 2011



Collective correlations =
restoration of broken
symmetries and fluctuations
of collective variables
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Collective correlations = 16 —

restoration of broken 4 F

symmetries and fluctuations i

of collective variables 10l
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S 8l

= |

1. Mean-field calculations, with w gl

constraint on the quadrupole L

moment.

4 L

2. Angular-momentum and > i
particle-number projection.

3. Generator Coordinate Meth O~

= configuration mixing 5 i

T T IR I T N

Monday, June 27, 2011



Collective correlations =
restoration of broken
symmetries and fluctuations
of collective variables

1. Mean-field calculations, with

constraint on the quadrupole

moment.

2. Angular-momentum and
particle-number projection.

3. Generator Coordinate Meth
= configuration mixing
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Collective correlations =>
restoration of broken

symmetries and fluctuations
of collective variables

1. Mean-field calculations, wit

constraint on the quadrupo

moment.

2. Angular-momentum and
particle-number projection

3. Generator Coordinate Met
= configuration mixing

18

16

14

12

10

E (MeV)

Monday, June 27, 2011




1 8 I | I | I / I

Collective correlations = 16 —
restoration of broken 4 I
symmetries and fluctuations i
of collective variables 1ol
10 —
> 8L

=

1. Mean-field calculations, wit LL]

constraint on the quadrupc
moment.

2. Angular-momentum and
particle-number projectio

3. Generator Coordinate Met
= configuration mixing

Monday, June 27, 2011



... larger variational space for projected GCM calculations!

triaxial shapes, breaking time-reversal invariance, different
deformations for proton and neutron distributions, ...

Deformation

Deformation

Degree of tnaxiality

Energy
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... larger variational space for projected GCM calculations!
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... larger variational space for projected GCM calculations!

3D AMP + GCM model
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... larger variational space for projected GCM calculations!

3D AMP + GCM model @ J=0"

w178

o7 (deg) -183 507 (deg)

5
PC-F1 \0 . -188
193

\\N 198 4 20
4 \\\ 10 NN

000204060810 000204060810

B
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calculations!

... larger variational space for projected GCM

3D AMP + GCM model
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60 f—
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PC-F1 N" -188
30 -193
x\\\ 20 '
A \ '1 98 R —
/\\\\ 10 N N
(R 0 AV ) ) ) ) 0
0.00.20.40.60.81.0 0.00.20.40.60.81.0
p §
1a a: 77.0(99) c:93.3
" b: 156.4(226) p,,(E0)x10°=180.0 5" .
IR 2
12 - 1} (E0)x10°=305(40) 3.1 869 1088 — 3t
< 10 v 6= //7‘7_ 2| ,Ta59°
> g [6; _:i 181.41/3;0-3 /&?132 33142.8
E i | + — 3 08 . . + * V0+
S g [ 1964535 2 4 p 30, 4 ,/ 57 Y LY 2 2
W[4 10 _*_ ... Y..2 147.1
C 155.6(123)15 . 53.247
2 [, /6604 2 a2
2, _-F. ' 82.3 i
0 [o864016) "y R s AR v
| 'band1 band2 band3 'band1 band2 band3
Experiment 3DAMP+GCM
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calculations!

... larger variational space for projected GCM

3D AMP + GCM model

-178
60 f—
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30 193
\\\\ 20 '
A \ '1 98 R —
/\\\\ 10 N N
SN N\ ST )|
0.00.20.40.60.81.0 0.00.20.40.60.81.0
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14l * 77.0(99) c:93.3
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SR 2
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< 10 v 6= //7‘7_ 2| ,Ta59°
T 5
E __ | + — 3 0.8 68.4 A g v0+
= ¢ [ 156:4(535) 2 4 3'—0; " _L ,/ 37 Y LY 2 2
W[4 10 _*_Tzz 147.1
C 155.6(123)15 . 53.247
2 2° ) 6.6(4) 2, LK i Yao, Meng, Ring, Vretenar,
ol 0186.4(16)' v +i§i v Phys. Rev. C 81, 044311 (2010)
| 'pand1  band2 band3 'band1 | band2 1 band3
Experiment 3DAMP+GCM
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Five-dimensional collective Hamiltonian

NiksSi¢, Li, Vretenar, Prochniak, Meng, Ring, Phys. Rev. C 79, 034303 (2009)

... nuclear excitations determined by quadrupole vibrational and rotational degrees of freedom

Hcoll — 7:/ib (67 AY) =+ 7;0’6 (67 s Q) - VCOH(ﬁ? /Y)

Tiin, = §Bﬁ552 + BBsy 07 + §6QBWV2

3
1
7;01: — 5 I;Ikwl%

VCOH (B) 7) — Etot (67 /7) o AVvvib (57 7) o Aer()t (67 ’7)
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Five-dimensional collective Hamiltonian

NiksSi¢, Li, Vretenar, Prochniak, Meng, Ring, Phys. Rev. C 79, 034303 (2009)

... nuclear excitations determined by quadrupole vibrational and rotational degrees of freedom

Hcoll — 7:/ib (67 /Y) + Zot (67 Y Q) + Vcoll(ﬁa 7)

Tiin, = §Bﬁ652 + BBsy 07 + §6QBW72

3
1
zot — 5 I;Ikw%g

Vcoll (B) 7) — Etot (67 /7) o AVvvib (67 7) o Aer()t (67 ’7)

The quasiparticle wave functions and energies generated from constrained self-consistent
solutions of a mean-field model, provide the microscopic input for the parameters of the
collective Hamiltonian.
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Test of DD-PCI:

I I I I I I I I I I I I B
12
24°Pu I — axial
——- triaxial

Energy (MeV)
T CID VA L
R T R NI AT T BT

T e e i, Niksi¢, Vretenar, Ring, Meng, Phys. Rev.
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| 240 |
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Evolution of triaxial shapes in Pt nuclei:

190 Pt
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How does the functional DD-PC| extrapolate to other mass regions!?
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Shape-coexistence in neutron-deficient Kr isotopes
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Coexisting shapes in the N=28 isotones
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“Ar: single-particle levels
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“Ar: single-particle levels
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Single-particle energy (MeV)
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Single-particle energy (MeV)

Single-particle energy (MeV)
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42Si: single-particle levels
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Probability density distributions:
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Probability density distributions:
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Probability density distributions:
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Nuclear Energy Density Functional Framework

¢/ unified microscopic description of the structure of stable and
nuclei far from stability, and reliable extrapolations toward the
drip lines.

v fully self-consistent (Q)RPA analysis of giant resonances, low-energy
multipole response in weakly-bound nuclei, dynamics of exotic modes of
excitation.

v when extended to take into account collective correlations,
it describes deformations and shape-coexistence phenomena
associated with shell evolution.
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