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Talk in one slide

Q@ Two-step nuclear EDF method (i) single-reference (ii) multi-reference
@ Built by analogy with wave-function based methods (no existence theorem)

@ SR-EDF has both similarities and differences with (standard) DFT

Q@ Strongly relies on spontaneous symmetry breaking (SR) and restoration (MR)

.

€[p,K,k%;]q]]

Symmetries
Broken Not broken
(SR-EDF) (DFT)
Projection Correction

(MR-EDF) (Lipkin, Kamlah ...)
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Talk in one slide

Q@ Two-step nuclear EDF method (i) single-reference (ii) multi-reference
@ Built by analogy with wave-function based methods (no existence theorem)
@ SR-EDF has both similarities and differences with (standard) DFT

Q@ Strongly relies on spontaneous symmetry breaking (SR) and restoration (MR)

Take-away message

Q@ MR-EDF tackles long-range fluctuations and accesses collective excitations

Q MR-EDF calculations must be constrained through consistency requirements

Nuclear MR-EDF method
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Ingredients of the nuclear EDF method

e-function method

15t level: HFB 22d Jevel: projected HFB + GCM

Trial WE: |®,) = Hug;ﬂo) Trial WEF: |U) = quq|<1>q) = Zlql 991 Px|®q))
Sym. break. ¢=|q|e*¥ #0 Sym. restor. (Zw) and zero-point fluct. (Zlql)
[X,H] =0 for {X} ={N,Z,P,J2,J,, T2, T,, 72}

Static collective correlations Dynamical collective correlations

st nd
B = (@,|H|®,) B = (WH) = Y, 11y (@l HI® )
Standard Wick Theorem Generalized Wick Theorem
A8 {
(Pq|H|®q) = E[p??, k%, k99%] (Bg|H|® ) = E[p10 599 54 1%] (D] 1)

Egcnd invokes the SAME functional of
(all) transition density matrices
p9’ kad’ and x9'9*

st , .
E1q is a functional of
diagonal density matrices

099, k99 and K99*
v
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Ingredients of the nuclear EDF method

15t level: single-reference 274 Jevel: multi-reference
Trial state |®q) = Hu B |0) Trial set of states {|®,)} # | V)
= i -poi
Sym. break. ¢ =|q|e’¥ #0 Sym. restor. (z(P) and zero-point fluct. (Z|‘1|)

[X,H] =0 for {X} = {N,Z,P,J2,J,, T2 T,, T2}

Static collective correlations Dynamical collective correlations

5|Sql|‘ =E[Py; ) # (Py|H|Dy) B — qu, Frfy E1@g; @y ]1(Dg|® ) # (V| H|T)

Bulk of correlations resummed into E[®g; ] = E[pqq,,nqq,,ﬁq,q*]

5 [£SR —\Tr{p} — )\|‘1|Tr{pQ}} =0 SEMR /52 =0
|
HFB-like equations Hill-Wheeler-Griffin-like equations

Nuclear MR-EDF method
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Ingredients of the nuclear EDF method

o-level energy density f 1 method
15t level: single-reference | 274 Jevel: multi-reference
Trial state |®q) = Hu B10) Trial set of states {|®,)} # | V)
= ip -DOi
Sym. break. ¢ =|q|e’¥ #0 Sym. restor. (z(p) and zero-point fluct. (Z|‘1|)

Relevant questions

Q@ Is the WF—EDF mapping efficient? Is it safe? How is it constrained?

Q Is the GWT-inspired mapping E[®q; @] = S[pqql,nqql,nq/q*] appropriate?

G S PG R F (R H|Pg) | EXTE= D STy ElPe Ry (g R} F (WIH|Y)

Bulk of correlations resummed into E[®g; ] = E[pqq/,nqq/,nq/q*]

§|ESR _\Tr{p} — )\|‘1|Tr{pQ}} =0 SEMR /52 =0
|
HFB-like equations Hill-Wheeler-Griffin-like equations

Nuclear MR-EDF method
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Set of constraints from consistency requirements

SR-EDF [J. Dobaczewski, J. Dudek, APP B27 (1996) 45]

[ Elsqlf must be real and a scalar under all R(g) € symmetry group G

2TLd

m Example: rules to build local Skyrme EDF to order in o, and V

= -

Elp, k7] E/ng[pT(F)aTT(F)vJT,pV(F)agT(F)va(F)v Tp(7), Fr(7),pr(7); V]

Nuclear MR-EDF method
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Set of constraints from consistency requirements

[J. Dobaczewski, J. Dudek, APP B27 (1996) 45]

SR-EDF
[ E‘Sql‘)‘ must be real and a scalar under all R(g) € symmetry group G

m Example: rules to build local Skyrme EDF to 2" order in o, and V

- - =

g[pa"ia’i*] E/ng[pT(F)aTT(F)vJT,uV(F)agT(F)va(F)v TT(F)’FT(F)vﬁT(F)aV]

337; JPG 37 (2010) in press

MR-EDF [L. Robledo, IJMP E16 (2007) 3:

o E)I\é[R must be real and a scalar under all R(g) € symmetry group G

Q Consistency of MR and SR schemes

0 R =5 when {|®q)} — |®g)

© Chemical potential A must be recovered from Kamlah expansion of E}V/IR

® QRPA must be recovered through harmonic limit of S%R

Extension to MR kernel must implicate transition densities only
Off-diagonal MR kernel
. . . 7 7 7
GWT-inspired connection S[pqq 7qu 7,icl Q*}
(only) viable option?
v
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Diagonal SR kernel
E[p9q, kA9, 9]
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Unexpected pathologies

icle number restoration (PNR) example

Q Select appropriate MR set {|®,) = eiN“’|¢‘o) ;o €10,2m)}
Q Define non-diagonal MR kernel £[p%%, k%%, £79*] (®¢|®,) from SR functional

Q Expand MR kernel in a Fourier series over U(1) Irreps
Z c?\; 8%“‘ e
NezZ

(®o|Dy) = ™
NEZ

Ep"?, k%%, k0% (o |Dy)

to obtain real, scalar, particle-number-restored MR energies

MR N oo o 0

Sk

MR _ / dip Gy E[p*% 5%, k707 (@00,
0 TN

@ Compute... so far so good...

Nuclear MR-EDF method
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ted pathologies

:RS.N:N'J vs pag for 5[/)/)/)1/6] S%[:R&N:l( vs p2o for E[ppp)

wifo] . - Sanges ]

— 199 angles
141 i 1 | 1 1 1 1

04 -0.2 0.0 0.2 0.4 0.6 0.8
By

[M. Bender et al.,, PRC79 (2009) 044319] [M. Bender et al., PRC79 (2009) 044319]
v

@ Divergencies and finite steps [J. Dobaczewski et al., PRC76 (2007) 054315]
@ Non-analyticity of £[p%,x%?,k?9*] over C*-plane with e’ = 2
(%) E%R #0 for N <0!! [M. Bender, T.D., D. Lacroix, PRC79 (2009) 044319]

Q@ Similar problems for other MR modes, e.g. angular momentum restoration

Nuclear MR-EDF method
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cMR

EYBS N—10 VS p2o for E[ppp™/©]

Constraining MR-EDF
0000800000

S%IZR&N:H) vs p2o for E[ppp)

-130

Perspectives

-137
-138
-139

_-140

[

TeV

[SIRPYH)

E

-143

-131

-132

-133

Pt

TeV

135
[SIREN)

-137

Ba

[M. Bender et al., PRC79 (2009) 044319]

0.2
By

0.4 0.6

[M. Bender et al., PRC79 (2009) 044319]

@ Divergencies and finite steps

[J. Dobaczewski et al., PRC76 (2007) 054315]

@ Non-analyticity of £[p%,k%?,k¥0*] over C* via €' = 2

Q eNR L0 for N <O

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

Q@ Similar problems for other MR modes, e.g. angular momentum restoration

Nuclear MR-EDF method
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Regularization method

Origin of the problem and

Q Alternative method to define £[®4;®,/] that relies on
@ Considering Bogoliubov transformation connecting |®4) to |®4/)
© Using Bloch-Messiah-Zumino decomposition to reach BCS-like connection

=Cyq H (A7p+ Bppay g ) [9q)
p>0

© Using SWT to compute (Pq|H|P )/ (Pg|Pyr)
@ Extending to EDF disconnected from genuine operator H

Q GWT-inspired E[®q; P ] = S[pqq/,/iqq/,nq,q*] unsafe in EDF context
® Provides dangerous terms with weights that are zero with SWT
@ Such terms cancel for WF method but not for more general EDF
@ Originates from self interaction and self pairing in the EDF kernel

[D. Lacroix, T. D., M. Bender, PRC 79 (2009) 044318]

v

Nuclear MR-EDF method
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Regularization method

Perspectives

n Erpcl®o;®y] = E[p°7, k0%, k0% —Ec((Dol;|Py)]
@ Analytical over C*
o E}V/IR free from divergencies and steps while E}V/IR =0for N0

T T T T T T T
-+ 5 angles uncorrected

- 199 angles uncorrected

— corrected

.
131 Py

-132

33
—~ -134
o -135
S 36

0

-138
-139
-140

T T I (]

m The correction

@ is crucial at critical points but also away from them

Q depends non-trivially on the quadrupole deformation pag

Q is on the MeV scale = mass accuracy/spectroscopic scales
[M. Bender, T. D., D. Lacroix, PRC 79 (2009) 044319]

<
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Regularized PNR calculations

» Erpcl®o; p] = E[p", k0%, KPO*]—Ec[(ol; |Dy)]
@ Analytical over (C*

Mathematical constraints from wave-function l)elonglng to Irrep
@ Physics tell us that S%R =0 for N <0 in PNR

Q@ What about expansion coefficients for other symmetry groups G = {R(g)}?

4 i i MR oA
E[p9 k9 kT gl @g) = Y Raens EX Say(9—9)
Aab
* A
(@gl@g) = > Kacrb San(9—9)
Aab

@ is crucial at critical points but also away from them
Q depends non-trivially on the quadrupole deformation pag

Q is on the MeV scale = mass accuracy/spectroscopic scales
[M. Bender, T. D., D. Lacroix, PRC 79 (2009) 044319]

<
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Angular momentum restoration

Expansion of MR kernel over Irreps of

£l k0 kT (@0l®a) = D chmerk EL Dk (Q)
LMK

Nuclear MR-EDF method
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Angular momentum restoration

nsion of MR kernel over Irreps of SO(3)

£l k0 kT (@0l®a) = D chmerk EL Dk (Q)
LMK
Wayve-function method [T. D., J. Sadoudi, JPG 37 (2010) 064009]
1 2L
MR P 2 B 3 L'0 LM ® /4
FaE = §/der V(r)p[L}MLM(R,r):/dR ST VECR) CEfoYE(R)
L'=0

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

Nuclear MR-EDF method
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Angular momentum restoration

Expansion of MR kernel over Irreps of SO(3)

Q QO M L
E™ k" kN0 (@ol®a) = Y cimerk EL Dirk(9Q)
LMK
ve-function method [T. D., J. Sadoudi, JPG 37 (2010) 064009]
MR 1 = o0 2 = LM 0 /7
EL S §/deT’ V( )p[L;V[LM(R’ /dR Z V CLML’O YL/(R)
L/_

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

<

EDF method

m Properties of 5[,00Q HOQ,HQO*] needed to verify the above property?

EMR = /dR Ze R) Yi./(R)

L/_
® Unfinished calculation so far

<

Nuclear MR-EDF method
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Q Build correctable EDF of the form £[p", (k" k)"™]

[J. Sadoudi, T. D., M. Bender, K. Bennaceur, in progress]

Q Perform systematic regularized MR calculations for AMR and Apgp mixing

[J. Sadoudi, M. Bender, T.D., D. Lacroix, in progress]

Q Derive constraints on EDF kernel to satisfy AMR mathematical property

[J. Sadoudi, T. D., in progress]

Q Need a constructive framework for MR-EDF method

Nuclear MR-EDF method
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Ingredients of the nuclear EDF method

Non-negligible differences between EDF and WF methods

st
Q Energy E\lq\ = (Pq| T + Vikyrmel®q) = E[p??, 619, 611%] (24| ®q)

3 2 2
Bl " Z/d [ o papg + iy’ palpg + Cyy (PqTq’ —qu,)
+02% 33y + O 5 Ay + C2Y7 (pﬁ- Ty +70¥ x gq,)

+ O3 (V5 5+ o (3 Tasuw g =50 Top)
v

+O”<Z‘]‘LMMZ=}%MM+ZJq,;qu,uu—Q§q'ﬁ'q>}

—1—2/113 |+ ]+Z/d37~_m

4
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Ingredients of the nuclear EDF method

Non-negligible differences between EDF and methods

Q Replace E[p?, x99 k7% by E[p99, k%9, k97"] to resum correlations

Skyrme energy density functional

3 A % @
clonn’) = 3 [0t pan+ CL2* patog+ 5 (ourg=Ta Ty
aq’

+Ci 3q-Fg + Cog > 5q- A3y + C0YY (pﬁ. Ty +74-V x gq,>

VsV - - Jd -~
+ OV (V5 5+ Coh (D aaw T o =50 Tor)
uv

+CT (3 Jae 3 Jasn+ Y Ja Jaon =25y ﬁq)]

I n v
. %2
-I—Z/d?’r {C,’I),f|pq|2+..} +Z/d3T%Tq
q q

Nuclear MR-EDF method
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Link with QRPA

QRPA from Time-Dependent SR-EDF calculations

Q@ Adiabatic-type scheme (omitting anomalous densities k)

0% [p]

0% [p]
8pimapjn

Aminj = (ém — €;) Omn 055 +
ming ( m 7,) mmn 05 8Pimapnj

5 Bminj =

Q Extensions (e.g. second RPA...) needed to access spreading width

Nuclear MR-EDF method
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Link with QRPA

QRPA from Time-Dependent SR-EDF calculations

Q@ Adiabatic-type scheme (omitting anomalous densities k)

0% [p]
8pimapnj

0% [p]

Aminj = (Gm - 67,') Omn 51‘]’ aF W
imOPjn

5 Bminj =

Q Extensions (e.g. second RPA...) needed to access spreading width

QRPA from Projection+GCM in WF method
= QRPA (WF)
Aminj = (Em - Ci)émn(sij + Umjin Bminj = Umnij
m QRPA (WF) is recovered from the harmonic limit of GCM (WF)
[B. Jancovici, D. H. Schiff, NP58 (1964) 678]
Q@ Use Thouless parameterization |®q) =exp[)_, 2z *al, [ 1|®0)
Q Expand (g|H|Py)/(Pq|Py) to second order in 29 /29*

Q Assume gaussian overlap (®q|® /) o exp|Tr(z4 z‘”)]

m HFB + GCM can tackle large amplitude anharmonic collective motions

<
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. . . 2
Ground-state correlation energy associated with X = J~

Collective coordinates = "Order par:

Q |¢| = multipole moments of p(7)

Q ¢ = Euler angles («,3,7)

0
O al = px al = pao

[M. Bender, private communication] [M. Bender, private communication]

Nuclear MR-EDF method
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Ground-state correlation energy associated with J

Collective coordin:

Q |¢| = multipole moments of p(7)
AEME _ ¢MR _ \pipy {5SR}
Q ¢ = Euler angles (o, 3,7) = = lal\ “lal

Stiff nucleus for |g| = p20
40 20 0 20 40 60 80 100
T T T T T T T
2o 0 O 0 O
r -1790
> 705 &>
< <
= =)
= -1800 A
projected HFB | -1805
aeM
0
O lal =po |al = pao
[M. Bender, private communication] [M. Bender, private communication]
v v
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. . . 2
Ground-state correlation energy associated with X = J~

T T
deformation energy

T T T T T T
quadrupole correlation energy (mean-field + =0 GCA)

T T
% (GOMI=0)

I I I I I I I I I I I I I
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160
Neutron Number N Neutron Number N

Q@ Deformation/fluctuations dominant in heavy /light nuclei
Q Right balance between open- and closed-shell nuclei from single EDF

@ Improve ground-state observables systematically, e.g. 05149 = 800keV

<
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Collective excitations

e

T -

149 2
——0"
7

o
5 4
' /‘ 4
+ 5 i 3\
4 10 2

o /s

s

2}

s/
0\

triaxial+axial experiment

B (MeV)

[M. Bender, P.-H. Heenen, PRC78 (2008) 024309]

Electromagnetic transitions

m Vibrational + rotational states m Restoration of ( J?, J2) essential
m Nicely aligned with experiment m Selection rules recovered
m Too spread out spectrum ® Good in- and out-band B(E2)

Nuclear MR-EDF method



	Introduction
	Differences between wave-function and EDF methods

	Constraining the MR-EDF method
	Basic consistency requirements
	Unexpected pathologies
	Regularization method
	New constraints?

	Perspectives

