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Context

Q@ Two-step nuclear EDF method (i) single-reference (ii) multi-reference
Q Built by analogy with wave-function based methods
@ SR-EDF has both similarities and differences with DFT

@ Strongly relies on spontaneous symmetry breaking and restoration

Elp;lql]
Symmetries
Broken Not broken
(SR-EDF) (DFT)
lal Projection Correction
(MR-EDF) (Lipkin, Kamlah ...)
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Symmetry unrestricted Hartree-Fock-Bogoliubov

Q Approx. of indep. QP w.f. |\IIN) ~|P) = HB¢|0), Uji, Vj; are to be determined
i
pHFB _ (®H|®)

=" o SWT = EfFB = gy «, k¥

Q HFB Energy : 0

© Variational principle : 6(E[p, Ky K]+ constraints) = 0 gives HFB equations

Hamiltonian, QP operators and densities

|
\

o QP annihilation operator : Z ja; + Vi ” a;

o Hamiltonian (in "2nd quantization") : H = Zt” ¢ ¢+ 5 szgkl ¢ c CLCl

Ukl
o Normal and anormal density matrices are defmed as
(@lefe|o) o _ (@)
PUT ey 0 T T (af)
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Symmetry unrestricted Hartree-Fock-Bogoliubov

Q Approx. of indep. QP w.f. |\I/N> ~ |®) = Hﬂi|0>, Uj;, Vj; are to be determined
i

O|H|P)

Q HFB Energy : EAIP = <<<I>|<I>) = SWT = EHFB — Ep, k, k*]

@ Variational principle : 6<E[p, K, K]+ constraints) = 0 gives HFB equations

Symmetry breaking context

| A\

o Symmetries S of the Hamiltonian — [H,S] =0

9 Densities (wave-function) are allowed to break symmetries to minimize the energy
o Static collective correlation

@ Symmetries broken example : translational, rotational, particule number invariance

@ Symmetries need to be restored thanks to projection method

2 Dynamical collective correlation

A\
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Breaking symmetries in mean field methods

Particle number invariance

@ Angular correlations 3 Pairing correlations
9 Quadrupole component 2 S-wave attraction
@ Rotational band 9 Gap, OEMS, moment of inertia, ...

|HFB) — ...
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Breaking symmetries in mean field methods

Particle number invariance

@ Angular correlations 3 Pairing correlations
9 Quadrupole component 2 S-wave attraction
@ Rotational band 9 Gap, OEMS, moment of inertia, ...

| \IIL:0M> —

[UA2) = :

—-0-0-C—
—_—
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Breaking symmetries in mean field methods

Particle number invariance

@ Angular correlations 3 Pairing correlations
9 Quadrupole component 2 S-wave attraction
@ Rotational band 9 Gap, OEMS, moment of inertia, ...

’\I}L=2M> —

|\I/A+2> —
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Projection method

Q Symmetry breaking state |®) = Zc)\ahl!f{)

Q Projected state/energy is obtained thanks to

1d
) = -2 / dm(9)S2% (9) R(9)|)
A 1
P /g ()2 (9)(@IH R(g) )

@ Can be proved using
s (TRIR(9)|W3 ) = Sap(9)dan
Ak _ Y
+ [ dm(@)82 @S2(9) = 2Eorsduarduy
g dy

e[p,K,k*]ql]

@ Using Generalized Wick Theorem : (3°|H|®9) = E[p%, k%9, k9°*)(2°|®9)

o E[pY, k%, k9% is the same functional but of transition density matrices
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Projection method

Particle-number restoration

Q Symmetry breaking state |®) = ZCN|\I’N>
N

e[p,K,k*;|q|]

Q Projected state/energy is obtained thanks to
cp 2w

11
chea 2m

EA =

dp e "% (B|He N | D)
Q Can be proved using
s (AN [pA) = 1495,

S /dcpe_iA“’eiA/V’ = 2w A A

@ Using Generalized Wick Theorem : (8°|H|®%) = E[p%%, k9%, k¥0*](20|®¥)

o E[p k%%, k¥0%] is the same functional but of transition density matrices
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Projection method

Q Symmetry breaking state |®) = chm|\lllm)

elp,K,k*;|ql]

Q Projected state/energy is obtained thanks to

1 20+1
vy = — QDk P
W = =% [ Dl @R@)I®)

1

Czkk Clm

g =

241 / DL, ()(®|HR()|®)

Q Can be proved using
> (Ul RO T) = Dy (D

2
53 U
3 /dQDmk(Q)Dm/k/(Q)

T
CTE 1511/5mm'5kk'

@ Using Generalized Wick Theorem : (®°|H|®%}) = E[p"?, k0%, x20%] (00| 0?)

o E[p"? k9 k9204 is the same functional but of transition density matrices
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Ingredients of the EDF method

Two-level variational wave-function method

15¢ level: HFB 274 level: projected HFB
. : 1d 5
Trial WF : |®0) = [ 8410} Trial WF: [w3) = 3 /g dm(9)S2% (9)R(9)|o)
o
Sym. break. ¢ = |g|e’9 # 0 Sym. restor.
15t ond A 1 dy A
B, = (®o|H|®0) By =(Q|H|YZ) = — — [ dm(g)Sz; (9)(®o|H|Pg)
lq| oo v
AbEra VG /G
{ {
Standard Wick Theorem Generalized Wick Theorem
J J
(®o| H|Do) = Elp, &, k"] (@o|H|®g) = E[p%, k%9, 9% %] (B0|®y)
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Ingredients of the EDF method

15¢ level: single-reference 274 level: multi-reference
Trial state |®o) = Hﬁu|0> Trial set of states {|®,) = R(g)|®o); g € vg} # |¥2)
i
Sym. break. g = |g|e? # 0 Sym. restor.
EXR = E[p, m, 7] =1 / dm(g) S ()E[0%9, K09, K90 (o| @)
C3pCra VG
EX # (Do|H|P7)

Bulk of correlations resummed into £[p°9, x99, k90 *]
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Ingredients of the EDF method

15¢ level: single-reference 274 level: multi-reference

Trial state |®g) = Hﬁu|0> Trial set of states {|®,) = R(g)|®o); g € vg} # |¥2)
m

Relevant questions

Q Is the WF—EDF mapping efficient? Is it safe? How is it constrained?
Q Is the GWT-inspired mapping £[p%, k%9, k9° *] appropriate?

EX # (RolH|PZ)

Bulk of correlations resummed into £[p°9, x99, k90 *]
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Particle number restoration pathologies

for E[ppp]

} e 5angles ]
1 1 1 1 — 199 angles
04 <02 00 02 04 06 08 i1 I 1 I | L 1 1
ﬂZ -04 0.2 0.0 0.2 0.4 0.6 0.8

By

[M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319] [M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319]
y

Q Divergencies and finite steps [J. Dobaczewski et al., PRC76 (2007) 054315
Q GWT-inspired £[p%, k%, k9°*] unsafe in EDF context
Q Originates from self interaction and self pairing in the EDF kernel
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Particle number restoration pathologies

T
RPN\ - St

140

lve-function method

------- 5 angles
— 199 angles
1 1

1 1
-04 0.2 0.0 0.2 0.4 0.6 0.8

By

[M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319] [M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319]
v,

Q Divergencies and finite steps [J. Dobaczewski et al., PRC76 (2007) 054315
Q GWT-inspired £[p%, k%, k9°*] unsafe in EDF context
Q Originates from self interaction and self pairing in the EDF kernel
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Particle number restoration pathologies

@ The Fourier decomposition of MR kernel on U(1) Irreps reads

0p  0p 0 2 MR iA
Ep"? KO0 kP (Ro|Dy) = Y E4T €
Aez

9 S%R # 0 for A < 0!!' [M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319]

. . A\ T T T T T
Regularized PNR calculations 31 Pl o 5 angles uncomected
132 [F ---- 199 angles uncorrected

— corrected

Q Ermc = Ep*?, k%%, k0% — Ec(@ol; |Py)]

@] E%R is free from divergencies/steps

E (MeV)

Q eME—0fora<o0

Q Depends on the quadrupole deformation

. e . -0.4 -0.2 0.0 0.2 0.4
@ Crucial at critical points and away from them By

Q@ On the MeV scale = mass accuracy [M. Bender et al. PRC79 (2009) 044319]
. >
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Particle number restoration pathologies

@ The Fourier decomposition of MR kernel on U(1) Irreps reads

0p  0p 0 2 MR iA
Ep"? KO0 kP (Ro|Dy) = Y E4T €
Aez

9 E}XIR # 0 for A < 0!!' [M. Bender, T. Duguet, D. Lacroix, PRC79 (2009) 044319]

Regularized PNR calculations

Can we find math. properties from w.f. methods that may not be respected by EDFs ?

- R R R T S R AT o) = 136

Mg
Q 5%R=0f0rA§O 138
. -139 I
@ Depends on the quadrupole deformation 140 Farpp A—a
] (e ) L L L
. e . -0.4 -0.2 0.0 0.2 0.4 0.6 0.8
@ Crucial at critical points and away from them By
Q@ On the MeV scale = mass accuracy [M. Bender et al. PRC79 (2009) 044319]
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Angular momentum restoration

@ The "Fourier” decomposition of MR kernel on SO(3) Irreps reads

02 09 Q0 l l
EP™ B KT (@0]@0) = D mcik Dik(Q) €
Imk

Wave-function methods : angular-momentum-restored energy

9 After "tedious but straightforward calculations”
21
1 = o 2 =3 5 I l 2
5 [ 4R v R = [af S0 W) clingi(#)
I'=0

@ Mathematical property of the angular-momentum-restored density energy

o After "tedious but ... calculation”

g = /dRZg”’ )Y (R)

ll_

T. Duguet, J. Sadoudi : arXiv:1001.0673v2
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Conclusions

Constraints on EDF

9@ Open up new path towards constraining MR-EDF calculations
[T. Duguet, J. Sadoudi : arXiv:1001.0673v2]

@ Find constrains for a bilinear Skyrme like EDF

9 Find constrains for a general Skyrme like EDF
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