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Plan seminarium

1. Wstep - poszukiwanie nowych funkcjonatow
gestosci o jakoSci spektroskopowej.

2. Funkcjonat gestosci do szostego rzedu w
pochodnych (N3LO).

3. Program HOSPHE - samozgodne rozwiazania N3LO

Journal of Physics G: Nuclear and Particle Physics
Volume 37, Number 6, June 2010

Focus issue on open problems in nuclear structure theory

Multipolowych W jadrach sterycznych.
5. Przywracanie naruszonych symetrii metoda Lipkina.
6. Rozwiniecia macierzy gestosci (Negele-Vautherin i

Damped Taylor), poré6wnanie nielokalnych i

quasilokalnych funkcjonatow gestosci.




Nuclear Energy Density Functional
We consider the EDF in the form,

£ = fd3r7-£(r),

where the energy density H(r) can be represented as a sum of the
kinetic energy and of the potential-energy isoscalar (¢ = 0) and isovector

(t = 1) terms,
2

h
H(r) = om0 T Ho(r) + Ha(r),
which for the time-reversal and spherical symmetries imposed read:
Hi(r)=Cfp; + C] piri + CPPpiAps + 5C; I 4 CF piV - T

Following the parametrization used for the Skyrme forces, we assume
the dependence of the coupling parameters C? on the i1soscalar density

Po as:

Cf = Cfy + Chops.
The standard EDF depends linearly on 12 coupling constants,
ch, Ch, CI, C2r, C/, and CY’,

for t = 0 and 1.
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Numbers of terms in the density functional up to N3LO

T T TR
| B.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008) |
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Energy density functional for spherical nuclei (I)

For conserved spherical, space-inversion,
and time-reversal symmetries, all non-zero
densities can be defined as:

Ry = ea
Ry k’p =1 — iAp,
Roap = If’akbp’
R, k4p,
Raap = If’zka bP>
Rs = k6p7
and
J—ia — (_, X S)as
J_i;a — kz(k X § a’
j?»abc — EaEb(E X § e hain EbEc(E X § a
+ kcka(k X 8 bs
=f5a — E4(E X g)aa
where k2 = ZGEGEG and the Cartesian

indices are defined as a,b,c = x,y, z. To
lighten the notation, in these definitions
we have omitted the arguments of local
densities, 7, and limits of ¥/ = 7.

Numbers of terms of different or-
ders in the EDF up to N3LO, eval-
uated for the conserved spherical,
space-inversion, and time-reversal sym-
metries. The last two columns give
numbers of terms when the Galilean

or gauge invariance is assumed, re-
spectively.

order Total Galilean Gauge

0 1 1 1
2 4 4 4
4 12 9 3
6 28 16 3
N°LO 45 30 11

|

Phys. Rev. C 81, 029904(E) (2010)

B.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008)

|
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Energy density functional for spherical nuclei (II)

At sixth order, the energy density reads
He =

We can write the N>LO spherical energy density as a
sum of contributions from zero, second, fourth, and
sixth orders:

H =Ho+ Ha + H4 + He,

where

HO — C(())OR()R(),

H2 = CgOR()AR() —|— C(())ZRORZ
+ (:’;?:[RO6 ° Lfla +C(:)llj1‘29
Energy densities Hy and H, correspond, of course,
to the standard Skyrme functional with CJ, = C”,
CY, = C* 4+ 1CcT, €Y = €7, C% = C¥7, and
C), = C’'. At fourth order, the energy density reads
H4 = CEORoAzRO —|— CSZROARZ
+ C,RoRs+ CZ,R>R,
+ DngOZabvavb R2ab +D§22ab R2ab R2ab
+ CLJ1 - AJy + Clydy - Js

31

+ C}{Ry (V- Ji) 4+ D% ) " Roas VaJin,

—|—QJ1 V (V.0
+ ChRoA (V- Ji) + CYyRo (V- o)

constants C™

+
+

_|_

+ ‘Zabc ﬁZab 6aJ6

_|_

C0 RyARy + C% RoA’R,
CY,RyAR, + C° Ry Ry
C2,R,AR, + C2,RyR,
DggRoAZab§a§b I +D34R02ab6a6b Riab
D%ngzabeaeb IH%Zab +E§22ab §2ab A IH%zab
¢ IH%zcb +E34Zab ﬁzabﬁm
L A%y + 0213f1 AJy
- Js + C, - T
1-AV<V-J1>+ Ji -V (V- J3)

Eglgzabcti;laebec e +D33Zabc
CO,RyA% (V - J1) + C,RoA (V - J)
C%Ry (V- J5) + C321R2A (V- J1)
033122 (V- J5)+ CLR4(V - J1)

ROZ v 6bvc 73abc —I—ngzabc §2ab ' ?Sabc

3lzab Roay AV o J1p + E]2_3Zab Roab Vadsy

Dillzab ?24@1; Vadio

<> <~
J 3abce J3abc

+ ‘Zab EZab 6a6b <6 ‘ =f1> .

The energy densfmes above are given in terms of 45 coupling

n n
Dmn ? Em’n,’

14
n
and an.

mn’

{ B.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008)}
Phys. Rev. C 81, 029904 (E) (2010)
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Fits of s.p. energies - regression analysis
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Fits of s.p. energies - regression analysis
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Pseudopotentials vs. energy density functional

next-to-leading order (N°LO) have been determined

(" The most general pseudopotentials up to next-to-next-to-

together with their gauge-invariance and continuity-
S equation properties (Ph.D. thesis of Francesco Raimondi). )

~

Table 3: Fourth order terms

t-.1
.3'\-.
t-.,|

n+n'
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ﬂ[’ his approach is fully \

=I| S| O W | W2 2D =
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perturbation effective field 0

theory: W.C. Haxton, Phys. Rev. =
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Fast RPA and QRPA + Arnoldi method

Within RPA, let p denote the one-body projective density matrix, p? =
p, and h(p) = OFE/0Jp denote the mean-field Hamiltonian calculated
for p. The TDHF equation for p(t) then reads:

i p=[h(p), p].

The RPA method approximates the TDHEF solution by a single-mode
vibrational state p(t) in the vibrating mean field h(t) = h(p(t)):

p(t) = pPo _|_ ﬁe—iwt _I_ ﬁ+eiwt, h(t) — hO _I_ ﬁe—iwt _I_ il,+€iwt

where pg is the self-consistent solution, [hg, po] = 0 for hy = h(po), p
is the RPA amplitude, and h = h(p). This allows for transforming the
TDHEF into the RPA equation in the form

hwp = Hop = [ha, P + [R, pol,

by which the right-hand side becomes a linear operator Hy depending
on pg and acting on p.

| J. Toivanen et al., Phys. Rev. C 81, 034312 (2010) |




Figure taken from C. W. Johnson, G. F. Bertsch and W. D. Hazelton,
Computer Physics Communications 120, 155-161 (1999).
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Fast RPA and QRPA + Arnoldi method
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Removal of spurious modes

1500 [ : i
: Isoscalar 1 - strength functions |

1000 -_ standard RPA

Arnoldi

e? fm® / MeV

[ J. Toivanen et al., Phys. Rev. C 81, 034312 (2010) ]




Scaling properties

il ' ' ' _ U Spherical QRPA+Arnoldi
" -29.79+10.69N;087TNG+0.034N;| | . . .
400 |—— -0.6345.75N0 44NE0.017N g scales linearly with the size of
: & the single-particle space Q.
= 300 « . A
E QRPA timing ; [ Deformed QRPA+Arnoldi
= 200 3 expected to scale quadratically,
' P that is, as Q2
100 o
TP it | 0 Standard QRPA scales
o is 20 25 30 quartically, that is, as Q4!
N,

/Future plans: \

= Full implementation and testing of the spherical QRPA + Arnoldi method
in the code HOSPHE with new-generation separable pairing interactions.
Systematic calculations of multipole giant-resonance modes to be used in
the EDF adjustments.

* Deformed QRPA + Arnoldi method implemented in the code HFODD.

Systematic calculations of [3-decay strengths functions and -delayed

Qeutron emission probabilities to be used in the EDF adjustments. /
Jacek Dobaczewski
w YVASKYLAN YLIOPISTO




Including dynamical effects of symmetry
restoration

The research program to restore simultaneously the main broken

symmetries (translational, rotational, particle-number, and
isospin) has been formulated within the Lipkin method.

J. Phys. G: Nucl. Part. Phys. 36 (2009) 105105 (13pp)

LipKkin translational-symmetry restoration in the

mean-field and energy—density-functional methods

Jacek Dobaczewski

/ Future plans:
* Implementation of the Lipkin method within the code
HFODD [Ph.D. thesis of Pekka Toivanen]
Goal:
Improved description of experimental nuclear masses at shell

~

\closures.




Phenomenological effective interactions

® Gogny force.* i
Gayory = 0(F — &)6(7 — ) G(=, y),
where the tilde denotes a non-antisymmetrized matrix element (G yzy = éwyw/y/ —

Gzyyz'), and G(x,y) is a sum of two Gaussians, plus a zero-range, density depen-
dent part,

G(z,y) = Z._l ze—@—@')z/“? x (W; + B;P, — H;P. — M, P, P;)

+t3(1 + Bp)(& — §)p'/® [3(& + 7)) .
In this Equation, P, :%(14—&’1 - &2) and P :%(1—#7"1 - T5) are, respectively, the spin
and isospin exchange operators of particles 1 and 2, p(7) is the total density of the
system at point 7, and u;—=0.7 and 1.2fm, W;, B;, H;, M;, and t3 are parameters.
® Skyrme force.*

—~

Gayory = {to(1 + @oP?) + gt3(1 + 23P")p* (3( + 7))

—|—%t1(1 + 5131130)[’22 + Elz] + 22(1 + -’sza)E* . E,} (% —&)o(y — §)0(ZX — %),

where the relative momentum operators read

~7

F= (V.- 9,), =1 (9 -9).
*We omit the spin-orbit and tensor terms for simplicity.

Jacek Dobaczewski




Local density approximation from density-matrix
expansions

1000 [ 1

: /Based on the Negele-Vautherin \
«.] | density-matrix expansion, we have
derived the NLO Skyrme-functional
parameters corresponding to the
finite-range Gogny interaction.

The method has been extended to
derive the coupling constants of

Q)cal N3LO functionals /

500 F

500 F

-1000 F

Skyrme parameters (MeV fm M)

-1500 F

-2000 F

0 05 1 15 2 0 05 1 15 2
Fermi momentum k . (fm™)

[]. Dobaczewski, B.G. Calsson, M. Kortelainen, arXiv:1002.3646]




Local density approximation from density-matrix
expansions

Table 4. Binding energies E of seven doubly magic nuclei calculated by using the
Skyrme-force parameters S1Sa, S1Sh, and S1Sc (see text) compared with the Gogny-
force energies E. All energies are in MeV.

DIS [33) S1Sa S1Sh S1Sc
E. E AE E AE E AE

0Ca —342.689 | —335.312 2.15% | —340.642 0.60% | —339.369 0.97%
BCa —414.330 | —409.118 1.26% | —410.698 0.88% | —414.213 0.03%
SN —481.111 | —473.497 1.58% | —471.970 1.90% | —479.843 0.26%
Ni —637.845 | —630.447 1.16% | —629.066 1.38% | —638.837 —0.16%
100Gy, —828.024 | —814.568 1.63% | —814.896 1.59% | —826.453 0.19%
1326n | —1101.670 | —1086.272 1.40% | —1086.867 1.34% | —1101.445 0.02%
208ph | —1637.291 | —1612.634 1.51% | —1617.419 1.21% | —1637.291 0.00%
RMS 1.a. n.a. 1.56% n.a. 1.33% na.  0.39%

[]. Dobaczewski, B.G. Calsson, M. Kortelainen, arXiv:1002.3646]




Convergence of density-matrix expansions for
nuclear interactions (diect term)
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Convergence of density-matrix expansions for
nuclear interactions (exchange term)
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SCiDAC 2 UNEDF Project (USA) | httpy/www.unedf.org/

Building a Universal Nuclear Energy Density Functional

e Understand nuclear properties “for element formation, for
properties of stars, and for present and future energy and
defense applications”

e Scope is all nuclel, with particular interest in reliable
calculations of unstable nuclei and in reactions

e Order of magnitude improvement over present capabilities

» Precision calculations
e Connected to the best microscopic physics
 Maximum predictive power with well-quantified uncertainties

FIDIPRO Project (Finland) | httpy/www.jyu.fi/accelerator/fidipro/

Jacek Dobaczewski




UNEDF-1 Skyrme Funct:onal
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Mean-field equations
Mean-field potentials:

Lo = —V - My(7)V + Uy(7) + L( Vo - By (F)+ By (7)- Vo )
rodd — V. (¢-Cy(M)V + G- Su(7) + L(V - L(7) + L(7) - V)=V - Dy(7)& - V
where
U, = 2CPp, + 2C2°Ap, + Crry + CY/V - T,
3 = 2075 + 2C2°A8, + CTT, + CYIV X ji, —2CY* A8+ CFF,—2CY*V x (V X &)
]\{t — C{Pta
Cy = C/5,
Et = 2C/ jt —CY’ v Pts

I, = 2Cij; + CYiV x 7,

Dt = Cfgt,
Neutron and proton mean-field Hamiltonians:
hn — _271_2A + ngen +F8dd _|_I1§ven _|_IW(1)dd’
hp — _2h—mA + ngen + ngd . Iﬂiven . F(l)dd.

HF equation for single-particle wave functions:
ha"vbi,a("?o') — Ei,a@bi,a('f'b'%

where ¢ numbers the neutron (a=n) and proton (a=p) eigenstates.

Jacek Dobaczewski
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iduals for centroids of SO partners (SkP)
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Fit residuals for splittings of SO partners (SkP)
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N3LO in the chiral perturbation effective field theory

Table 1: Contact gradient expansion for relatlve coordinate tWO partlcle matrix elements. Here D12\/[— (V

® V)2M, DO [(0(1) ® 7(2))2 ® D?go, F3 = (V® D2)3M; Fl = [(0(1) ® 0(2))2 ® F?lim,
Gjlw— (D2 D2)4M, G?\/_,: [(o(1) ® 0'(2))2 ® G*2ar, and the scalar product of tensor operators is

defined as A7 - BY = »>"M=7 (-1)MA{ B7,,
Transitions LO NLO NNLO N3LO
38, <> 38, || 8(r | V2 8(r) + 6(r) V2 V2 §(r) V2 V4 5(r) V2 + V2 §(r) VA
or 185 «<» 1S, V4 5(r) + 6(r) V4 V6 5(r) + 8(r) VO)
38; « 3D, 5(r) DO+ DO 3(r) | V?5(x) D° + DO 6(x) V2 | (V* () DO + DO 5(x) V*

d(r) V2D° 4+ D°V? §(r) (V2 o(r) V2D0 + DOV2 o(r) v?
(0(r) V4D0 + D0V4 o(r)

1D, < 1D, D? .5(x) D? D2V2 .5(r) D? + D? -3(r) V2D?
or3Djy «— 3Dy
3Dy <> 3Gy (D? .5(r) G2 + G2 -8(r) D?
1p, 1P, v 5(r) V VV2.6(r) V 4 V -5(r) V2V VV2 .5(r) V2V
or 3Py o 3P, YV .5(1) V 4+ V -5(r) VAV
3P, s 3F, V .5(r) FL + F! .5(r) V VV2 3(r) F1 n Fl 5(r) VZV)

V 5(r) V2F! 4 F1V2 .§(r) V

W.C. Haxton, Phys. Rev. C77, 034005 (2008)

11;13<_>11713 F3-5(I‘)F3
or 3F; — 3Fy
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np phase parameters below 300 MeV lab. energy for partial waves with J=0,1,2. The solid line| &
is the result at N°LO. The dotted and dashed lines are the phase shifts at NLO and NNLO, ﬁ
respectively, as obtained by Epelbaum et al. The solid dots show the Nijmegen multi-energy |
np phase shift analysis and the open circles are the VPI single-energy np analysis SM99. )
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I1. Derivatives of higher order up to N°LO

Nr Tensor order n rank L
1 1 0 0
2 \Y 1 1
3 A 2 0
4 [VV], 2 2
59 AV 3 1
6 [VIVV]:]s 3 3
7 AZ 4 0
8 A[VV]y 4 2
9 [V[V[VV]2]5]4 4 4
10 A2V 5 1
11 A[V[VV]:]s 5 3
12 [V[V[V[VV]2]5]4l5 5 5
13 A3 6 0
14 A2[VV], 6 2
15 A[V[V[VV]2]s]4 6 4
16 [V[V[V[V[VV]:]3]4]5]6 6 6

Total derivatives (V™); up to N*LO

PnLvJ — (

V:V1+V2a k

Pv=0 = P("“l, "’2),

Nr Tensor order n rank L
1 1 0 0
2 k 1 1
3 k2 2 0
4 [kk]o 2 2
5 k2K 3 1
6 [k[kk]2]s 3 3
7 (k?)? 4 0
8 k2 [kk]. 4 2
9 [k[k[kk]2]3]4 4 4

10 (k?)2k 5 1

11 k% [k[kk)2]s 5 3

12 [k[k[k[kK]2]3]4]5 5 5

13 (k?)3 6 0

14 (k?)?[kk], 6 2

15 k?[k[k[kk]2]3]4 6 4

16  [k[k[k[k[kE]:]s]4]5]s 6 6

Relative derivatives (k")z up to N3LO

1
— —(Vl - V2)9
21

Pv=1 — g(rla 7“2),

| B.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008) |

(k™) 1py) , (primary), pminzvsq = (V™)1 ((k")Lpo) ) , (secondary)

.ff:_- . o LA "‘7 .\ | " W

Va




Energy density functional up to N3LO

)

S

order | from p from s | T-even T-odd | total ;

0 1 1 1 1 2 <

1 1 3 3 1 4 i

2 2 4 2 4 6 <

3 2 6 6 2 8 S

4 2 5% 2 5% 7 O

5 1 4 4 1 5 >

6 1 2 1 2 3 2

total 10 25 19 16 35 g.

Numbers of primary (m = 0) local-densities <

up to N3LO. m\

=

—

order | T-even T-odd | total | Galilean Gauge :

invariant invariant S

0 1 1 2 2 2 =

2 6 6 12 7 7 6

4 22 23 45 15 6 .

6 64 65 129 26 6 g

N3LO | 93 95 188 50 21 -
Numbers of terms in the EDF up to N3LO.
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