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Long term project and collaboration

Design non-empirical Energy Density Functionals
{= S o

B Bridge with ab-initio many-body techniques
B Calculate properties of heavy/complex nuclei from NN+NNN

B Controlled calculations with theoretical error bars

SPhN T. Duguet, J. Sadoudi, V. Soma
IPNL K. Bennaceur, J. Meyer
TRIUMF  A. Schwenk, K. Hebeler, S. Baroni
NSCL S. K. Bogner, B. Gebremariam
OSU R. J. Furnstahl, L. Platter

ORNL T. Lesinski

Julich A. Nogga

Jyvaskyla  A. Pastore

Non-empirical EDF
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Constructing non-empirical EDFs for nuclei

Long term objective

Build non-empirical EDF in place of existing models

OOOOOOOOOOOO

Predictive?

Finite nuclei and extended nuclear matter

Non-empirical EDF



Towards non-empirical energy functionals
00@00000

Constructing non-empirical EDFs for nuclei

Long term objective

Build non-empirical EDF in place of existing models
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Predictive? Predictive...
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Non-empirical energy density functional

HA) =T+ VW) + VWA 4. at Ax2fm™!
+
Many-Body Perturbation Theory (Gorkov propagators)

Ztl]p]l
+ 22 Vo Pri Pl 42 Ukt K Kl

Elput Argt sk { B

zgkl ikl
+ 6 E ljklmnplipmjpnk'i‘---
gklmn

Relevant questions

@ How reducing momentum dependencies associated with spatial non-localities?
Q What about energy dependencies associated with time non-localities?
Q Energy dependencies versus multi-reference extension?

@ What accuracy one can aim at and how to use the A (in)dependence?

Non-empirical EDF
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Non-empirical pairing

Work accompli

@ VYN (A) and VNNV (A) at lowest order (SLyX in s.p. field h)

B New HFB spherical code - expansion on bessel functions basis
B Efficient handling of finite-range/non-local (separable) vertex

Q Set up of veg ~ SRR (A) for 3D code

<

B Caps at lowest order in V¥V (A) close to data

B Coulomb decreases proton gaps by ~ 15%
m VYNV (A) decreases gaps by ~ 30%

B Essential to compute actual odd-even mass differences

Near future (S. Baroni, A. Pastore, V. Soma et al.)

B Add coupling to density, spin and isospin fluctuations

Q@ Approximate second-order self energies
Q Coupling to collective QRPA modes
Q Self-consistent second-order Green’s function (Gorkov) calculations

4
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The density matrix expansion

accomplished so far (B. Gebremariam et al.)
Q Extension of Negele-Vautherin DME for spin-unsaturated systems

B Use momentum phase-space averaging techniques
B Use local momentum distribution of finite Fermi systems

Q EDF at HF level from m-exchanges of y-EFT VN + VNNVN o N21,0

B Automatized Mathematica derivation of coupling constants from y NN
B Ready-to use Mathematica handbook for EDF solvers

Q Educated guess for empirical fitting (with UNEDF collaboration)
B Add (quasi) density-independent Skyrme EDF to be fitted

Near future (B. Gebremariam et al.)

Q@ Empirical work

B Systematic study of DME couplings and role of pion-physics/ Yy NVN
B Full fledged fitting of "augmented/educated" Skyrme-like EDF

Q Formalism

B Extend DME to non-locality in time and apply to second-order in MBPT
B Extend DME to pairing channel including ultra-violet renormalization

Non-empirical EDF
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@ Many-body perturbation theory
@ Non-empirical pairing energy functional
@ The density matrix expansion
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Nuclear interactions and the Renormalization Group

m V(kE' A=oo0)=Vhard(E k)
B Run down A
B Keep 6SLJ(k) and Epeuteron

General Properties

B Vacuum interaction
B Universal Vyy (A~ 2) = Vigw k
B Vi,w k IS perturbative

Crucial points
B H=VynyA)+ Vann(A)+...
B 0p A # 0= missing pieces
B Ex: omitted NNN(A)

Non-empirical EDF
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Many-body perturbation theory

Gell-Man Low theorem and Goldstone MBPT

B E=E"F L ABHF with AETF in powers of Vies (from normal ordering)

n
1
AEBHE _ Z (@] Vres (7_0 Vres> | @) connected

n=0

B Summing all terms provides exact ground-state energy
B The game is to optimize the reference vacuum (|®)) + summing few terms

B May redefine vacuum (HFB + symmetry breaking) to speed-up convergence

First order: n =0

Non-empirical EDF
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Many-body perturbation theo

B Energy functional goes up to sixth order in p;; and xy;

g[{pij},{ﬂij},{ﬁ%};{Ek}] thjpjz

+ 22 Vo PR Py T 42 Uikt K okl

ij}l ikl
+ 6 E ij}lmn PliPmg Prk - -
yklmn

B Effective vertices T}fj‘;l, T;Z-Zl. ..expressed in terms of vy , VNNN - and Ey,

Non-empirical EDF
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Many-body perturbation theory

B Energy functional goes up to sixth order in p;; and xy;

g[{Pij},{Kij},{ﬁ%};{Ek}] thjpjz

+ 22 Vo PR Py T 42 Uikt K okl

ij}l ikl
+ 6 E ,]klmn PliPmg Prk - -
yklmn

B Effective vertices T}fj‘;l, T;Z-Zl. ..expressed in terms of vy , VNNN - and Ey,

B Ex: in absence of pairing and omitting Y
PP — | mGl . oPPP — 1 geeee o mep g NN L TPPP
igkligkl — ei+ € —€ex—€l v Vigkik T 9 l ’ijll]k:l ) ’Lj'L] yJij 6 - zjkzjk

Non-empirical EDF
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Many-body perturbation theory
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Energy functional at second order

B Energy functional goes up to sixth order in p;; and xy;

thjpjz
+ 22 Uklpkzplg 42 Uikt #ij Kkl

ikl ikl

Ellput (kg h syt { B}

+ 6 Z Z]klmnplipmjpnk-i-...

yklmn

B Effective vertices T}fj‘;l, T;Z-Zl. ..expressed in terms of vy , VNNN - and Ey,

Self-energies and effective kernels

B There is freedom as to how to define the one-body fields, e.g.

s 68 I
hi = E Sl +X5 =l +% ikjl Pl i Ay = E =3 %Uz’jkl Kkl

4
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Equation of state of infinite nuclear matter

ndent) questions of interest
Q Is INM perturbative?
Q What is the role of ARG

Q What is the saturation mechanism?

@ Is phenomenology accounted for?

Calculation scheme

B Hamiltonian H(A)

m VYN (A) from RG

[ | VI\IIVZ{I(\S with (¢p, cg) fitted at A
B E/A at 29 order

m Use of Vyyny = VNN(N)

B Last diagram omitted
J M Self-energy at 1% order E(l)(k)

Non-empirical EDF
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Equation of state of infinite nuclear mat

Is nuclear matter perturbativ

B Not with H(Ahigh)

150" ! T 1
i ——=- Istorder AV
B Seems to be with H(A)ow) T e dder ]
g 3rd order pp ladd
B New paradigm!? 100 e orderpp faccer |
= 50+
L3
E‘ .
5
501~
-100|-
| X | X | ) | ) |
0.8 1 12 1.4 1.6
k [fm™]

[S. K. Bogner et al., NPA 763, 59]

Non-empir:
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Equation of state of infinite nuclear mat

5 T T T T T T A L I
Vi NN from N'LO (500 MeV) ] A= 18 ]

0 , v A=20fmn" ]
3N fit to By and 1y —Asaomt ]

4—4 A-28[m

>
]
z A
= [
s ¢ 3 S 20<A, <250}
s z :
£ -0 7 E
> L 1 ]
o ical 1 1
5] L Empirical T 1
5 -I5p O saturation 1 B
[ Hartree-Fock point T 2nd order T pp ladders ]
[0 i N N TR NI N N SN R R I T B T B
20 0. 1.0 1.2 14 16 08 10 1.2 14 16 08 1.0 12 1.4 1.6
-1 -1 -1
k. [fm ] k[ 1 k. [fm ]

[S. K. Bogner et al., arXiv:0903.3366]
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MBPT with low-momentum interactions

B Importance of each order depends on (A of) H but not the full answer!

W Converged at 2% order (at least in pp channel) for A € [1.8;2.8] fm ™!

B Good reproduction of the empirical saturation point
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Equation of state of infinite nuclear matter

e neu
20 [T T T T
: E(]\lll)‘l+3N,eff 2 . : ENN+3N,:H
sk T 20<Ay <25 fm!
= f 7~ 1
= | 7 ~ C
[ P C
5 10 - e -+
= r {
E L {
> [ C
& [ L
2 Sr T
2 C
0 oo b e e b s |
0 0.05 0.10 0.15 0 0.05 0.10 0.15
p [fm™] p [fm™]
[K. Hebeler, A. Schwenk, arXiv:0911.0483]
v

MBPT with low-momentum interactions

B Little contribution from 2™? order for Ay € [1.8;2.8] fm ™!

B Little dependence on RG cut-offs Ayy and Agp

B Larger uncertainty from c3 entering the long-range 2m-exchange Vg NN

Non-empirical EDF
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Equation of state of infinite nuclear mat

3NF fit to Egy and 1y, A

]
g~ 20 fm

NN + 3N

Saturation mechanism

m VNN plays an essential

ladders
NN PP
Vv o A=18fm
S~ A=28fm NN only
= A=1.8fm " NN only
e— A=2.8fm NN only

_ Ly N
30 0.8 1.0 1.2 14 1.6

k. [fm ]

B Coester line with only

Energy/nucleon [MeV]
I
T

[S. K. Bogner et al., arXiv:0903.3366]

Non-empirical EDF



Towards non-empi e functionals Backup slides
00000000 000000080000

Finite nuclei

Doubly-magic nuclei

B Do not spontaneously break N, 7, J
B Good testing ground for symmetry conserving HF+MBPT (except for }3)

B Performed with VIJJVéVOM and no VNN
0or—r—T—TTTTT—T"T—"TT—T—TT
® Enr
2F m Eyp + E? ]
S
-4 .
=
<-6f 1
53]
-8 -%\r’-‘r"--
4I_IIe ' 24'() ' AOICa ' 481\11 ' 78;\“ ' QOIZI_ ' ]l4ISn ' 146IGdI

160 3451 48Ca 56Ni BSSr lOﬂSn 13ZSn ZOSPb
[R. Roth et al., PRC73 (2006) 044312]

Binding energy (per particle)

B HF provides correct trend with A but underbinds tremendously

B Second-order MBPT provides good account of missing bulk correlations

Non-empirical EDF
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Doubly-magic nuclei

B Do not spontaneously break N, 7, J
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B Good testing ground for symmetry conserving HF+MBPT (except for }3)

B Performed with VIJJVéVOM and no VNN
6 +—r—T—"T—"T—"T"T"—"T"—"T"—"T"T"T""T""
5t ]
£ ]
< 3 1
2k ® Rup
= RuF+pT2
1 4I_IIe ' 24'() ' AOICa ' 4Si\n ' 78;\“ ' QOIZI_ ' ]l4ISn ' 146IGd '
160 3ASi 48Ca 56Ni 8851_ lOﬂSn 13ZSn ZOSPb

[R. Roth et al., PRC73 (2006) 044312]

Charge radii

B HF underestimates significantly in heavy nuclei

B Second-order improves the situation but it is not enough (VVVN?)

Non-empirical EDF
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HF single-particle energies

Doubly-magic nuclei
B Do not spontaneously break N, 7, J
B Good testing ground for symmetry conserving HF (except for }3)

proton neutron
S 4
10 1‘5/2——— O7/2 e — —
o ——— ]
-, e ——
0 =%§= == 1
T B —— —_— ]
e T — —3
=20 —_— K ———
Z Jrog— —_
230 Exp — ]
s P T—
% A0 0 e L
—_— P2 e
50 592 _— ]

Iy [fm’]
00 008 0.09 0.10

70 | 5172

80 5172
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Heavy nuclei from H(A) at A~2 fm~!

cl S
Q@ Doubly magic nuclei
B Second-order MBPT provides bulk of correlations ~ —8 MeV /A
B Need to study effect of VNN (A) on 71, and spin-orbit splittings
B Accuracy requires to add collective fluctuations (MR)
Q Open-shell nuclei

® Should break N, Z,J? to add about f (Nyal; Uva1) X 20 MeV correlations
B Second-order MBPT remains very costly, i.e. scales as leasis

Non-empirical EDF



Tow n-empirical en functionals Backup slides

00000000 (ele]e]e]e]e]elole] lolel

Heavy nuclei from H(A) at A ~2 fm™!

1cl S
Q@ Doubly magic nuclei
B Second-order MBPT provides bulk of correlations ~ —8 MeV /A

B Need to study effect of VNN (A) on 71, and spin-orbit splittings
B Accuracy requires to add collective fluctuations (MR)

Q Open-shell nuclei

® Should break N, Z,J? to add about f (Nyal, Vval) X 20 MeV correlations
B Second-order MBPT remains very costly, i.e. scales as Ngasis

What is the plan? Connect to EDF methods

Q Controlled approximation to (second-order) MBPT

B A priori justification to empirical energy functionals
B Educated guess for extended energy functionals
B Estimates of coupling with uncertainty through A dependence

Q Controlled refit of "educated couplings"

B Compensates for missing accuracy (leaving out MR correlations)

4

Non-empirical EDF
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@ Towards non-empirical energy functionals
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@ Non-empirical pairing energy functional
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Energy functional at lowest-order in Vyy and Viyyy)

B Empirical schemes lack predictive power

B Microscopic origin of (7= 1,J = 0) superfluidity in finite nuclei?
B Direct term of Vyy and Viyyny (1So, 3Py, 1 Dy)?
B Coupling to density, spin, isospin fluctuations: 40%?

B For now: build X7 and A? at lowest-order in Vyy and Vypy(ny

}

= + Van = +

!

Backup slides
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Van

At this point in time

B v"P: microscopically built from Vyy and Vi)

m Ph semi-empirical from constrained Skyrme EDF

Non-empirical EDF
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Finite nuclei calculations

Low-momentum interactions for finite nuclei calculations
B Vacuum interactions with renormalized short-distance physics

B Good starting point for structure calculations through EDF method?

Vnn and V() given as numerical matrices in (k;, k') and (k, lf/,k}},lf%)

Produce analytical operator representation

B Why?

M Interest to understand encoded operator structure
B Perform integrals analytically in codes

B Which representation?

B Vyn (quasi) separability in 1Sy channel provides an incentive
B Sum of separable terms is efficient for pairing part of the EDF
B New separable expansion of Coulomb

Non-empirical EDF
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Rank-n high-precision separable repre

1a . . .-
Focus on Sy as it dominates at sub-nuclear densities

n

18 / /
Vs (. K) = > ga(k) Aag 95(K)
a,B=1

. 150 / 1S
B Fit go(k) and Ay to VO (k, k") and 6 ~°(k)

/4.0/700” fm ™! (rank /4/15) and smooth cutoff

100 70
0 0™\ A\;’]fg
-100 ol N\
200 w} \
E % 30k \
S -400 R =
2 500 Viowk k'=k —— g .
SR Ve k'=k Z 10
Viow £ K'=0.05000 olb
b Vi K'=0.05000 —— 0
-800 Vi K=l
5 20
gy Vi ko=l ——
-1000 30
05 1 15 2 3 35 4 0 05 1 15 2 3 35 4
K [fm™] k [fm™]

4

Non-empirical EDF
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Rank-n high-precision separable representation of Vyy(A)

1a . . .-
Focus on Sy as it dominates at sub-nuclear densities

n

18 / /
Vs (. K) = > ga(k) Aag 95(K)
a,B=1

. 150 / 1S
B Fit go(k) and Ay to VO (k, k") and 6 ~°(k)

For A=1.8/ //7c0” fm~! (rank 3/ /15) and smooth cutoff

200 70
100 m 60 |~ Vi
@ . 50 N AVI8
-100 40 AN
— 200 — 30 \
“a o \
E 300 g 20 N
E -400 Vigwk K'=k —— 5 10 X
= -500 Vg K=k 50
ES
-600 Vigw k K'=0.07500 -10
-700 Vi k'=0.07500 ——— -20
-800 Viowk K'=0.975 —— -30
-900 Vi k'=0.975 —— -40
-1000 -50
005 1 15 2 25 3 35 4 45 5 55 6 0 05 1 15 2 30035 4
K [fm™] k [fm™]

4

Non-empirical EDF
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Rank-n high-precision separable repre

1a . . .-
Focus on Sy as it dominates at sub-nuclear densities

n

18 / /
Vs (. K) = > ga(k) Aag 95(K)
a,B=1

. 150 / 1S
B Fit go(k) and Ay to VO (k, k") and 6 ~°(k)

For A =1.8/4.0/ fm~! (rank 3/4/ ) and smooth cutoff

70
60 F Viie
0 “\ AVI8
40 \
= — 30 .
& g 2 .
100 7 , =
E S Vigw K'=k 5 10 .
S 00 Vi k'=k F 0 <
400 Vigw i K'=0.20000 -~ © 10
-600 Vi k'=0.20000 ——— -20
e Voest | W
= e -
0123456789101 1213141516 0o 05 1 15 2 3035 4
K [fm™] k [fm™]

4

Non-empirical EDF
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Separable representation of Viogul

Coulomb effects on proton-proton pairing
B Only one such published calculation so far: Madrid group (Gogny)

B Simplified treatment of e.m. interaction (Coulomb)

Truncated Coulomb interaction at 7 = a > 2R ucleus

B Exact separable expansion (S-wave part here)

a / 2 2% 2 (ak\ o ( ak
VCoul,Z:O(kak) = dmea Z(2n+1)]n (7) In 5 )
n=0

Aag = e?a’ (2a+1)d.3
k
ga(k) = Virji (%)
Guo(r) = #P (1—2((—’;)2) for r<a

Jra?r

B Separable expansion exists for higher partial waves

4

Non-empirical EDF
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Separable representation of Viogul

ulomb effects on proton-proton pairing
B Only one such published calculation so far: Madrid group (Gogny)

B Simplified treatment of e.m. interaction (Coulomb)

Tests for a = 10 fm and truncated expansion at Ncgy, = 10

10000 10 AV, k) MeV.fm] W
1800 7 Vi ko) [MeV ) 1000
1600
1400 100
1200 10
1000

1
800
600 0.1
400 0.01
200

0

1 K [fm']

B Ncoul ~ 15 in practice (peanuts !)

V.

Non-empirical EDF
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Rank-n separable representation of Viyyyy(A)

Focus on 1S

B Rank-n separable anzatz

LS q qq{qd") (1.d'\ ~aa{d’) 11
Vot (65 > O m) A () g1 )
a,B=1

B Parameterized density dependence

)\qq<q ) kq szq(q ) )%
1EN

m Fit g2 (k) and A9 (K2) to V,

B Local Density Approximation (LDA)

S0y (K L) from INM

Mg (EL) = Aap(RER))  with kL (R) = (3%, (R))"/?

Non-empirical EDF
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Rank-n separable representation of Viyyyy(A)

B Rank-n separable anzatz

B Parameterized density dependence

. ’ ’ / 1S ’
m Fit g4%Y) (k) and \ZLT) () to0 V, 50 (h, K3 k) from INM

B Local Density Approximation (LDA)

Fit at k% =1.2/1.4 fm? (left right) for A=2.0 fm', n=4 and ¢=3,4
F

300 600
V]DWkk’=k — V]DWkk’=k —
Vi k'=k 500 Vi k'=k
200 Vigw i k'=0.00010 —— 00 Vigw i k'=0.00010 ——
= Vi K'=0.00010 —— = Vi K'=0.00010
& Viow k k'=1.00010 £ 300 Viow k k'=1.00010 -
Z 100 q Z s
3 Vi K'=1.00010 2 0 Vi K'=1.00010
> >
0 100
0
-100 -100
0 1 2 3 0 1 2 3
Kk [fm™] Kk [fm™]

<

Non-empirical EDF




Towards non-empirical energy functionals Backup slides
00000000 000000000000

EDF calculations in spherical nuclei

Benefice from using rank-n separable representation

B Separable force in coordinate-space [r =r; —ra, R = (r1+r2)/2]
a n
@iy Ve Irire) = Y Ga(r') Aag Ga(r) (R’ —R),

where Go(r) = fourier transform of g (k)

B The pairing energy functional reads

Z / ’R Z po. (R) Aag Dp(R)

a,f=1

Cost of interaction’s finite-range and non-locality

B Induce non-local pairing field and density

B BUT the functional depends only on local effective pair densities

e(R) = /d?’r Ga(r) Z(—)%_U kI(R+r/2,0;R—r/2,—0)

o

4

Non-empirical EDF
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EDF calculations in spherical nuclei

Building of the

B Define reduced two-body wave-functions (spin-singlet part)

[~}
2
—~
=)
N
1l

/d% Ga(r) UL (R+1/2,R—1/2)
> (5) 7 8i(x,0,9)05(x',—0, ).

[oa

S
SR
Py
]
-
—
Il

from basis functions ¢; = \f/gja (R) are computed once

B Build densities and pairing field matrix elements

n n
< 1 v 1 ~
ALR) = 52 Mg PH(R) = 52 dap D VIR) K
B B iy
n
A = Z/d‘o’R\If%’a(R)Ag(R)
(0%

» Pseudo-local pairing problem!

V.

Non-empirical EDF
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EDF calculations in spherical nuclei

code BSLHFB (T i, unpubli

B Handles highly non-local pairing EDF in systematic calculations
B Calculations almost as cheap as for a local pairing EDF

B Spherical Bessel basis jp(kr)

B Well suited for drip-line physics

Calculations

B Results for 470 nuclei predicted spherical (Gogny-D18S)
B kmax ~ 4.0 fm ™1, Rpop = 20 fm, jimaz = 45/2
B Pairing complemented with (SLy4) Skyrme EDF : mg = 0.7m

¢/ Reminder: nothing in the pairing channel is adjusted in nuclei

=

. D., T. Lesinski, Eur. Phys. J. Special Topics 156 (2008) 207]

. Lesinski, T. D., K. Bennaceur, J. Meyer, EPJA 40 (2009) 121]
. Hebeler, T. D., T. Lesinski, A. Schwenk, PRC80 (2009) 044321]
D., T. Lesinski, AIP Conf. Proc. 1165 (2009) 243]

SERAES

=

. Lesinski, T. D., K. Bennaceur, J. Meyer, in preparation]
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Pairing gap

Odd-even mz aggering

B Lack of binding of odd nucleus vs even neighbors measures pairing gap

¢ The good mesfhod
AZ(N)

Three-point mass difference

A® Ny = CDY[Bo(N+1) — 2B (N) — Bo(N—1)]

nexp/th

B Interplay with shell structure must be disentangled
[T. D. et al., PRC65 (2001) 014310 and 014311]

Non-empirical EDF
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Pairing gaps
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B Pairing gaps consistent with experiment

B Large oscillation of Ag,?’) due to Coulomb in ph
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1Sy matrix elements of V(v

V(k, k') [fm] V(k, k') [fm]
04 |,
03
02
0.1
0
0.1
0 e
1 E=SeeeCESeESs
Kk [fm™]
@] VlsO repulsive at all kq,
q9(q’) F
Q Averaged force stronger in SNM than in PNM

150 : lAS"O
o qu@) more repulsive than qu<q>

Non-empirical EDF
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1Sy matrix elements of V(v

V(k, k) [fm]
0.0

-0.5

-1.0
-1.5
-2.0

2 1
kK’ [fm”
0

1 2
K [fm] 3 0

LS . ig .
u qu<0q/> (>0) quite weaker than Vy5° (<0) up to k7

1
B Pairing gaps based on VN‘?\? expected to decrease ; but by how much!?

Non-empirical EDF
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Pairing gaps

L i L L L L L L L L L L L
20 30 40 30 40 50 60 80 100 100 120 140 160 180
N N N N
S : . ) )
1 N=28 N=50 Coulomb included in
i A calculation
b
5
%
=
aq“' + * Exp.
— NN
T e —-  NN+NNN
40 50 60 70 50 60 70 80 90
z z
o
1
v So )
qq{q)

[ | Agg) decreased by 20% with slight isovector trend (| V; f(‘%>| > |

B Leave ~ 20 —30% for coupling to (collective) fluctuations

Non-e: cal EDF




Towards non-empirical energy functionals

Backup slides
00000000

000000000000

Outlook

Study pairing and shell structure interpl

B Systematic of OEMS and QP excitation spectra [with T. Lesinski et al]

B Systematic of charge radii with focus on NNN [with T. Lesinski et al.]

Extend to defor

B Tractable finite-range interaction [with V. Hellemans et al.]

B Map onto a quasi-local EDF [with B. Gebremariam et al.]

ing to density, spin and isospin fluctuations

B Self-energies at second order [with S. Baroni et al]
B Coupling to collective QRPA modes [with A. Pastore et al]
| €.g. [A. Pastore, F. Barranco, R. A. Broglia, E. Vigezzi, PRC78 (2008) 024315]

B Self-consistent Green’s function (Gorkov) calculations [with V. Soma et al]

Non-empirical EDF
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Outline

@ Towards non-empirical energy functionals

© Backup slides

@ The density matrix expansion
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Skyrme EDF in canonical basis (pas = paa 9as)

Trilinear Skyrme EDF in coordinate space (no pairing)

elo)= [ar Z—rqmz[qq,pq P et O 23 (7).

Local densities

B SR =Y, Wea(FD)paa | B WIy(7g) = Veh(Fa) - Viba(Ta)

Trilinear Skyrme EDF in canonical basis

1 _ 1 _
El = D tawpoat ) WhaghacPist G D T apypac pipn
a ap apfy

Non-empirical EDF
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Skyrme EDF in canonical basis (pas = paa 9as)

Trilinear Skyrme EDF in coordinate space (no pairing)

elo)= [ar Z—rqmz[qq,pq P et O 23 (7).

Matrix elements of effective vertices

B foo = [dil W;a(fq)
H a,Ba,B = 2fdrzﬁ, C Waa(rq) Wéﬂ(rq )
m % 5 =6 deZﬁ,fu TS Wha(iq) Why(7d) Wiy (7d")

Trilinear Skyrme EDF in canonical basis

1. 1
Elpl = Y taapaaty ) Whagpaasssty D Ulag, pacrsspry
el af afy

4

Non-empirical EDF
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MBPT energy in canonical basis (no pairing,

EYF L AEYF(9) = Zt“a Pocr
1 = NN
t 3 Z VaBag Paa ppg
af

2
B75|
+ 52 6a+eﬁ_€ Paapﬂﬁ(l py) (1= pss)
afys

Non-empirical, generalized, nuclear EDF

Q Defines an energy functional £[p;{en}] of fourth order in p
B Can introduce effective vertices v°*, vPP and vPPPP
Q Depends on {eq} for nmax > 0 = traces back to non-locality in time

@ Very non-local in space as nmax increases

B Quadruple f d7 at second order versus single f d7 for Skyrme

<

Non-empirical EDF
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MBPT in coordinate representation (central V¥, no spin, no isospin)

Zeroth-order (HF) energy

HF Y NN =
E C//drldev (71 — 72|) pry 7, PR

Q Non-local through functional of the non-local density matrix ps 7,

Q Good starting point for the density matrix expansion (DME)

Non-empirical EDF
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MBPT in coordinate representation (central V¥, no spin, no isospin)

Zeroth-order (HF) energy
HF o NN/= =
B ¢ | [aridr v (7~ 7). s

Q Non-local through functional of the non-local density matrix ps 7,

Q Good starting point for the density matrix expansion (DME)

Second-order energy

ABFF(2) / / / /dmg4 [Z B ) VY (7 = Tl (7 (72)

afyd

W3 ()03 (7) VN (17 — Pa)va (s

L\ | paapps (1—pyy) (1= pss)
Y5 (7y) | 2228 LAl
cates—er—6s

Q@ Highly non-local + not even a functional of pz, 7,

Q Extension of the DME beyond HF needed [V. Rotival et al., unpublished]

<

Non-empirical EDF
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Ideas underlying the DME for EHF

wnd the density matrix in terms of local der

-
B Look for separable expansion into relative 7 and center of mass R coordinates

kmax

Py R Z 1} (kp(R)r) Ox(R)

where Oy (R) € {pg(R), Vpq(R), Apg(R)}

Non-empirical EDF
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Ideas underlying the DME for EHF

Expand the density matrix in terms of local densities
o
B Look for separable expansion into relative 7 and center of mass R coordinates

kmax

P R Z 17 (kp(R)r) Ox(R)

B Non-empirical, position/density dependent couplings cff l(}_é), e.g.

CPP(R) = 4 / r2dr VN (1) [Hg(kp(é)r)} ’

4

Non-empirical EDF
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How to determine quantitative HJ]; functions?

EXp‘dIlSiOIl of P77 dJo e, D. Vautherin, PRC5, 1472]

@ Truncated Bessel expansion of non-locality operator e
Q First term k = 0 provides exact limit in INM

@ Sufficient for spin-saturated nuclei only

@ Analytical expressions of Hi(kp(é))

Non-empirical EDF
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How to determine quantitative H{, functions?

EXpELIlSiOIl of P77 J. N >, D. Vautherin, PRC5, 1472]

@ Truncated Bessel expansion of non-locality operator ez™(V1=V2)

Q First term k = 0 provides exact limit in INM
Q Sufficient for spin-saturated nuclei only
@ Analytical expressions of Hi(kp(é))

B. Gebremariam, T. D., S. K. Bogner, arXiv:0910.4979
g

Expansion of 7

7o

Q@ Taylor expansion of non-locality operator and phase-space averaging of k

7‘1 :Fz =R

= TR H TS T Tl (1) () paa

[e3%

A-g

+
(STt

Q Opens up DME for all spin-unsaturated nuclei!

@ Analytical expression for H'Z.(kF(R))

@ Recovers HZ(kF(}_é)) of Negele and Vautherin

@ Few % error on EF from full fledged VNN (Alow) (central, tensor, spin-orbit)

<

Non-empirical EDF
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@ EDF at HF level from m-exchanges of x-EFT VN’V + VNNV 46 N2L,0
B Automatized Mathematica derivation of coupling constants from AR

B Ready-to use Mathematica handbook for EDF solvers

Q Comparison with phenomenology

B Study of Fock DME couplings and role of pion-physics/ A

T T T 50
b, A =500 MeV 1 F ettt

—— SLy4_Tself
—— SLy5.T
- SkM#

[MeV-fm’]

— SLya_Tself
——. SLysT | |
L o SkMF i

2501 —-= T22
| Aser =500 MeV — TZA ]

JI
0

5 p[fm’]

Non-emp
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The density matrix expansion

Near future
Q@ Educated guess for empirical fitting [M. Stoitsov et al., under progress]
B Take DME coulings (keeping exact Hartree from viN )
B Add (quasi) density-independent Skyrme EDF and refit

Wip) Wip.1=1)

—- sy —— sive

SLY4LO

SLY41LO

SLYALOINLO SLY4ILOINLO

SLYALOSNLOSN2LO SLY4'LOSNLOWN2LO

01 02 03

9 Formalism [V. Rotival et al., under progress]
B Extend DME to non-locality in time and apply to second-order in MBPT

B Extend DME to pairing channel including ultra-violet renormalization

Non-empirical EDF



