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I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

2 Nuclear systems : huge variety of behaviors
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| I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

& Cross-fertilization

< Mesoscopic physics

2 Particle physics < Astrophysics




| I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

& Why such a diversity ?

/:) Emergent phenomena : hallmark of many-body systems

+»» Behavior not reducible to some sort of sum of the
behaviors its parts

% Behavior not predictable given the full knowledge of the
behaviors its parts

% Behavior somehow novel by some salient standard

k:> When many particles interact totally surprising results can emerge /

Anderson P.W., Science 177:393-396 (1972)
Batterman R.W., Fond. Phys. 41:1031-1050 (2011)




I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

& Why such a diversity ?

/ 2 Nuclear systems = mixture of 4 types of non-elementary fermions feeling various interactions\
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Binds nucleons in Asymmetry Exotic nuclei decay Binds neutron
nuclei proton/neutron towards stability line in neutron stars

= saturation Limits size nuclei




| I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

& Why such a diversity ?

4 )

2 Finite size effects non negligible

= Adding even one nucleon to a nucleus can lead profound structural changes

- J

Courtesy of T. Duguet

[ 2 Openness of the nuclear quantum system J




| I. Microscopic approaches of nuclear systems A) Richness of nuclear systems

& Consequences

4 )

2 Theoretical description of nuclear systems = a hell of a challenge !

% Perturbative methods can hardly be used as is

+ Statistical treatment does not apply

. J

[ < Proliferation of nuclear models ]
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& Relevant degrees of freedom

Fundamental
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R.J. Furnstahl, Lecture Notes in Physics
641:1-29 (2004)
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| I. Microscopic approaches of nuclear systems B) Strenuous task

& What is a microscopic approach of the nucleus ?

4 )

< Nucleus = A point-like nucleons in interaction

H = ZI—I_ZMJ_'_ Z I/z}A—|'

\ i<j=1 i<j<k=1 )

< Difficulties

% Treatment of the inter nucleonic interactions

¢ Many-body problem

. J




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& Inter nucleonic interaction

< In Real life, nucleons = composite particles involving quarkic and gluonic degrees of freedom

% Strong interaction between nucleons reminiscent of strong interaction
between their quarks and gluons

= Complicated form for the corresponding NN potential (non-local, spin

\ orientation dependent, ...) /
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I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& Inter nucleonic interaction

/3 In Real life, nucleons = composite particles involving quarkic and gluonic degrees of freedom \

% Strong interaction between nucleons reminiscent of strong interaction
between their quarks and gluons

= Complicated form for the corresponding NN potential (non-local, spin
orientation dependent, ...)

% Internal structure = existence of more than pairwise interactions in the point-like

\ picture

: - e - - - - C L ¥ ¥
T m T

C1,C3,Cy CD CE

Bogner et. al, Prog.Part.Nucl.Phys.65:94-147 (2010)
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& Inter nucleonic interaction

/3 In Real life, nucleons = composite particles involving quarkic and gluonic degrees of freedom \

% Strong interaction between nucleons reminiscent of strong interaction
between their quarks and gluons

= Complicated form for the corresponding NN potential (non-local, spin
orientation dependent, ...)

% Internal structure = existence of more than pairwise interactions (in the point-

\ like picture) /

2 In principle, inter-nucleonic interactions should be derived from QCD




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - building of the gauge theory

ﬁ QCD = non-abelian gauge theory of the strong interactions based on SU(3). \
i?\rf

+ Idealized lagrangian density of free quarks : [, p— E ?:JJ (&(ﬂ) (W)

 flavor e Quark field
q;c ()
<+ Quark field in the fundamental representation "z;ffj (;I:‘“) - qgﬂ con (;.“U“)
of SU(3).: qbluf (,L,,u )
J

A Ny 7?'*9(1. 'Ta.. .-" ey o
\ < Invariance under global rotation in gauge space : ¥/; (z¥) = € Vi (") /

2 Now ask the Lagrangian to be invariant under local gauge transformation

i (zH) — el ag) (1)




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - building of the gauge theory

ﬁGauge field (connection) : gi\g

a mean to compare internal frames
at different space-time points
(parallel transport)

Fiber bundle

< Covariant derivative : measures
deviation from parallel transport

(9/_1_ % D!‘I — ‘-\/_L - Z.AI_I

\_ /

Space-time base manifold

16




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - building of the gauge theory

4 )

< Local symmetry requirement = interaction :

N ¢ N ¢
L= v (iB)v;=) v;(id+7.A") ¥
j=1 j=1

here __ usual
A L T g A [




I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - building of the gauge theory

,‘ < Connection curvature : obstruction to the closure
in the fiber bundle = chromo - electric and

magnetic fields

G,uu =1 [D’u ) Dr/] — 0;1.141/ - al/A[_L + 1 {Aﬁu AJ’/]
J

- L= 30 (D) vy - 15 TIGH G,

Cubic and quartic gluon self-interaction :
makes life interesting




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - symmeftries

2 Theory exhibits host of symmetries variously hidden

ga.ppa-re-n.t = S(J((%)( X S(](A})L X S(](A})R X (J(I)B X (](I)A X R+

scale

!

T — At AR = AR = AT

Gactual = SU(S)C_ X SU(A"TJC)L X SU(A’})R X U(I)B % ng Subgroup that survives

quantization
Asymptotic freedom, chiral anomaly

— SU(3). x SU(N;)L rx U(l)g  Symmetry subgroup of the G.S.
Chiral condensation

— S[](A"Tf)L_FR X [](I)B

Color confinement




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - asymptotic freedom

/ 2 Renormalization of QCD spoils classical scale invariance \

2 Nominally empty space full of virtual particle-antiparticle pairs of all types

\vf

2 Vacuum = dynamical medium exhibiting dielectric and paramagnetic behaviors

Ny

\ "4
\ < Coupling constant depends of the scale of observation /

Classical vacuum Quantum vacuum




| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - asymptotic freedom

QED QCD

: : 1 =i
e>1 p<l1 p>1 e< A
= QED vacuum = diamagnet = QCD vacuum = paramagnet S5 o -1
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I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& QCD in a nutshell - color confinement

QED QCD

U V() a

/:) QCD vacuum = dual superconductor (Cooper\
pairs of chromo-magnetic charges condense)

.
((

¢ Dual Meissner effect = chromo electric
flux tube = linear potential

Quarks are born free, but everywhere they

Qre in chains /



http://upload.wikimedia.org/wikipedia/commons/4/42/Electric_dipole_field_lines.svg

| I. Microscopic approaches of nuclear systems B) Strenuous task - Interaction

& Inter nucleonic interaction
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< Implications for nuclear structure:
% No simple relation between NN potential
0.1 and quarks potential
\ % Degrees of freedom different from QCD j




I. Microscopic approaches of nuclear systems

B) Strenuous task - Interaction

& Inter nucleonic interaction

< Lattice QCD
s Wick rotation = QFT— SFT
+» Discretized Euclidian space-time

“ QCD fields expanded on the lattice, correlation functions evaluated with
Monte Carlo techniques

2 Holographic QCD
% Duality between QCD and a string theory in a higher dimensiona
q

AdS space
N~ 3
£ q

e
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2 Chiral effective field theory
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| I. Microscopic approaches of nuclear systems B) Strenuous task — Many-body problem

& Many-body problem
A 7 A
B SETRD DL L St
=1 1<3=1 1<j<k=1

4 )

2 Solve the eigenvalue equation (or time dependent version) of the Hamiltonian :

fl 2
)
u ‘ l >

e 3,/ 3,/
ZWV Va(1,2,. .., Z Z /d /(1 (i
L*n,(12 g LA = Ey (1,2, A)

-
4 )

2 Encodes how nucleons behavior is modified by the presence of other nucleons

s EMC effect neglected

¢ Modification of the nucleonic interactions (Pauli principle principally)

\_ J




I. Towards Energy Density Functional Approaches

Microscopic approaches of nuclear systems

& Many-body problem

B)

/ < Nucleonic interactions are complicated
s Complex structure (including tensor term)

+ Hard core
* bound state (deuteron) and resonant state (di-neutron)

[MeV]

= Nuclear many-body problem highly nonperturbative

~

J
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| I. Microscopic approaches of nuclear systems B) Strenuous task — Many-body problem

& Many-body problem

-

\_

2 Low momentum NN interaction : make the many body problem more perturbative

% Downfold high energy modes and work in a subspace in which only low energy
modes and low-energy effects of the virtual modes are taken into account

~N

A =2.0fm"’

A=15fm"

Bogner et. al, Prog.Part.Nucl.Phys.65:94-147 (2010)
Roth et al, Phys. Rev. € 72, 034002 (2005)
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| I. Microscopic approaches of nuclear systems C) Strategies

& Three categories

/ < Ab-initio approaches \

% Treat as exactly as possible the many-body problem starting from NN (+NNN)
interactions in free space

¢ Form of the many-body wavefunction sought general enough to embed nucleonic
correlations

\ ¢ Outrageous size of the Hilbert space impose limitations /
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| I. Microscopic approaches of nuclear systems C) Strategies

& Three categories

/ 2 Ab-initio approaches \

% Treat as exactly as possible the many-body problem starting
from NN (+NNN) interactions in free space

% Form of the many-body wavefunction sought general enough

to embed nucleonic correlations Q
\ ¢ Outrageous size of the Hilbert space impose limitations / 189/2
(o Configuration interaction ) 21?5}//22 —
¢ Drastic truncation of Hilbert space 2p3/2 @
* In practice, effective interaction in the valence space fitted 1f7/2
to data => calculation impossible for valence space with no
known data Q
J 1d3/2 ——
2s1/2
1d5/2 QOO0
1p1/2 —O—O—
1p3/2 Inert
Q Core
1s1/2 —Oo—0O—




| I. Microscopic approaches of nuclear systems C) Strategies

/ 2 Ab-initio approaches \

% Treat as exactly as possible the many-body problem starting from NN (+NNN)
interactions in free space

+ Form of the many-body wavefunction sought general enough to embed nucleonic
correlations

% Outrageous size of the Hilbert space impose limitations

\_

/ < Configuration interaction

VAN

¢ Drastic truncation of Hilbert space

% In practice, effective interaction in the valence space fitted to data => calculation
impossible for valence space with no known data

¢ Nucleonic correlations accounted for by configuration mixing

J
)= a|), + 5| 0), +a5|0), +a|p), +as|0), +a|@), +ar| @), + ag| 9), + 5| 9),

QQQQOOQQQ

1d3/2 e W W e W o Wy Wre W
2s1/2 - —— e — 0

QV\Q O 000000,
Y Y Y

Excitations 1p-1h 2p-2h 3p-3h
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& Three categories

Ab-initio
Configuration interaction
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| I. Microscopic approaches of nuclear systems C) Strategies

& Three categories

[ < Ab-initio approaches \

 Treat as exactly as possible the many-body problem starting from NN (+NNN)
interactions in free space

¢ Form of the many-body wavefunction sought general enough to embed nucleonic
correlations

\ s Outrageous size of the Hilbert space impose limitations /

J

/ 2 Configuration interaction

¢ Drastic truncation of Hilbert space

% In practice, effective interaction in the valence space fitted to data => calculation
impossible for valence space with no known data

% Nucleonic correlations accounted for by configuration mixing

\_ J

/ 2 Energy Density Functional \
% Independent particle picture

% 2-step approach with symmetry breaking and restoration at its very core

¢ Universal framework, reasonable computing time

\ ¢ Lack of error estimation, not controlled extrapolation /
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® Energy Density Functional approaches

A) Independent particle picture




Il. E.D.F. approaches

A) Independent particle picture

& Evidence for an independent particle picture
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| Il. E.D.F. approaches A) Independent particle picture

& Rationale for an independent particle picture

< Pauli exclusion principle restricts the phase space for NN collisions

2 But not a necessary condition : independent particle like behavior would be as prominent if
nucleons were bosons interacting with the same forces

= More nuanced understanding is needed




| Il. E.D.F. approaches A) Independent particle picture

& Rationale for an independent particle picture

2Quantum liquid SCrystalline phase

4 )

2 Nuclear forces too weak to localize nucleons in a crystalline structure

= Ground state of quantum liquid type with delocalized structure and elementary
excitations with long mean free path

- J

Mottelson, Les Houches LXVI, 25 (1998)
Ebran et al, Nature 487, 341-344 (2012)




| Il. E.D.F. approaches A) Independent particle picture

& Fermi liguid theory

2 G.S. and low-lying excitations of the interacting system in one-to-one correspondence with the
quantum states of the non interacting

< Stability of the Fermi surface (topological concept) (except with respect to Cooper pairing)

4 )

< Landau quasiparticles : nucleon + cloud of excitations created by the propagation of the
nucleon in the nuclear medium (Bogoliubov gp = superposition of Landau quasiparticle and
quasihole)

. J

Horava, PRL 95, 016405 (2005)
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| Il. E.D.F. approaches B) Historical perspective

& Many-body perturbation theory

2 Goal : find that nuclei can be fairly well described in terms of an appropriate set of s.p. states

+ effective interaction between particles in these states

A
t+Zv

M:>

H =
=1 i<j=1
A A A
= w+uni+] Y v- >,
i=1 i<j=1 =1
\ J N J
Y Y
HO Hl

2 Unperturbed Hamiltonian gives the single

2 Residual interaction generates correlations
particle picture




| Il. E.D.F. approaches B) Pre-history

& Many-body perturbation theory

[ 2 Perturbative expansion of the exact energy ]

E=E,+ <¢O|Hl|¢0)+<q>0‘ﬁ1ﬁpﬁl‘%) o

Hi= ) alvlrsiaalaa, - ) @lUloate,
pq

pqrs
Y A
-y Y
(ablvlim)alalaa,|d, > | (PolH PH, | b, (alU|l)a}a,|db, >

Day, Rev Mod Phys 39, 719 (1967)




| Il. E.D.F. approaches B) Pre-history

& Many-body perturbation theory

[ 2 All is about an inspired choice for the mean field U J

<leUHFIq>=§ ({pn|v|gn)—{pn|v]|ng))

EHF /} Z?‘U/J” T = Z z;MPhe/?!; pij = (azraj)

x i7,kl

Bare NN interaction




| Il. E.D.F. approaches B) Historical perspective

& Hard core potentials

(" 2 Hard core potentials )

% Divergence of the Hartree-Fock matrix elements of the bare interaction

% Rearrangement of the perturbation expansion

\_ J




Il. E.D.F. approaches B) Historical perspective

& Hard core potentials

< Brueckner reaction matrix : rearrangement of the perturbative expansion with summation of
ladder diagrams to all orders

G(W)=v—v(Q/e) G(W)

JEEDA
D = = GO

’ uncorrelated wave

%‘:—E 1), ‘l!}r 46




Il. E.D.F. approaches B) Historical perspective

& Hard core potentials

2 Mean field U chosen to cancel the maximum of dominant diagrams arising in the expectation
value of a 1-body operator

Q>=CO + + QJ(; Q:Q+ Q
(c) (d) (e)

(a) (b)

- -X —-x —-X

(f) (g) (h} (i) (j)

—-=X

(k) (1) (m) (n) (o)

(a) (b) (¢) Negele, Rev Mod Phys 54, 913/(1982)




| Il. E.D.F. approaches B) Historical perspective

& Hard core potentials

<2 Diagrammatic definition of U is precisely obtained by formal variation of the approximate
expression for the energy :

E=23(v|T| v)+%§ (W' | Gle,+ey) | W —v'v)

Reaction matrix

G (W)= — 00— QG (W),

QTQ —W

e,={v|T|v)+ 3 {w|G(eg,+e,) | vwW—v'v)
v

Q=2 [pp")pp'
pp

Davies et al, PRC 10, 2607 (1974)




Il. E.D.F. approaches B) Historical perspective

& Hard core potentials

[ 2 Without 3 body force, bad reproduction of nuclear matter saturation (Coester line) J

—5 ' T ' T J | '

@ Tuebingen (Bonn)
A BM (Bonn)

; —10 - < ]Bonn A, ps
<_|Reid

= .A /\ CD-Bonn

z —15 F ) (OBonn

— - O y [JAV,,

55_ ' O '

= 20 r A _

_25 " ] . [
1.2 1.4 1.6 1.8 2.0

-1
Fuchs, LNP 641:119(2004) kF [fm ]




| Il. E.D.F. approaches B) Historical perspective

& Non singular potential

(" 2 Hard core potentials )

% Divergence of the Hartree-Fock matrix elements of the bare interaction

% Rearrangement of the perturbation expansion

< Potentials with non singular repulsion

s “Ordinary” Hartree-Fock can be used (convergence of the perturbation expansion
not assured)




| Il. E.D.F. approaches B) Historical perspective

& Non singular potential

2 Bad reproduction of nuclear matter saturation properties at the Hartree-Fock level

Nuclear matter EOS

Courtesy of D. Lacroix

5.
_of Hartree-
2 Fock
S |
g - «'r.
g | :
g L 4
£ o | _the energy
5 missing
= ]

_anl L 1
2 0.8 1.0 12 14 1.6

k. [fm ]
Bogner, et al, NPA 763 (2005)
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| Il. E.D.F. approaches B) Historical perspective

& Effective interactions

(" 2 Hard core potentials )

% Divergence of the Hartree-Fock matrix elements of the bare interaction

% Rearrangement of the perturbation expansion

< Potentials with non singular repulsion

s “Ordinary” Hartree-Fock can be used (convergence of the perturbation expansion
not assured)

¢ Rearrangement of the perturbation expansion

-

< Effective interactions

¢ deduced from the bare interaction (LDA, DME) + phenomenological corrections for
higher order contributions
or

«»» purely phenomenological
\ P yp g )




| Il. E.D.F. approaches B) Historical perspective

& Effective interactions

2 Start from Hamiltonian with an effective interaction (still independent of the density at this
stage) consistent with a single particle picture

Hy= Z \T\]rfrf + — Z

17.kl
Effective interaction
poWH W) (@l o)
(V|¥) (®|D) ézo f? Exact evolution

Relevant degrees
of freedom




| Il. E.D.F. approaches B) Historical perspective

& Hartree-Fock Theory

[ 2 Deduce the energy and Hartree-Fock equation with Rayleigh-Ritz variational principle J
(P|H|P) 1
EHF U)} : <(D’(D> — Z fUpﬂ + = Z 7’&) k!/)kz/)[j = It (flpl) + QTI (Ule)l/)Q)
) i,kl

@0 b'-’ Effective

0 [EHFM — :"\Tl‘(ﬁj’ — ﬁ)] =0 3[1/1[,0],

=

%‘ l ” Z dj ’Bmteractlon
} {[)} — f —I_ {rQ (UlQ/)Q) C’é‘ Pofentiel moyen
Y faa
U[p] \% 1 |Eq.de . H.F. ‘
G D | DO0Q g
hlpll¢a) = Ealpa) Yl A g
% 9
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| Il. E.D.F. approaches B) Historical perspective

& Hartree-Fock Theory

2 Relation between total energy and single particle energies

“2

1"“:'. \
Epp =Y (t| 50— 21{ +5U] [t)

i

1-
Fuyr = Z ?‘| h[lﬂ] — —{t Lr? t) = —Z f| f.i fJ

i

_ﬂ'}'
1

2 Crisis : Strong support for independent particle picture of nuclear systems but natural approach
to map the many-body problem into a 1-body one fails
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| Il. E.D.F. approaches C) Miraculous density dependence

& Origin of a density dependence

[ 2 Introduction of an explicit density dependence in the effective interaction ]
H o= E | T'|7)a)l rfjJr E zjz*HH al ugu;l
U kl
> Hglpl = E (1 \T\j)n a; + — E ulp \HM al rs;u;l_
1] U kl

2 Singular behavior of bare interaction leads to strong density dependence in the effective
interaction




| Il. E.D.F. approaches C) Miraculous density dependence

& Hard core potentials

<2 Diagrammatic definition of U is precisely obtained by formal variation of the approximate
expression for the energy :

E=23(v|T| v)+%§ (W' | Gle,+ey) | W —v'v)

Reaction matrix

G (W)= — 00— QG (W),

QTQ —W

e,={v|T|v)+ 3 {w|G(eg,+e,) | vwW—v'v)
v

Q=2 [pp")pp'
pp

(a) (b) (c)

Davies et al, PRC 10, 2607 (1974)




| Il. E.D.F. approaches C) Miraculous density dependence

& Origin of a density dependence

[ 2 Introduction of an explicit density dependence in the effective interaction ]
H o= E | T'|7)a)l rfjJr E z;\z*“u a ugu;l
U kl
> Hyglp| = E (1 \T\j}n a; + — E 0P \H}u al ”E”L
1] U kl

2 Singular behavior of bare interaction leads to strong density dependence in the effective
interaction

/ o Effect of other degrees of freedom integrated out \

+ Partial restoration of chiral condensate with density = medium-dependent meson
masses (Brown-Rho scaling)

¢ Model without mesons : 3-body interaction ~ short range (linear) density
dependent 2-body interaction at the mean-field level

- J
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& Effect of the density-dependence

< No rigorous physical argument justifying variational principle : convenient way for introducing
rearrangement terms

B = ) fe, 510, + @), J-w), ]

l

[
1 .
Bura) = B —e +-|(UT)  + W) |+ (UTY)
HF(A) HF(A — 1) @ 2 aa, aq, o a,
J.F. Berger
(EJC1991) - Ei Ca % 21(“;?1{"& a,a; %’ :i (MEE'H)mm Zi(uf}}gA)ﬁ;ai BH'F'
MeV 3186.9 -991.3 -2557.7 1297.7 935.5
MeV]1%6 | 25.3 T8 50.3 103 74

2 Modification of the HF relation between binding and s.p. energies : makes it possible to adjust
global properties + obtain a sufficiently compressed s.p. spectrum

.

\.

(2 Thermodynamics consistency (Hugenholtz-van Hove theorem) )

: : d L : - - |
T'H 1/ — _IEIHL- L' 4 aL- (Pf; (Pf — {(Px IP! T, &;f‘l; prx*’ F__[",, Aﬁ} a Ir1{‘|11’|,.r —0
L d (alu(Pf) - 0,
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® Energy Density Functional approaches

D) Modern interpretation
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& Density Functional Theory

p
N\
2 EDF : close in spirit to the DFT although conceptually completely different
S What is DFT ?
\
J
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Abstract: We consider the Hartree-Fock-Bogolyubov theory of nuclei in the coordinate representation
and derive and solve the HFB equation for the Skyrme effective interaction. Ground-state wave
functions and energies of the tin isotopes with 100 < A < 176 have been determined and the results
have been compared with the predictions of the HF + BCS and macroscopic-microscopic models.
The lightest tin isotope which is unstable with respect to a neutron emission is predicted by the
HFB method to be !*Sn. In the region of nuclei where experimental data are not available the
macroscopic-microscopic and self-consistent approximations give substantially different results.
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& Density Functional Theory - Existence theorem

(3 What is DFT ? \

¢ Rigorous alternative to working with the many-body wave function

% Exact mapping of the interacting many-body problem to an easier to solve non
interacting problem

ﬂ Hohenberg-Kohn theorem on existence \

E,lp| = F|p| + / dX Vgt (X) p(X)
l l

Universal functional Static external potential

 Energy functional of the density minimized at the G.S. energy with the G.S. density

% Offers no help in constructing F

K % Rather gives a license to guess approximate energy functionals /

Hohenberg & Kohn, Phys Rev 136 (1964)
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& Density Functional Theory - Physical insight

2> DFT does not state that all information about a quantum mechanical GS is contained in the
constituent density, but rather that knowing the most general response of the GS to the
perturbation of a source gives a complete specification of the many-body problem

“Wave function” treatment of the many- DFT
body problem
< Based on a single, fixed Hamiltonian [J < Family of HamiltoniansHﬂU} with GS energy F[v]
+ Variational calculation of GS : E stationary to * Legendre transformations
variations in the relevant density matrices
Egz;s — IHI}H <LIJ‘H‘IIJ> o F[p] — H}Ulll{/dx ’U(X)p(X) o E[U]}
N L

Elv] = m{jn{/dxv(x)p(x) + F[p]} = m&n{EU[p]}

% Response of the energy to a local source coupled to
the density = GS energy as observable probed




Il. E.D.F. approaches D) Modern interpretation

& Density Functional Theory - Practical scheme

< Kohn-Sham procedure

% Introduces an auxiliary product state whose orbitals
satisfy V2 .-
~om + UKs (X) di(x) = Ei@i(xj
and from which one computes the density $
KS
p(x) = nilgix)
i
unoccupied { \If‘i } - generalized RPA
< KS potentials determined by SHR S— L
vks(X) = §(Eext + B + Exc) /0p(x) ngior) meta-GGA
f \
GGA
V) emiiinind
/) ‘x‘ LDA

Drut et al, Prog.Part.Nucl.Phys. 64:120 (2010)
Hartree world
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& Nuclear Energy Density Functional

2 Disquieting feature that there is no exterior potential for self-bound nuclei = existence of a
functional has yet to be proven

< EDF relies heavily on the concept of symmetry breaking, outside the frame of HK theorem
requiring that the minimum of the functional is reached for a local 1-body density that possesses all
symmetries of the exact GS

< See T. Lesinski talk for connection between EDF and DFT
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& Spontaneous symmetry breaking : macroscopic case

/s SSB \

¢ Classical mechanics : occurrence of SSB due to initial conditions (perturbations)
breaking the symmetry

¢ Quantum mechanics of finite systems : tunneling between degenerate minima
resulting a unique linear superposition GS = No SSB

% Quantum field theory : Suppression of the transition probabilities between
degenerate vacuua partitioning Hilbert space into mutually inaccessible sectors built

\ up over each GS

2 In macroscopic systems broken-symmetry state can be safely taken as the effective GS \

s+ Concept of generalized rigidity : heavy rigid rotor with a low-energy excitation

spectrum L2/ #

% spectrum above the GS (L=0) is essentially gapless = although GS possesses
rotational symmetry, manifold of other degenerate states which can be recombined to
give a very stable wave packet with the nature of the broken-symmetry state

“* Macroscopic “heavyness” relaxation of the wave packet to the exact symmetrical
GS exceedingly long

“ Appropriately described by a set of non linear mean-field equation = bifurcations

k = emergent phenomena /

Anderson, Basic Notions of Condensed Matter Physics
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& Spontaneous symmetry breaking and guantum correlations

~

< Qualitative division of correlations

% Bulk of correlations (varying smoothly with A) re-summed into EDF kernel. Amount for ~ 8 A
MeV

\_ J
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& Spontaneous symmetry breaking and guantum correlations

/3 Qualitative division of correlations \
% Bulk of correlations (varying smoothly with A) re-summed into EDF kernel. Amount for ~ 8 A
MeV

+ Static collective correlations (quickly varying with the filling of nuclear shells) accounted for
through symmetry breaking = allow to grasp correlations while retaining the simplicity inherent

\ to a 1-body problem /

)

W) =y [§y) + g [Po) + a3 |P3) + ay [Pg) + a5 [P5) + ag | Ps) + a7 [P7) + as |Ps) + ag |Dg)

3+[202]
Q O Q QO © Q0O 0 O 1+[200]
1d3/2 - T T e 1+[211]
2s1/2 - e e o e e e e - 202
T T EETTT el =
1p1//2 ——————————————————————————— ":>
1p3/2 =Ox0mOaOn  =am aOm m nOm xOn ml a ml a(Om el a o OO sl o s o (O s i ol (O ol ol 1_[101] Y . .
@ © 0O 0O 0 Q0 O @ 3[101]
151/2 Qe Q0= == =0=0= =00 —0—0——0—0— —0—0— —0—0~ 1-[110] ———
\ J\ J \ )
Y Y Y
1 particule — 1 hole 2 particules — 2 holes 3 particules — 3 holes 1+[OOO] e We W

excitations excitations excitations
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& Spontaneous symmetry breaking and guantum correlations

/3 Qualitative division of correlations \
% Bulk of correlations (varying smoothly with A) re-summed into EDF kernel. Amount for ~ 8 A
MeV

+ Static collective correlations (quickly varying with the filling of nuclear shells) accounted for
through symmetry breaking = allow to grasp correlations while retaining the simplicity inherent
\ to a 1-body problem. Few tens of MeV /

[ 2 SR-EDF equations are nonlinear = SSB associated of appearance of bifurcations in total energies ]
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& Spontaneous symmetry breaking and guantum correlations

/:) Qualitative division of correlations \

¢ Bulk of correlations (varying smoothly with A) re-summed into EDF kernel. Amount for ~ 8 A
MeV

% Static collective correlations (quickly varying with the filling of nuclear shells) accounted for
through symmetry breaking = allow to grasp correlations while retaining the simplicity inherent
to a 1-body problem. Few tens of MeV

¢ Finiteness of the system = quantum fluctuations cannot be neglected = dynamic collective
correlations (quickly varying with the filling of nuclear shells) accounted for through restoration
\ of broken at the MR-EDF step. Few MeV /

Linear properties of the equation recovered

E
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& Spontaneous symmetry breaking and guantum correlations

[3 Why bother with the SR-EDF step if symmetries are ultimately fulfilled ? \
% Allow a first description of nuclear systems at cheap cost
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& Spontaneous symmetry breaking and guantum correlations

2 no static long-range correlation
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& Spontaneous symmetry breaking and guantum correlations

2 Pairing correlation through U(1) symmetry breaking

130

2

120 i —

110

100

90 -
80
70
60/
50
40
30
20

10

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290




| Il. E.D.F. approaches D) Modern interpretation

& Spontaneous symmetry breaking and quantum correlations

2 Quadrupole correlations through breaking of rotational symmetry

430 +—r——1—1—1 WA — ,
"""" 05
120 5 )
: ii 0.4
110
100 ) i 0.3
i : i .
e |
90— f i i =402
80/
! P | = o
70
N Lo
60— : H F —
| ; i 1 B o
50 . |
L i i .
40 — y 0.
30— N i : , 03
i l[;in
Pl/| Sp— fi
: -0.4
10+ :
aadh 05
ol 1 . | s | : L. | L. [ L. |

1 ! 1 1 A A 1 L 1 L |
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290
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& Spontaneous symmetry breaking and guantum correlations

[3 Why bother with the SR-EDF step if symmetries are ultimately fulfilled ? \
% Allow a first description of nuclear systems at cheap cost

s Lower symmetry properties do not disappear, instead they are hidden. Can be
revealed e.g. via inspection of conditional probability distribution

% Further signatures in excitation spectra pattern
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& SR-EDF

/3 The most basic input of EDF in the off-diagonal energy kernel E[q’,q] involving two product \
states possibly carrying different values of the order parameters

< SR-EDF invokes the diagonal part of the Energy kernel.

2 See T. Duguet lecture for a discussion of EDF starting from E[q’,q]

& J

[ 2 Energy functional E [p: P{.*? .-*{.: ]

JI(}j1 — <EI}| j “I-‘") . Hji — <{I)‘ bzbj "*T’)

A

D) =[] 5:10) : =) Usiby +Vyib!
1=1 (!
R = P K
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& SR-EDF
[ 2 Minimization of the functional yield HFB-like equation ]
) (5 o, K™, K] — %/"ﬂ Tr(p)+Tr(p")] —Tr (A ['RE — R]}) =0
H (1) = ( A —h=<+,x) (1) = Eu (1
[T [T [T
o0& ]
h-ij — = = ?L-r'.j T Z 'I?fjicifjfk

ki
A — o0& 1 op
D) § :'Eijm“i‘»‘f
ij
ki

S SR-EDF only depends on |g| = (3| Q |®)

S Constrained SR-EDF calculations : —Ajg 17 (pQ) — |q]]

78
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& Skyrme functionals

< Skyrme functional constructed from bilinear combinations of local densities and their gradient
upt to some order that respect the symmetries of the nuclear Hamiltonian

E [f) Kr*. = Sﬁczn fJ} + gSkyrme [fj Epazr ,‘j K™, ] SC_’OH,E !‘3] gc.o.m. P‘]
> - 3 A o g T (7, ) = ZT}‘ _-'-T{F"} i ()
Estegrme [0] = Z d3rAPP g8 T 1 APBP LI A T L APT (ﬂ.xT-r,' _ j".j") P _+ Tag [#ilT)Pil
. i
+A4%959 59 + A5 AT 4 APV (ﬁ.;ﬁ-“fq —|—_?”.ﬁ w qq) f}l (7, .'r'"} c ZT?‘,}I; {TEF{}T,FEEFJ]

— — - —tl —|—|' -_l'l' —ﬂf‘—c_F__ —F

e

. i} (7, 7) =ZT}"N ol (7)FT0; r}]
+A~ Z IJ{J.! Z iy Z Iﬁy z}r;.! 257 11 i )
u [TEE
+ D [dirﬁppﬁ’"‘ﬁ"’“ + BPAPpiNpT 4 BT (f’f’ﬂr‘f’ —j"’.jqa) pUT) = p' (7.7 ) [p=er BU(F) = F(F.TF) |p=re
qZq" " TH(7) = ﬁ.ﬁ’;}“'l’f—". ) |
88240 —q s_‘\n—q; ' o J v AR Y, —q'
+B + B AFT + B (p V.J JINV % 8 j T9(7) = Ve T.r‘, (7, 7) |

e (02) (05) 09 (S )P0 =3 (0 €) e

e ‘ “EJ.IL}";I 5 {TH - T y{?_' Fer_' i

(Z I:fu) (Z me) Z [ :xu 257, Fq
H

TR

-I—B'”

.FﬁlrJ‘_}EE {T Tj +T Vv E.-'{ FrHV_':

79




| Il. E.D.F. approaches D) Modern interpretation

& Skyrme functionals

[ 2 One can derive the Skyrme functional from an effective vertex J

_- _> <:_I|, - — /
'I’S'k-y?*me(ﬁ-'-"- k., k ) = |Ucentr T VLS + "T’te-rw] (R ok k )

L= o
'I'c‘ent-r(j?- r, k. k ) = 1o (1 + .i’opg) (5(!)

1 — =
+5t (L+ 1 Fy) {A- 25(7) + () K 2}
by (14 22P,) K (A E

| _
+bf3(l+ r3P,) p*(R)4(T)

ors(7 K k') = Wo [31 + o] K/ X 8(F) K

— 1 — — —,57 -
Viens(7, K, k') = St { {3 (51. 2 ’) (52. J ") — (F1.F2) K ’2} 5(F)

+ () [3 (51,7}) ( ?) (61.02) TQ]}

75
o [3 (51.“?’) 5(F) ( ?’) (71.52) ‘?’.5(-?)?]
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& Skyrme functionals

[ 2 Particle-particle channel ]

' q

- f(;. Po )T
A = — 1 —1
4 [ / (psaf

[ < Effective vertex
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& Gogny functionals
[ 2 One can derive the Gogny functional from an effective vertex ]
— 2 2
vpix (R, 7, Kk, k P) = Z “'{;z' + B; P, — H;P; — _ﬂfl;PﬁPT] e Hi

1=1
+to (1 + 2o Py) p™(R)S(7F)
+iWis (F1+32) k' % 6(F) K
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& Covariant functionals

[ 2 Covariant functional : elementary building blocks : ]

WO, TY)  O-€{1,m} T € {1,775 75 Ouv}
Ju = (GolYrutldo) = Z?/kawk,
Ju = (Bo[yuTeldo) = an,;rwk,
ps = (dolPe|do) = Z@kwk,

ps = (do|YTY|do) = Z@bkﬁﬁk
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& Covariant functionals

[ 2 Functional can be deduced from a pseudo Lagrangian ]
Lint = _.'f_fr:r(f-} ,.)L-"‘CT':‘{-‘ — Juw (\fJ-L-')"]f’.’T"#-:“‘J# ffp(ﬁ'v)f M#ﬂ'# TY
_Ix(P) T 9 — e, AR (RT2Y 4
M Y ) TY = H* e'#-"_l ( 2 ) ¥
Int 1 v TSVENAY ST
ﬁﬁ}_—; j— _5{-15,(3_1.3—*) —_ E{-IV(E 1-*.#3‘1)(3_1;«;#1*)
1 . | L

0TS (PTV)(PTY) — 5TV (VYuT) (V" TY)
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& SR-EDF

[ 2 Pseudo potentials ]

_ 1
- ] *1 N _;| —hh- * .
CSR [ﬂ. K. K ] — E LiiPii 5 E i_fajf}nﬂj_} Vizjzfiazhiga

~

/3 Spurious self-interaction : Pauli principle enforce very;,, =0 thus a relation between the
parameters of the functional that is not fulfilled

< Spurious self-pairing : ldem but because if interrelation veey, = V<&

\3 Not noticeable repercussions at the SR level /
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& MR-EDF

[ < Configuration mixing of SR states ]

Wy) = /dql@{m} fr(q)

H(q,q") = (®(q)| H |®(q"))
I(q.q") = (®(q) |®(¢"))

/dq’ (H(q.4') — ExZ(q.4")] fr(d') =0
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& MR-EDF

[ 2 Restoration of broken symmetries : from the intrinsic to the lab frame ]

Symmetry Restoration : the rotation case

A intrinsic —~

La‘b/.."'_,,

[P(£21)) P (€22)) [P(823)) e i All degenerated
D. Lacroix EJC 2011

87
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& MR-EDF

[ < Configuration mixing of SR states ]

Wy) = /dql@{m} fr(q)

H(q,q") = (®(q)| H |®(q"))
I(q.q") = (®(q) |®(¢"))

/dq’ (H(q.4') — ExZ(q.4")] fr(d') =0
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Conclusion
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< E.D.F.

O Static correlations - sr-EDF

Symmetry
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< Results

GS observables in intrinsic frame
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< Results

Refinement of the results in step @
+ lab frame + Spectroscopy

E(MeV)
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