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Plan seminarium

1. Wstep - podstawy teorii funkcjonatu gestosci.

2. Dopasowanie statych sprzezenia funkcjonatu do
doswiadczalnych energii jednoczastkowych.

3. Poszukiwanie nowych funkcjonatow gestosci o
jakosci spektroskopowej.

4. Uzaleznienie wszystkich statych sprzezenia
funkcjonatu od gestosci.

5. Nowe cziony funkcjonatu do széstego rzedu w
pochodnych.

6. Whioski, perspektywy i plany.
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Nuclear Energy Density Functional
We consider the EDF in the form,

£ — fd3fr’H(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] pims + C P prAp; + %C,;IJE + CY piV - Iy

Following the parametrization used for the Skyrme forces, we assume
the dependence of the coupling parameters Cf on the isoscalar density

Po as:

C = Cly + Chyps.
The standard EDF depends linearly on 12 coupling constants,
ch, Ch, CJ, CA*, C/, and C’,

for t = 0 and 1.
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Mean-field equations

Mean-field potentials:

reven — _? , Mt(@ﬁ 1 gt(ff’) -|-_2%( Vo - E’t_’(?")_’—l— B (f:i). €a_} o ~
[l = —V . (& - Cu(M)V + & - By(7) + 5;(V - L(7) + L(F) - V)=V - D(¥)& - V
where

Uy = 2CPp; 4+ 2C2*Apy + CImy + CYIV -,

3 = 2C%5; + 2CP%A5, + CTT, + CYIV X ji, —2CY* A&+ CFF,—2CY*V x (V x &)
A{t — C;-pta
Ct — CT'Sta
B: = 2CJ Jt CVJ V Py,
It = 20‘?,715 ‘|‘ CV‘?V X St,
-5t — CFSta
Neutron and proton mean-field Hamiltonians:
2
hn — _ZH_A+I18VBH_|_I18dd_|_1"§ven_|_l'\c1)dd’
hp — _zﬁ—mA + ngen + ngd _ Fiven _ I\(l)dd.

HF equation for single-particle wave functions:
ha¢i,a(F0) — ei,ar‘,bi,a(??o-)a

where 7 numbers the neutron (a«¢=n) and proton (a=p) eigenstates.
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Phenomenological effective interactions
® Gogny force.*

L

Gayary = 0(E — &)6(F — )G (=, y),

where the tilde denotes a non-antisymmetrized matrix element (G,ypy = Guyary —
Gryyar), and G(x,y) is a sum of two Gaussians, plus a zero-range, density depen-
dent part,

G(x,y) = Zi_l 26_(5_@2/“‘2 X (W; + B;P, — H,P., — M,;P,P,)

+i5(1 + P,)6(F — §)p"? (& + 7)] -
In this Equation, P, :%(14—6’1 + &'2) and PT:%(l—I—ﬁ + T2) 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.*

—

Gayary = {to(1 + @oP7) + §ta(1 + 23 P7)p" (3(Z + )

+3t1(1 + 21 PO)[E? + B2 + 1(1 + 2, PO)k" - K| 8(& — &)5(F — §7)0(Z — 9),

where the relative momentum operators read

~ ~t
1S = 71 (e =/
. E=g (Vo= V), k=g (V.= V).
*We omit the spin-orbit and tensor terms for simplicity.
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Fits of s.p. energies
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for centroids of SO partners
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Fit residuals for splittings of SO partners (SkP)
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How many parameters are really needed?

34
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3
2.8
2.6
24
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2
1.8
1.6

rms residual (MeV)

Bertsch, Sabbey,
and Uusnakki

Phys. Rev. C71,
054311 (2005)
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. Density dependence of all the coupling
tants

For the time-reversal and Sp%erlcaﬁ symmetries imposed, the extended
EDF reads

Hi(r) = CPp? + Clpimy + CPPpiApe + JClIE + CY/pV - J,

+ CYP(Vpr)? + CT7(Vpr) - Jy
and depends linearly on 38 coupling constants,
cr, Cr, Cfr, Cl, and CYY,

A\ 4
Y

A
/659 /32-9 Btpa /3;], tVJa th, and ﬁth

for t = 0 and 1, 1.e.,
h 2
1+a?{1_(f90] ]"'_/8?(‘01}
Psat Psat

and «

"

an(pﬂa pl) — C:n

and on 28 powers v, and n;".

[ M. Kortelainen et al., to be published ]




RMS deviation (MeV)
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RMS deviation of single-particle energies
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Stability of the Hartree-Fock solutions
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N-n versus
O, -0, interaction
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N3LO in the chiral perturbation effective field theory

Table 1: Conta(t gradient expansion for 1elat1\e coordinate two- paltl(le matrix elements. Here D2 = (V

® V)2M: DO: [(0'(1) @ (2))2 ® D?*)go, F

defined as A7 .

e (V 038 D2)3M

G?\/{— (D2 ® D2)4M, G?\/f_ [(c(1) ® 0'(2))2 ® G*]ans. and the sc (ler product of tensor operators is
= Y2, (=DMAL B,

= [(0(1) ® 0(2)): ® F?]1m.

Transitions

LO

NLO

NNLO

N3LO

381 — 381

or 18 < 18,

o(r

V2 §(r) + 8(r) V2

V2 o(r) V2
V4 8(r) + 8(r) V4

V4 §(r) V2 4 V2 §(r) VA
V6 5(r) + 6(r) V)

or 3Dy « 3Dy

58, o 3D, §(r) D° + D° 6(r) | W2 &(r) DY + DP §(r) V2 (v4 5(x) DO + DO 5(x) %
§(r) V2D + DOV2 5(r) | (V2 6(r) V2D0 + DOV2 5(r) V2

(6(r) VADO 4 DOV §(r)
1Dy < 1D, D? .5(r) D2 D2V? .5(r) D? + D? -5(r) V2D?

3D3 > 3G3

(D? .6(r) G + G?* §(r) D?

1P1 — 1P1

or 3Py «— 3Py

V() V

VV2.6(r) V + V .4(r) V2V

vV .4(r) VIV
VV4.8(r) V + V .8(r) VAV

or 3Fy; « 3Fy

3P, < 3K, V .5(r) F1 4+ F1.6(r) ¥V vV . 5(r) Fl 4 Fl -5(x) V2V)
v . 4(r) V2F1 + F1V2 4(r) v
1F3<—>1F3 Fs '6(I‘)F3

W.C. Haxton, Phys. Rev. C77, 034005 (2008)
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EFT phase-shift analysis

Phase Shift (ceq)
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Il. Derivatives of higher order up to N3LO 3
Nr Tensor order n rank L Nr Tensor order n rank L N
1 1 0 0 1 1 0 0 ©
2 v 1 1 2 k 1 1 o
3 A 2 0 3 k2 2 0 <
4 [VV], 2 2 1 [Feke] 2 2 =
5 AV 3 1 5 K>k 3 1 5
6 [V[VV]a]s 3 3 6 [k[kk]2]s 3 3 N~
7 A? 4 0 7 (k)2 4 0 QO
8 A[VV], 4 2 8 k2 [kk], 4 2 S
9 [VIVIVV]als]a 4 4 9 [k[K[kk]2]3] 4 4 )
10 AZV 5 1 10 (k?)%k 5 1 14
11 A[V[VV]z2]3 5 3 11 k?[k[kk)2]s 5 3 )
12 [V[V[V[VV]slds 5 5 12 [k[k[k[kK]a]s]a]s 5 5 =
13 A3 6 0 13 (k2)3 6 0 o
14 A?[VV], 6 2 14 (k*)?[kk]o 6 2 -
15 A[V[V[VV]s]s]4 6 4 15 k2 [ke[k[kE]2]s]4 6 4 ©
16 [V[V[V[V[VV]s]sl4]s]6 6 6 16 [k[k[k[k[kk]2]5]4]5]6 6 6 ©
Total derivatives (V™); up to N3LO Relative derivatives (k")z up to N3LO g
! o

1 S

V=Vi+V, k=_—-(Vi—Vy), ©

21 (&

Pv=0 — P("‘la 7‘2), Pv=1 = g(rlv 7’2), (D

£

PnLv] = ((ER)LPU) 3 (primary), pminresQ = ((6"%)1 ((En)va) J) 0 (secondary)

Jacek Dobaczewski
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Energy density functional up to N3LO

order | from p from 5| T-even T-odd | total
0 1 1 1 1 2
1 1 3 3 1 4
2 2 4 2 4 6
3 2 6 6 2 8
4 2 5 2 5% 7
5% 1 4 4 1 5
6 1 2 1 2 3
total 10 25 19 16 35
Numbers of primary (m = 0) local-densities
up to N3LO.
order | T-even T-odd | total | Galilean  Gauge
invariant invariant
0 1 1 2 2 2
2 6 6 12 7 7
4 22 23 45 15 6
6 64 65 129 26 6
N3LO 93 95 188 510 21

Numbers of terms in the EDF up to N3LO.

é.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008])
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Numbers of terms in the density functional

3

1000 - l'lpl to N LO | 5
5 | @@ Eq. (30) X
i 7| A—& Eq. (30), Galilean inv. -7
S || mm Eq. (30), Gauge 1nv. _- - i
5 ®®Lq (28) _
= 100 =| a-A Eq. (28), Galilean inv. d
% | m-m Eq. (28), Gauge inv. =
o : - ~ -
5 - _
o g
= 10
8
oy
o
-
7.

.
t
n o

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




Energy density functional for spherical

For conserved spherical, spacenulﬁilﬁl &l%bors of terms of different or-
and time-reversal symmetries, all non-zero ders in the EDF up to N°LO, eval-
densities can be defined as:

Ry = 83
Ry = E*p=1— iAp,
Raup = ’iakbpa
Ry = k4pa
R4ub ’izku bP
R6 kﬁpa
and
J3q = kz(k X g)a,a
33(1,1)(: — EaEb(E X g)c + Eh’g{'(lz X g)a,
‘|‘ k:cka(lc X g)ba
¢f5a — E4(E X g)aa
where k2 = aEaEa 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 ¥’ = F.

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 1s assumed, re-
spectively.

order Total Galilean Gauge

0 1 1 1
2 4 4 4
1 13 9 3
6 32 16 3
N-LO 50 30 11

é.G. Carlsson et al., Phys. Rev. C 78, 044326 (2008])
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Energy density functional for spherical
uzﬁielrﬂ(ii'l'?) the energy density reads

We can write the N*LO spherical energy densijy
sum of contributions from zero, second, fourth
sixth orders:

H=Ho+Hzs+ Hs+ Hs,

, and

where

Ho = ClRoRo,

Hz — CgOR[JARU + CS2R(}R2

+ C) RV - Ji, +CL T,
Energy densities H, and H, correspond, of course,
to the standard Skyrme functional with CSO = C7,

Ch = Ch 4+ 2C7, CY, = C7, €% = CVY, and
Coy I = C7'. At fourth order, the ecnergy density reads
H4 = CEDRDAzRD -|— Cg2R0AR2

C® RoR, + 00232122
ROZ VoV Raab +Dj Z RoabRaab
c'211J1 AJy +CLT, - Tz
D), -V (V- J)
C9 RoA (V- Jy) + C% Ry (v T3)
11R2 (V . JI) llzah Roaap Va-tﬂba

++++++

Hs = C

+++++++++++++++

_|_

0 RyA’Ry + C%,RoA’R,
C3,RoAR, + CH Ry Ry
C2,R, AR, + C2, Ry R,
D%,RyAY " VoV, Roas +DYRo) |, VoV Ruas
D§2R2Zabﬁaﬁb §2ab +E§22ab IH%za.b A §2ab
F. 2222“!)6 Roab VaVe Racs +E§,lzab RoabRaab
CLJy - Ay + CLJy - AJ,
Cledy - Js + C3 T - T
E%gzabctﬁaebec J 2abe +D}, b T 3abed 8abe
C? R0A2 (V- fl) + ClsFoA (V- J3)
Ry (V- Js) + RzA (V-J1)
Ra(9 - B) + Oy (9 )
33RUZU,5L aVch T 3abe +D132ubc Roab Ve Jsabe
Dézab Roapy AV Ty + Ei;zab Raab Vs
Di‘lzab IH%mb Vodi
B2 S T 9u%, (9 1),

The energy densltles above are U‘lVGIl in terms of 50 coupling

constants C"

Ty
‘Dm !

E’ﬁ'

e’

and F" .

rere? T’

$.G. Carlsson ef al., Phys. Rev. C 78, 044326 (200@)
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Whnioski, perspektywy i plany

* Standardowa parametryzacja jadrowego funkcjonatu

@Iarkus Ko rtelainearczajqw bogata aby poprawnie
. energie jednoczastkowe.

. Komecz}( G T o — zdowej parametryzacji i

poszuki i 0 jakosci

spektrosfiopowej. .
. (p ,_I_p, j *acﬁzemek OIbratowsB,zez:
_IUSQSI (?lvanen Atatych sprzezelia od gestosci

" Cuwzgle . n gestosci )
- (uwzglel Andrzej Baran _Aja poteg gestosai

4. /implementacja nowej ngeto ' - 3 RPAi
QRPA opartej na algoImi Jorge More j.

igantyczne i przejscia¥eta w jadrach gdeformowanych).
5./ Parametry masowe i ruch kolektywny (lbzszczepienie i
pasma kolektywne)

6. ( Profesjonalne dopasowania statych sprzezenia.
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