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Introduction
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Nuclear structure: methods

® Unified, microscopic theory 7

m Perturbation theory: fail (repulsive core)
® Ladder resummation (Brueckner): fail
(involved, 3N force needed)
m Effective NN+4-3N interactions: fail
(pairing, INM EoS, ferromagnetism, parameters)
Effective density-dependent “interactions”: density functionals
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Nuclear structure: methods

® Unified, microscopic theory 7

Perturbation theory: fail (repulsive core)

Ladder resummation (Brueckner): fail

(involved, 3N force needed)

Effective NN+3N interactions: fail

(pairing, INM EoS, ferromagnetism, parameters)

Effective density-dependent “interactions”: density functionals

“Beyond-Mean-field” scheme (Hill-Wheeler-Griffin)

BEui(q) = g%%(q’O(Q)‘TJFVeH*/\@‘q’O(Q» - |®o(q))
E = mn / dadq’ £(a) F(a) @o(a)| (T + Ver) Pazrnarc|®o(d))

Deformed rotor /vibrator but [H, J?] = 0:

break then restore symmetries
M. Bender, P.-H. Heenen, P.-G. Reinhard,

Rev. Mod. Phys. 75, 121 (2003)
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Nuclear structure: methods

® Unified, microscopic theory 7

Perturbation theory: fail (repulsive core)

Ladder resummation (Brueckner): fail

(involved, 3N force needed)

Effective NN+3N interactions: fail

(pairing, INM EoS, ferromagnetism, parameters)

Effective density-dependent “interactions”: density functionals

“Beyond-Mean-field” scheme (Hill-Wheeler-Griffin)

Bmi(q) = qgf)lgzl)@o(q)\TJrVefrk@\@o(q» - |®o(q))
E = mn / dgdq’ () 1(d) (®o(@)| (T+ Verr) Przanrrcl®o(d)

Deformed rotor /vibrator but [H, J?] = 0:

break then restore symmetries
M. Bender, P.-H. Heenen, P.-G. Reinhard,

Rev. Mod. Phys. 75, 121 (2003)
...but theory is ill defined: back to interactions ?
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MR-EDEF: Capabilities

- ot -
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B

M. Bender, P. Bonche, T. Duguet, and P.-H. Heenen, PRC 69, 064303 (2004)

®m Describe A-body correlations

m + Fission, reactions (TD extension), neutron star crusts...
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Foundations of nuclear DFT
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Hohenberg-Kohn-Sham scheme (quick version)

Consider a system with Harr}iltonian H=T+U+Vwith T kinetic, U
interaction (NN+3N+...), V ~ o(7) ext. potential

Flv] = m$n<\mT+ U+ V)

m Legendre transform with p(7) = 9E/0v(7)

Elp] = min [F[v]—/dgfv(F)p(?)} = min(¥|T+ U|P)
v U—p
® E[p] “universal” w.r.t choice of v
m Kohn-Sham scheme: write
Elp] = Ts[p]+ Enlpl + Exc[p]
N
. 1 3 * —
Tslp] = min —f/dr ¢; () Ay (7
el = omin -3 ;m i(7)

® G.s.: minimum of E[p]
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Foundations of nuclear DFT
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Definitions

m Consider a system of N particles with Hamiltonian H=T+U+V
(kinetic, interaction, ext.)

RE(F17"'7FN)7 d3NREd3F1...d3FN
m Now consider real functions Qu(¥), p=1...n, ¢=(q1,---,qn)

QuR) = Y Qu(#)

P(g,R)
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s P projects on an eigenspace of Q
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Foundations of nuclear DFT
[¢] lele]e}

Definitions

m Consider a system of N particles with Hamiltonian H=T+U+V

(kinetic, interaction, ext.)

R=(7,....7y), dEVR=d%7.. >y
m Now consider real functions Qu(¥), p=1...n, ¢=(q1,---,qn)
QuR) = Y QuF)

P(gR) = [[o(Qu®)-qn)

s P projects on an eigenspace of Q

m Define the generalized density

/ Functional Theory with s



f nuclear DFT

External potential

m Let w(g,7) be a real (bounded) function and

w@R) =Y uwi)  WER)= [guaR) PeR)

%

(O W|w) = /d"g/df*?w(g,?) D(q,7)

m First, define the functional (assume non-degenerate)

m We have

Flw] = m$n<q/\T+U+Vv|q:>

E[D] = mm{F[w /d" /ddrwq, D(g,7)

=  min <\II|T+ U|\II
v—D

®m then

= Universality: V is a special case of W (w(q,7) = v(7))

s Functional Theory with sp -symmetry bres



ions of nuclear DFT

m g-dependent wave function (“slice”)
V(gR) = [ (9 P(¢eR) U(R)
[ Ry R v R = i)

m d(g,7) is the density of ¥(g¢,R)
/ VR 5O (7 )W (@ R) W R) = 0 (g q)d(a.F)
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ions of nuclear DFT

m g-dependent wave function (“slice”)
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Foundations of nuclear DFT
[e]e]e]e] ]

Properties

m Normalisation

/ e f (@) = 1
Vg,/d377d(g,?) = N
V?,/d"gD(g,F) = p(P)

/d"g/dBFD(g,F) = N

m Verify that

/ Functional Theory with s



Foundations of nuclear DFT
®00000

Collective coordinates

m Assume...
® f given by symmetry
= d(g,7) and d(¢’,7) related by sym. transformation

m ...then E[f,d] = E[pint], with pint(7) = d(0,7)
®m Functional of the density of “pinned down” w.f.
m (Q1,Q2,Q3)(7F) = %(:p, y,2): internal-frame DFT
Messud, Bender, Suraud, Phys.Rev.C 80 054314 (2009)

m Note: D(g,7) conserves symmetries !

y Functional Theory with sp ymmetry brea and confi



Foundations of nuclear DFT
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Collective coordinates cont’d

= (@1, Q2 @8)(M) = §(2,9,2), call (¢1,02,43) = R
m Now, add to (gu) the inertia tensor

y2—|—z2 —zy —Iz
J = /d?’F —yr 22422 —yz d(R,J,7)
— 2% —zy x2+y2

®m Huygens-Steiner theorem for
intrinsic inertia tensor

Jo = J-N(RI-R®R)

u (E,J) — (é,rrm37ﬁ77,80,197¢):
Rotation + quadrupole vibrations

922 — 22 _ 2,
Bcosy = \/f(z $2 Y )int
5 N rfms

3m <£t2 - y2>int
5 N1

y with



Foundations of nuclear DFT
00®000

Internal/intrinsic density
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FIG. 15. Contours of constant density, plotted in cylindrical
coordinates, for 5Be(0%). The left side is in the ‘‘laboratory’’
frame while the right side is in the intrinsic frame.
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8Be, AV18+UIX
GFMC

m Left: }_é_'
= Right: R,p,0

‘Wiringa, Pieper,
Carlson,
Pandharipande,
Phys. Rev. C 62,
014001 (2000)
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Collective equation ?

m Rewrite w.f. U(R) as




Foundations of nuclear DFT
000@00

Collective equation ?

m Rewrite w.f. U(R) as

m Assume U local

Elf,d] = (V[f,d|T+ U+ V|[f,d)

[ *ql QZauAW 0w +U(g)

~ I3 (0@ +Vula )%)1 (@)
1

Elf,d]

configuration mixing

Density Functional Theory with spatial-symmetry breaking and c
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Collective equation ?

m Collective mass

Auv (g)

Density Functional Theory with spatial-symmetry breaking and configuration mixing



iclear DFT

Collective equation ?

m Collective mass

-A 17 ~ 14
v (4) (P()) v (q)
Fu(g) = /dgNRP(tLR)W@u(R)] [VQu(R)]¥*(R)¥(R)
m Collective potential
10u0(9)0v6(g) 1 0u(P(q)) 0 (P(q))
U = 2wl [2 Py 5 (P ]
1 Fu(q) . . 1 Ju(q) 9u0(q)
IS0, |22 5 by | - 2 47974
P GO~ TGy
1 3N 7 * 1A L7
+ (p(q»/d R P(¢,R)¥ (R)[—§A+ U(R)}\I/(R)

A7 Vexct (F) d(q,7)

+

>reaking and configuration mixing

2l-symmetr
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iclear DFT

Collective equation ?

m Collective mass

Auu(g) = T FP«V (g)

Fuv(g) = /dSNRP(gR)W@u(R)]'W@u(R)]\I’*(R)\P(R)

Density Functional Theory with spatial-symmetry breaking and configuration mixing



iclear DFT

Collective equation ?

m Collective mass

Auv (g)
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iclear DFT

Collective equation ?

m Collective mass

Al <P2q)> w9
Fu(g) = /dgNRP(tLR)W@u(R)] [VQu(R)]¥*(R)¥(R)
m Collective potential
10.0(9)0,0(q)  19u(P(q))0u(P(g))
u = v = = =4 = = =
(9) ; v () lz (P(q)) 8 (P(q))3

Density Functional Theory with spatial-symmetry breaking and configuration mixing



Foundations of nuclear DFT
00000e

Collective equation ?

m Current term

90(q)  Ju(9)
Vv = Fuu . 57
u(2) ; 95 T )

Ju(@) 5/d3NRP(q, R)VQu(R)
[VI*(R) ¥(R) - 0" (R) VI(R)] .

m Choose 0(g) to make f continuous, and/or cancel V with

> Ful)ota) = —Julg),

Density Functional Theory with spatial-symmetry bre d configuration mix



Foundations of nuclear DFT
00000e

Collective equation ?

m Current term

o0(q)  Ju(q)
)% = Fu ~ SN
WO = D Fw@ o )
Julg) = %/dg’NRP(q, R)VQu(R)

[VI*(R) ¥(R) - 0" (R) VI(R)] .

m Choose 0(g) to make f continuous, and/or cancel V with

> Ful)ota) = —Julg),

[0 Minimize energy: collective Schrodinger equation

5" O lf (@)D, U, d)(a) + Uealf d)0) — B | F(a

ny

m Forex. if ¢ is R, A lf,d](q) = % and U[f,d](q) = Eint

S
Il
o
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Kohn-Sham scheme

= Write the collective potential U as (def pq(7) = d(g, 7))

Ulf,di(@) = Tslpg +U™f,d)(q) +UIf, d](0)
N

/ g ) Adi(g;7)

Ts [Pg]

min
{¢i}_>pq

s Functional Theory with sp -symmetry bres and config ion mixing



Foundations clear DFT

Kohn-Sham scheme

= Write the collective potential U as (def pq(7) = d(g, 7))

Ulf,dl(e) = Tslpg +U(f,d)(q)+UIf, d)(q)
1 N
= min |—= [ 7Y ¢i(g7)A¢i(g;T
Ts[Pg] - {¢i}—>05 2/d ;¢z(gv )A¢ (g’ )‘|
m Kohn-Sham equation
8 [E=11@Per(@)(ablah) ~ F (@ 5, Ml @uloo)|
Sy (a:7 ) B

F@F | = 3A+ (7)ot (7) = Ma Qu(F) 1) | x(@7) = 0

Density Functional Theory with spatial-symmetry breaking and configuration mixing



Foundations clear DFT

Kohn-Sham scheme

= Write the collective potential U as (def pq(7) = d(g, 7))

Ulf,dl(e) = Tslpg +U(f,d)(q)+UIf, d)(q)
1 N
= min |—= [ 7Y ¢i(g7)A¢i(g;T
Ts[Pg] - {¢i}—>05 2/d ;¢z(gv )A¢ (g’ )‘|
m Kohn-Sham equation
8 [E=11@Per(@)(ablah) ~ F (@ 5, Ml @uloo)|
Sy (a:7 ) B

F@F | = 3A+ (7)ot (7) = Ma Qu(F) 1) | x(@7) = 0

m v(g;7) optimizes energy: functional derivatives of U, A

Do , 5A y 12 , 6ulc+ext
san) = [ d"qf(q)[aué o) o4

»-Q

)] 7(d)

Density Functional Theory with spatial-symmetry breaking and configuration mixing



Foundations of nuclear DFT
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Kohn-Sham scheme

m Nothing new ! Collective Hamiltonian
Review: Préchniak, Rohoziniski, J. Phys. G 36, 123101 (2009)
m Equation for quantum vibrating droplet (Bohr)
m A, 7 Inglis(-Belyaev), ATDHFB,...
m Approximation to Hill-Wheeler equations (GCM-GOA)

L] 5Auy(g/)/5d(g, 7) term: use OEP
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Kohn-Sham scheme

m Nothing new ! Collective Hamiltonian
Review: Préchniak, Rohoziniski, J. Phys. G 36, 123101 (2009)
m Equation for quantum vibrating droplet (Bohr)
m A, 7 Inglis(-Belyaev), ATDHFB,...
® Approximation to Hill-Wheeler equations (GCM-GOA)

L] 5Auy(g/)/5d(g, 7) term: use OEP

= Assume. ..
m Weak feedback from f (neglect above)
Ulf,d)(q) depends on d(q’,7) only, for ¢' = ¢ only
Ulf, d(q) = Ulpg]
0 us(g,7) = 0U/bpq(T)

0 U[pg): Skyrme/Gogny /relativistic/... functional

[J Collective equation can be solved a posteriori

m Use DFT methods to build ¢/ ?

s Functional Theory with sp -symmetry brez and config ion mixing
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Summary and outlook

m Generalized DFT: we can obtain a model with

A collective Hamiltonian

...coupled to single particle degrees of freedom
...potentially exact

...from first principles
...that looks just like a Bohr Hamiltonian

TL, arXiv:1301.0807 (2013)

rmmetry brea and confi
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Summary and outlook

m Generalized DFT: we can obtain a model with

A collective Hamiltonian

u

® ...coupled to single particle degrees of freedom
= ...potentially exact

® ...from first principles

= ...that looks just like a Bohr Hamiltonian

TL, arXiv:1301.0807 (2013)

= To be noted
m More complex/rich structure than E[p]
® Any prescription for A, U is part of the functional definition

® Minimum of U of no physical significance.

symmetry brea
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Summary and outlook

m Generalized DFT: we can obtain a model with

A collective Hamiltonian

u

® ...coupled to single particle degrees of freedom
= ...potentially exact

® ...from first principles

= ...that looks just like a Bohr Hamiltonian

TL, arXiv:1301.0807 (2013)

= To be noted
m More complex/rich structure than E[p]
® Any prescription for A, U is part of the functional definition

® Minimum of U of no physical significance.

m Determine the functional (A,U)[f,d] ...

symmetry brea
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