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General EDF method : Basic ingredients

Key object : the off-diagonal energy kernel

Elg',g] = E(2(d));|2(9))] = E[P” ; ng“fjg ]

which is a functional of one-body transition density matrices

vo _ (@@lalal®(9) L (@(g)|aja,]®(g)

Pii = @@y T (@(g)|(9))

9 {al} = arbitrary single-particle basis

9 |®(g)) = Bogoliubov product state with collective label g
o
Eex[glvg]z/dT {Cpp gg(ﬁ)pgg(,ﬁ)_’_cssﬂg f)}

° {pglg(F'), 59/9(17)} = set of one-body local transition densities

@ CPP and C*®° are the free parameters to adjust phenomenologically
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Particular case : pseudo-potential-based EDF

Key object : the off-diagonal energy kernel
GWT
Enld', 9] (®(9)I19(9)) = (®(g")| Hpseudo({ti})|®(9)) gl

g’
EH[P” sKgi o Kis ]
which is a functional of one-body transition density matrices

o _ @@ ladail®@) o (@(s)lajasl®(g))

P = @@y (@(g)](9))

9 {aI} = arbitrary single-particle basis

9 |®(g)) = Bogoliubov product state with collective label g
>
o Hpseudo =to 6(F1 - 'FQ)

B3l gl = [ dr {47 p 0@ + 47500 - ()}

@ APP and A°° are related through a single parameter ¢ty = Pauli principle

\
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EDF method : density-dependent interaction

Key object : the off-diagonal energy kernel

Elg',9](2(g)|®(9)) = (@(s)|"H" ({t:}, /) (P)I9(g)) =T

which is a functional of one-body transition density matrices

E[pd?, w9, k%9 "]

go_ (@@)lalail®(9)) L (@(g)]ajail®(g)

Pii = @@y T (@(9)(9))

9 {al} = arbitrary single-particle basis

o |®(g)) = Bogoliubov product state with collective label g
o
Eex[g/’g] E/dT {App gg(f’)pgg(ﬁ)pgg(;)_’_Ase gg(ﬂ) F)}

@ Empirical density dependence breaks the Pauli principle = self-interaction

o EDF method with density-dependent interaction is not a pseudo-potential-based EDF
v
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Motivations

General-EDF vs pseudo-potential-based-EDF

0 General-EDF formulation break Pauli principle a priori
Pseudo-potential-based EDF one case free from such problem

0 The pseudo-potential must not depend on the system

[0 Symmetry restoration for general-EDF =- problematic a priori
00 Can design regularization method but non trivial

Pseudo-potential-based-EDF = free from any problem
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Challenges

Pseudo-potential-based EDF

0 How to get high-quality EDF parameterizations in such a restricted formulation?

0 According to previous (limited) attempt, this is not easy

00 Develop rich enough pseudo-potential to provide good phenomenology

[0 Develop simple enough pseudo-potential whose fitting remains bearable

[0 The analytical derivation of the energy kernel can be tedious )
(Anew Skyrme pseudo-potential

0 Two-body Skyrme pseudo-potential without density dependence (unsufficient)

0 The most general three-body Skyrme pseudo-potential at second order in gradients

O The same pseudo-potential should be used in the normal and pairing channel

[0 Present study : normal part of the functional only

\

J. Sadoudi Skyrme EDF 12-16/09/2011 8 /25 (9)



Introduction Three-body Skyrme pseudo-potential Fitting protocol Results Conclusions
000 0@000 000 00000 [e]e)

Construction of the three-body Skyrme Pseudo-potential

9 Pseudo-potential = compute Elg, g] and E[g’, g] strictly follows
@ Three-body kernel through Standard Wick Theorem

1 RN
By = 5 > (igklitag Araslimn) pyi pmj prk

ijklmn

Antisymmetrizer : Aj93 =1 — Pig — P13 — Pog + P1oPas + P13 Pog

@ Aim : Construct the most general Skyrme three-body pseudo-potential
i.e. identify all three-body operators providing independent EDF terms

Skyrme pseudo-potential ingredients

<3 _ »3 -3 <3 . : : -3
9 Vo3 = Urgy = Usry = U500 develop and derive the energy functional only for N

o Kronecker operators : 5”rj with i # j € {1,2,3}?

o Gradients operators : Eij, l_c'l’J with i # j € {1,2,3}2, Eij = —%(ﬁi = ﬁj)
Gk 5 4 3 2
o Exchange operators : Pj;, P, P with i # j € {1,2,3}
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

ja ja Y A A

kij - kg + kij ki or  kij -k + Ell] Ky
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to
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@ Hermiticity implies that gradient operators combine according to
3 x> 5, o, s a5,
U551 ka3 -kaz+kog-kog  or ka3 kos
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

.3 N N i», i»/ N i»/ i»/ 5
0753 ¢ kaz-kiz+kog-kis  or  kig-kos+ ki3 - ko3

J. Sadoudi Skyrme EDF 12-16/09/2011 10 / 25 (15)



Introduction Three-body Skyrme pseudo-potential Fitting protocol Results Conclusions
[e]e]e} [o]e] lele] [e]e]e} [e]e]e]e]e} [e]e]

Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

o o

3 2P >
U793 kl] kg + kll] kg or kl] .

T

/ > P
kit ki K
@ Function of exchange operators P%B} multiplies each spatial structure listed above

ng}:ti [1+JT¢P1(I2] 7?7
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

o o

3 2P >
U793 kl] kg + kll] kg or kl] .

T

/ > P
kit ki K
@ Function of exchange operators P%E; multiplies each spatial structure listed above

PLY =i [1+ ol PR+ o} (Pl + PR)] 72
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

o o

3 2P >
U793 kl] kg + kll] kg or kl] .

T

/ > P
kit ki K
@ Function of exchange operators P%B} multiplies each spatial structure listed above

PLd — i [+ ol PR+ af (Pl + P) + ol PL]| 77

P]; = £1 only when applied with gradient terms 12” I;llj
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

jaN jaN jaN jaN jaN

.3 =12 / >
vﬁB : kij . kkl + kij . kkl or kij . kkl + kij . kkl
@ Function of exchange operators P%B} multiplies each spatial structure listed above

PED (1l Ph+a? (P + ) +ad Plat - ]

PJ; = +1 only when applied with gradient terms IZ” E;J

Starts with 100 parameters
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

jaN jaN jaN jaN jaN

.3 =12 / >
vﬁB : kij . kkl + kij . kkl or kij . kkl + kij . kkl
@ Function of exchange operators P%B} multiplies each spatial structure listed above

PEY =t [1+al P +af (Pl + PSy) +af P+ |

PJ; = +1 only when applied with gradient terms IZ” E;J
Starts with 100 parameters
@ Derivation of the trilinear EDF : straightforward but cumbersome

Development of a formal computation code

Identification of correlated terms via SVD
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Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

jaN jaN jaN

.3 > D =12 / >
vﬁB : kij . kkl + kij . kkl or kij . kkl + kij . kkl
@ Function of exchange operators P%B} multiplies each spatial structure listed above

PEY =t [1+al P +af (Pl + PSy) +af P+ |

PJ; = +1 only when applied with gradient terms IZ” E;J
Starts with 100 parameters
@ Derivation of the trilinear EDF : straightforward but cumbersome

Development of a formal computation code

Identification of correlated terms via SVD
@ Final three-body Skyrme pseudo-potential

ﬁ%:; = ug ST1’I‘3 57‘27‘3
u 5 jaN jaN jaN ~ ~
+71 [1 + y1P1”2] (/ﬁz k1o + ko - /ﬁlz) Or1rsOrars

+uz [1 + y21 Pl2 + y22 (Pi3 + ons)] (E12 : El/Q) Oryr3Oryrs

J. Sadoudi Skyrme EDF 12-16/09/2011 10 / 25 (21)



Introduction Three-body Skyrme pseudo-potential Fitting protocol Results Conclusions
[e]e]e} [o]e] lele] [e]e]e} [e]e]e]e]e} [e]e]

Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

jaN jaN jaN

.3 > D =12 / >
vﬁB : kij . kkl + kij . kkl or kij . kkl + kij . kkl
@ Function of exchange operators P%B} multiplies each spatial structure listed above

PEY =t [1+al P +af (Pl + PSy) +af P+ |

PJ; = +1 only when applied with gradient terms IZ” E;J
Starts with 100 parameters
@ Derivation of the trilinear EDF : straightforward but cumbersome

Development of a formal computation code

Identification of correlated terms via SVD
@ Final three-body Skyrme pseudo-potential

f}%2 = ug ST;),T‘Q Srlrz
u 5 jaN jaN jaN ~ ~
+71 [1 + y1P301] (/f31 k31 + k31 - /fél) OraraOrira

+ug [1 + y21 P51 + y22(P32 + P102)] (E:}l : Eli/l) OrgraOryra

J. Sadoudi Skyrme EDF 12-16/09/2011 10 / 25 (22)



Introduction Three-body Skyrme pseudo-potential Fitting protocol Results Conclusions
[e]e]e} [o]e] lele] [e]e]e} [e]e]e]e]e} [e]e]

Construction of the three-body Skyrme Pseudo-potential

@ Hermiticity implies that gradient operators combine according to

/ >
6t ki K

.3 ja ja

2P
U793 kl] kg + kll] kg or kl] .

T

@ Function of exchange operators Pg; multiplies each spatial structure listed above

PUY —y; [1+x% Pfy + 27 (Pl + PS) + 2} P{2+~~~}

P/; = £1 only when applied with gradient terms I;” Ellj
Starts with 100 parameters

@ Derivation of the trilinear EDF : straightforward but cumbersome
Development of a formal computation code

Identification of correlated terms via SVD
@ Final three-body Skyrme pseudo-potential

ﬁ%l = uo 3T2T1 ST3T1
+% [1 + y1P203] (EQB : EQB + EQ/B : EQ/B) 3T2T1 ST3T1

+ug [1 + y21 P33 + y22 (P + P??l)] (’%3 ‘ 75213) Orars Orary
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Trilinear part of the EDF

Functional of the one-body local densities

R = Z {B ’popi + BE popie + Btv’)poﬁl)t -Vt + Z Bzfp()=]t,;1u=]t,;1u}
t=0,1 v

+ Biopipi7o + Blvopplﬁpl -Vpo + Z Biop1 J1, 00 Jo, v
nv

s 2 T = Vs P o o
ENY = Z {Bgﬂoz@t + By post - Tt + Z By *poVust,yVusty + Bl pojt - jt
t=0,1 uv

T = 4 S o v
+Byzp15: - Ty + B{ *505;m¢ + Z [Bt P 50,0V uptVust,y
nz

Vps Js . Js .
+B,37° 51,0V uptVusg,, + Bi *so,ujt,udt,uw + Bif Sl,th,uJ{,W]

VsJ VsJ
+ Y ek [Bt 50,k V pstwJe ux + Big S1,kvu8t,vJE,M]}
Hrv Ak

s = = Vs ] 2 2 TS > —
+Biop151 - 50 + B1o p1Vusi,uVuso,w + Blgpiii - jo + B1§515170
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Trilinear part of the EDF

Functional of the one-body local densities

2 v = = J
b=y {Bé'popt + Bl popere + By "poVpt - Vo + > | Bi pOJt,p,th,p,u}
t=0,1 Qv

Vo o = J
+ Blop1p17o + By’ p1Vp1 - Vpo + Z Biop1J1, v Jo,uw
pv

E = {prot?% + B{ poss - Ty + > BY *poVust,Vustw + Bl poji - Jt
t=0,1 v

T o =1 S— o Vps
+Byip15t - Ty + B{ *505¢mt + Z [B/, P50,V upt Vst
nz

Vps Js - Js .
+B,:" 51,0V upt Vs, + Bi “souit e + Big Sl,th,th‘,W}

VsdJ VsJ
+ Y ek [B/. 50,k Vst un + Big” 81,kvu8t,vJE,M]}
Hrv Ak

s - - Vs 7 2 =2 TS— —
+Biop151 - 50 + B10 p1Vus1,uVuso,w + Blypiji - jo + Big 15170
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Time-even functional coefficients
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uo u1 u1Y1 u u2y21  U2Y22

Bf = +4& 40 40 40 40 40

Bf = —-& 40 40  +0 +0 +0

By = 40 +3% 40 48 +5& 43

Blo= +0 -3 +3 -1 —16 —3
B= 40 -k % +& +h %

B = e = 2
Bl = 40— +xm tos td to
BYY = 40 -tk -m -~ ~®m T
e

Biy +0 —-% +1% +m +0 +15
K] I L
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Conclusions

9 Time-even and time-odd EDF from ug [Beiner et al. NPA, 238, (1975), 29]
o Time-even EDF from ug, u; [Waroquier et al. PRC, 19, (1979), 1983]
9 Time-even EDF from ug, uy, y1, u2, y21 [Liu et al. NPA, 534, (1991), 1] (incorrect)

Performing MR-EDF, i.e. using E[g’, g], necessitates time-odd part

Complete energy functional

9 The pairing functional must be computed from the same pseudo-potential

Under progress

Spin-orbit and tensor three-body pseudo-potential in development
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Motivation

@ Aim :
Q Overcome known difficulty for pure tg 3;1T~2 5;2773
Q Get a pseudo-potential parameterization as good as SLy4

Similar fitting procedure used

@ How many parameters?

Usual bilinear functional (density-dependent interaction) : 742 parameters

Two-body plus three-body pseudo-potential : (9-2)+6 parameters = 4 more
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Fitting protocol : Symmetric Nuclear Matter

SNM properties : gradient-less three-body pseudo-potential

BE_3K 5,3, +306 B
A~ 52om©Po TGOPOT TPy T g 00
6 K> 2/3 27
Koo = —— = Csp sa/t + = s@spsa/t + — up pfat
5 2m 8
i 1 2m -1
mo _ 1 2m
m [ * 16 72 (65’)0)] )
9 psat = 0.145 (0.16 £ 0.002) fm—3 R S
E iy ]
- = —15.853 (~16.0£0.2) MeV
m* — 5 4
—0 — 0.763 (0.85 + 0.05) g o ]
m <. ]
oo = 355.373 (230 & 20) MeV = ]

p (ﬁu':‘)
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Fitting protocol : Symmetric Nuclear Matter
SNM properties : usual functional ( )
E 3 h? z/ 3 5/3 , 1 14a
= =2 —t (S}
A" 52m" +80”0+8 ¢sPDspo + 7610 A0
6 h? 2/3 3 1+
0 = _g 2_ Cs P sa/t + g Segps)a/t + 1_6a(1 + 0[) uo psat”
* -1
Mo [1 1 2m ) ]
m + 16 7z (Osr0)

3
&

o peat = 0.16 (0.16 = 0.002) f 3
E
— = —15.972 (~16.0 £ 0.2) MeV
™0 _ 0.695 (0.85 + 0.05) g
m <

<
Koo = 220.901 (230 = 20) MeV
J. Sadoudi Skyrme EDF

p (fm™)
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Fitting protocol : Symmetric Nuclear Matter

SNM properties : Our three-body pseudo-potential

E 312 2/3 3 5/3 3 8/3
27 52m S ro +§t0po+8 Cs®sp0 +1—6u0/)0+800563s/)
6 h> 2/3 3 27 8/3
Koo = —g 2— spsa/t = gcs@sp:a/t + = 3 UOPsat"’ CS@Sspsa{t
2 —1
- 1 322 (oom o)
™ T 16 72 sP0 + O3500 J
o psat = 0.16 (0.16 £ 0.002) fm—3 % 2”7
% = —16 (—16.0 £ 0.2) MeV !
. i
™0 _ .85 (0.85 + 0.05) z
=
Koo = 230 (230 + 20) MeV =

0.0 0.1 0.2 0.3 0.4

p (fm™)
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Fitting protocol : Symmetric Nuclear Matter

SNM properties : Our three-body pseudo-potential

E 3K 2/3
A7 5om Cs Py +§t0p0+
6 h? 2/3
Koo = _g 2_ Spsa/t + che?psat
*
™ _ 14 L2m
m + 16 A

o psat = 0.1606 (0.16 & 0.002) f

A

\
0 — 0.7045 (0.85 £ 0.05)

Koo = 255.496 (230 £ 20) MeV

L 15901 (=16.0 +0.2) MeV

80
5/3

3

3 3
Csespo/ + — up po + —

+

- (@sﬂo aF @38/)0) ]_1

E/A (MeV)

8/3
16 50 ©=©3s70

8/3
3 UO Psat"’ 05939/753/t

L L L L
0.0 0.1 0.2 0.3 0.4

p (fm™)
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SLyX Fitting protocol

9 Produce a set of parameterizations varying
Koo = {230, 240, 250, 260, 270}

% : {0.70,0.71, - -- ,0.80, 0.81}

o . 10m
Parameterizations (preliminary) name : SgLmeO/m

|

Fitted nuclear properties
9 Fit on pure neutron matter equation of state
As for SLy4 parameterization : Wiringa ab-initio data
@ Symmetry energy asym = 32 MeV

o Binding energies and radii of doubly magic nuclei (if exist):

40Ca, 48Ca7 56Ni, 1OOSn, 1325n’ 208Pb

2 Neutron spin-orbit splitting €3, = €u3p1 /5 — €u3ps)a in 298pp
v
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@ Results
@ SNM properties
o Landau parameters
@ Binding energies and radii systematics
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SsLy parameterizations

@ |s SgLy parameterizations high-quality EDFs?
Choice of four S3Ly parameterizations + SLy4
SaLysgo. SaLyso. SsLy3do. Szly3so

pingt (fm =)

10m;,
SaLyj"0/™ ‘ SsLyiso  Sslysso  Ssly33y  Sslydsy SLy4
Per 0.464 0.431 0.383 0.383 *
Pinfl 0.362 0.333 0.289 0.327 *
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Binding energies systematic

10m}
SaLyje "™ ‘ Salysso  Sslysfo  Ssly3o  Sslydl, Sly4
Isotopic chains

Ag (MeV) 2.18 2.02 1.79 119 075
Ajg| (MeV) 2.74 2.61 2.42 201 263
or (MeV) 2.40 2.36 2.28 205 3.12

Eth,“ Ecxp. (I\/ICV)
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Conclusions and outlooks

@ Possible to get as good phenomenology as usual EDFs with pseudo-potential

o Still spin-instabilities remain a problem

Functional form
9 Pairing functional must be computed to be in a true pseudo-potential formulation

9 Four-body gradient-less pseudo-potential might help to control spin-instabilities

@ S-O and tensor three-body pseudo-potential?

9@ Use of modern INM equation of states
o Control finite-size instabilities of trilinear parameterizations

v
Post-fit analysis

@ Determine which free parameters are under or over constrained
@ Make use of future spurious free parameterizations in MR-EDF calculations

A,
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