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Hydrogen atom perturbed near the center
G.P. Lepage, nucl-th /9706029

Relative errors in the S-
wave binding energies
. - are plotted versus:
_ _a/,.+053(r)‘__.-" | (i) the binding energy for
1% order @ [ 2. the Coulomb theory
o (ii) the Coulomb theory
. /r+ ca?6(r) @ augmented with a delta

o’ function in first-order

A1 —afr .___.-.'.

perturbation theory

o (iii) the non-perturbative
- —o/r+ca?d(r) —dia'VE5(r) || effective theory through
a%, and

(iv) the effective theory
through a“.
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What is DFT?
Density Functional Theory:

A variational method that uses
observables as variational
parameters.

§(H — AQ) =0
U
E = E(Q)
for EQA)=(H) and Q(\) = (Q)

Levy—-Lieb constrained variation
Phys. Rev. A26, 1200 (1982), Int. J. Quantum Chem. 24, 243 (1983)

J. D., J. Phys.: Conf. Ser. 312, 092002 (2011)
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Which DFT?

S5(H —AQ) =0 — E = E(Q)

§(H — ", A\Qr) =0 = E = E(Qy)
5(H — [da\(9)Q()) =0 = E = E[Q(q)]

5(H — de)\(fF’)ﬁ(fF’)) — 0 = E = E[p(7)]
for p(i) = Yi,0(F—7)

J. D., J. Phys.: Conf. Ser. 312, 092002 (2011)

5(H — f fdff’dff”)\(ff’, (7, 7)) = 0 = E = E[p(7,7")]
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LDA vs. Generator functionals

— fd3r ?_Ldi-r (p(l‘).. ]5(1‘)) Edir ﬁ13r1(13r2 P(I'l) O(I‘l _ 1.2) P(1'2)
fd?*r H) (p(r), p(r))  Eewe fdgrld?’rz p(r1, r2)|O(r1 — r2)|p(r2, 11)
= fd3r HP (p(r), p(r)) Epoir fd31“1d9’1“2 p(r1) [O(r1 —r2)|p(rz)

Generator

E
(Q)RPA, ATDHF(B)
AMP, PNP, GCM
1B spectroscopic observables
MB spectroscopic observables
Odd & odd-odd nuclel
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Heavy deformed 1m11/2" 0dd-Z nuclei

©®-Eu -Ho @€ lLu A Re VWAU
-O-Tb O0Tm <-Ta xIr VTl

Intrinsic x 55/91

Intrinsic quadrupole moment Q x 55/91 (eb)
Intrinsic x 55/91 / Spectroscopic Q (%)

Spectroscopic &

2 4

[ J. Bonnard et al. arXiv:2209.09156}
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Heavy deformed 1m11/2" 0dd-Z nuclei
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Energy (Mev)

AMP rotational band

Gogny D15 Skyrme SVt

J=2.30(7) h2/MeV 1} J=2.12(4) h2/MeV ]
13 17 21 25 291 13 17 21 25 29
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Ab-initio-derived

Skyrme functional
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Ab-initio-derived Skyrme functional

infinite nuclear matter properties
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Regularized finite-range
pseudopotentials as

functional generators




Vi) = [0 —12) plea) = [$rO@) p(R+1)
— Jdgl(’)(l)(p(R)+ o (R)r2) + .. )—O.m(R-H;Ozp”(RH..
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Regularized finite-range pseudopotentials

We regularize the zero-range delta interaction using the Gaussian function,

_ﬁ
2

0(7) = lim g,(7¥) = lim ——

a— 0 a—0 (CL\/_)

Then, the resulting central two-body regularized pseudopotential reads,

4 . . L
75) = 3. PO(R', RS (71 — )8 (7% — 74)ga (71 — ),
=1

where k = %(61 — V,) and k' = %(6’1 — 6’2) are the standard relative-
momentum operators, and the Wigner, Bartlett, Heisenberg, and Majo-
rana terms are glven by the standard Spln and isospin exchange operators,
P=1,P=P,, P,=—P,, P,=—P,P,.

To give a specific example, up to the second-order, that is, up to the
next-to-leading-order (NLO) expansion, operators Oi(lg /) E) read

Ok Ky =17 + 1 (R 4 12) + TR,

where T( ") are the channel-dependent coupling constants.

[ J.D, K. Bennaceur, F. Raimondj, J. Phys. G. 39, 125103 (2012) }
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16/34

Regularized finite-range pseudopotentials,
the general case

4 A oA — —
V(?’l?‘g, ’1 ) Z PO (k k)é(?"l — 7’ )5(?"2 ;)ga(ﬁ — 772),

-~

O;(k’,

o

) = D, IO R

Differential operators Oj(;n)(k' , k) are scalar polynomial functions of two
vectors, so owing to the Generalized Cayley-Hamilton theorem, they must
be polynomials of three elementary scalars: k2, k', and k’ - k, or

Tl — %(k/*z 4 kz), T2 — L'* . k, T3 — %(kh& _ k2),

with the condition that only even powers of T3 can appear. In terms of Tl,
T,, and T3, we now can define the following differential operators:

-~

= 1

N N(2) (7.0 i

Tla 02 (k 9k) — T27

le + Tzz, Ogl)(k, ) — 2T1T2,
= T2 12, O (K, k) =T2.

LO: O\ (K, k)
NLO: O (K, k)
k)
k)

N2LO: O (K, k
(4) (k’

[ F. Raimondi et al., J. Phys. G. 41, 055112 (2014) ]
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Gogny-equivalent
regularized N"LO

density functional
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Regularized pseudopotentials vs. Gogny
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Coupling constants of the regularized

pseudopotentials

A =700 MeV/nc= 3.8 fm!

1000
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—@— Wigner
—ill— Bartlett
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-
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IVonl (MeV fm3*2n)

0 2 4

[ J.D, K. Bennaceur, F. Raimondi, J. Phys. G. 39, 125103 (2012) }
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Density-independent
N2LO density functional

with pairing




Ground-state energies at a =1.15 fm

e
Z=50 N=350 |

Ecalc B Eexp (MeV)

[ K. Bennaceur et al., arXiv:1701.08062 ]
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Ground-state energies at a =1.15 fm

¢® NLO

44C|' 54Cr 160Gd 208Pb
44Ca 46Ti 150C9 166Er 25ZCf

[ K. Bennaceur et al., J. Phys. G: Nucl. Part. Phys. 44 (2017) 045106 }
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Single-particle energies in 2%Pb
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[ K. Bennaceur et al., J. Phys. G: Nucl. Part. Phys. 44 (2017) 045106 }
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Density-dependent
N3LO density functional

with pairing
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Deformation energies at m*/m = (0.85

Nucl. Part. Phys. 47 (2020) 105101 |
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[ K. Bennaceur et al., J. Phys. G
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Single-particle energies at m*/m = 0.70 & 0.85
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[ K. Bennaceur et al., J. Phys. G: Nucl. Part. Phys. 47 (2020) 105101 }

Jacek Dobaczewski

UNIVERSITY@“/ d

UK Research
and Innovation

Science & Technology
Facilities Council




Conclusions

Nuclear density functionals are presently used in two forms:
Local-Density-Approximation (LDA) form does not allow
for meaningful symmetry-restoration or multi-reference
applications..

Generator-based form does.
In practice, hybrid forms are used.
Most current ab initio derivations of nuclear density

functionals lead to an LDA form.

The separation of scales between the variability of density and
range of the generators allows us to apply the ideas of effective
theory to nuclear DFT.

A series of regularized higher-order pseudopotentials realises
the effective-theory expansion..

Three-body generators are mandatory, see Bennaceur’s talk on
semi-contact interaction.
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Thank you
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