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* Introduction: Different approaches to nuclear structure

— microscopic methods: search for solution of Hjy>=E|y>

« “ab initio” techniques:
— ~ Exact solution
— feasible up to mid-mass nuclei

« “Shell-model”:
— all correlations treated in restricted valence space
— uses renormalized interactions in model space
- no symmetry breaking

 Mean-field and beyond:
- all nucleons active
— separate treatment of correlations: Hartree-Fock (HF),
HF+BCS / HFB (pairing),RPA (collectives states)...
- symmetry breaking
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* Introduction: Different approaches to nuclear structure

— microscopic methods: search for solution of Hjy>=E|y>

« “ab initio” techniques:
— ~ Exact solution
— feasible up to mid-mass nuclei

« “Shell-model”:
— all correlations treated in restricted valence space
— uses renormalized interactions in model space
- no symmetry breaking

« Mean-field and beyond:

- all nucleons active

— separate treatment of correlations: Hartree-Fock (HF),
HF+BCS / HFB (pairing),RPA (collectives states)...

- symmetry breaking

»| Mp-mh Configuration Mixing Method: Conserves:
Unified treatment of long-range - spherical symmetry
correlations without symmetry breaking

- particle number
- Pauli principle

Already used in atomic physics (MCHF) and quantum chemistry (MCSCF)
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@® Trial wave function ‘\IJ> = superposition of Slater determinants

W) = Agld) + > Aalpa)+ D> Aalda) ot Y Adlga)
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p) = ]‘_[a;-r 10) ‘¢oz> — |1p1h> ‘gboz) — ‘2p2h>
=1

- mp-mh excitation = Configuration

- Unknown quantities ?
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@® Trial wave function ‘\IJ> = superposition of Slater determinants

0 = Aoy + > (Agida)+ > [Adida) Tt D [Agidn)
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protons T neutrons v
Parti- ®
cles | T, T LT s —— o
e ——————— e ————
—o-0-0-0— —o—o—0-o— ¢ —eoo00— — - - - — —eoo—0o— — — - —
holes { oo oo— oo oo oo oo
6) = H|o> ¢a) = |1p1h) ¢a) = |2p2R)
=1

- mp-mh excitation = Configuration

Mixing coefficients {Aa}
- Unknown quantities ? <
Single-particle orbitals {%}
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@® Variational principle applied to the energy: 55[\1!] — ()

« Method can be applied to any N-body (effective) interaction.
 Here, we use the phenomenological density-dependent Gogny force Véljs[p] :

- E[W] = (U[H[p)|¥) — N(¥|P)

+ Hypothesis: Independent variations of coefficients and orbitals

‘ Two coupled equations to solve:

0E[W]/ (a3 =0
0E[W]/qpry =0
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* 1°* variational equation: determining the coefficients

%ST%] =0 ) Ap(dalHpllds) = Ma
3

08 [W]/{az} =0

87

with ﬁ:ﬁ+7€:ﬁ+/d3r<m|aiz;)

@) Diagonalization of a Hamiltonian matrix in the configuration space

— Vertex <¢a |V‘¢B>

4 N
: |na-nB|:2 W m RPA, pairing
- J

4 N
: |na'n[3|:1 >\M\?\ W particle-vibration
- J

: N, M\
RPA
-|na-nB|:O
>\AA/\A< >wAAA< pairing
\ /
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* 1°* variational equation: determining the coefficients

® Truncation in configuration space:

Possible criteria:

-excitation order of configurations (1plh, 2p2h...)

-excitation energy of configurations
-single-particle basis (core + valence space)

(P space = configurations included in ‘\I/> P+rO0=38
) -
Q space = configurations excluded from | W) Total N-body
N configuration
space

| pr
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¥ 2nd variational equation: determining the orbitals

0E W]/ 1pry =0

- Orbital variation:
1 it —iS [ A | S — ala
a, — e a;e = 0a; =1 {S,az} where 5 = staz'%
©J
+ variation of configurations restricted to @ space = [§¢,) = 1QS|Pa)

A

) h[p,O'],ﬁ :Q[O']

- Pki = (\Il|a;.rak\\ll> ——» (correlated) 1-body density
oV

S 1 .
> h[p,0)i; =Ti; + zkl:(zﬂwkwmk + 1 k%%(kl! - \mn)(%a,tazranam\\m — » Mean-field
= Tij -+ Fij [pa J]

= Oikmn = (\I/\a;-ra;[nanak\\ll) — PkiPrnm + PkmPni — » 2-body correlation matrix

1 ~ 1 ~
> 9ij(0) = 3 > VimjiOhimi — 5 Y ViimiGjikm — » Source term

kim kim
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¥ 2nd variational equation: determining the orbitals

—)

® General equation in physics:

— can be obtained from the dynamical equation relating the 1- and 2-
body Green's functions, in the limit of equal time (with G3~G2GD),

Self-energy Static part Dynamical part

W s a
Z(tl — tz) = 2(0)5(t1 — tz) + 2’(151 — tz)

o »(0) — I'[p,0| «  average potential

o lim [ di [G(l)(t—tg),z’(tl —t)} = glo]
to—t]

1-body GF AN Source term

@® Roles:

- Includes effect of correlations into the mean-field through g(o)
— Compensates (partially) P/Q truncations
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¥ 2nd variational equation: determining the orbitals

@® Propagation of the effect of correlations outside valence space

1 ~ 1 ~
gij(0) = 7 > Vimjikimt = 3 > ViimiGjt,km

klm kim AR,

€ whole basis € valence

@® Effect on the correlated wave function

g(o)

Orbital renormalization: a; = eis'a;r e‘iS'
HEF
m [¢) =5 |HF)
. 1
= [HF)+i)  Spafan HF) = ) S!nShalanal,ap | HF) + ...
ph php'h'

- New reference state = superposition of mp-mh excitations on top of |[HF>.
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3} Numerical techniques: general algorithm

® Global self-consistent process:

Solve the 1% equation:

Starting point:

Hartree-Fock A
orbitals 0E[W]/fazy =0 Z Ap(da|H|pllog) = AAa

B
— Mixing coefficients {A }

Solve the 2™ equation: Calculation of the quantity of interest:
55[\11]/{903*} =0 {h[p, 0],[3} = g(o) -one-body density pPki = <\1;|a;,fak|\p>

- New single-particle orbitals

‘two-body density (U|alal anaz|P)

=0 ikmn — <\Il|a;ra;rnanak|\ll> — PkiPnm T PkmPni

1 ~ 1 ~
> gij(0) = 5 > VimjiOhi,mi — 5 > ViimiOjt,km
klm klm

.. = until convergence
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3} Numerical techniques: solving the equations

@® Secular equation: solved with shell-model-type algorithm

@® Orbital equation:

[ﬁ[p,a],,a} — Glo] <> [iz[p,a]:@[p,a],ﬁ} 0

New "Correlation field”

In the basis p|1) = 1, @),
Q|p, J]/W = g[a]w if ny Fny

Qlp, J]W — , otherwise.

=) Solution {@} = eigenfunctions of h-Q
— non-linear problem - iterative solution

Orbitals @1, i (1)
density p0 | =|hp® 0] = QU™ 0] = GRS E R, 6] - Q. ] -
(from 1st eq.) ensty o

~ > ... until pW=p(n+) -~ » Back to 1*t equation...
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

. Two-body correlation matrix: Tikmn = (¥|alal, anar| ) — pripnm + Prmpni

Proton correlations Neutron correlations  Proton/Neutron correlations

0.1 T . . T . . . . 0.1 . : r : . . - ; 0.08
0.09 | 1 009 1 o007}
0.08 | 4 o008}
0.06
0.07 | 4 007 F
- 0.05 |-
— 006f 4 o008 | 1
4
~ 005 1 oo0s5 | 0.04
-—
=
= oot 1 0041 0.03
o]
—_ 003 4 003}
0.02
0.02 4 o002}
‘ | 0.01
kS UATMRRLAL ) * Wbl H \H \ |
IRy ‘ \L‘uu \M A L L “. \\lJH.‘Hw HIHMH Y ‘ ' ‘\ A \‘ \‘ |
0 0 0
quadruplet (i,j,k,1)
0.25 T T T T T T T T 0.35 T T T T T T T T 0.14
03 F 4 012
02
0.25 i 01 F
— o| 1 ezl 1 oos}
-
V4
— 0.06 -
':‘ 04 0.15 | B
N
2 01 | 1 0.04
0.05 -
0.05 L 1 o002}
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quadruplet (Lik.D
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* Preliminary results for the 2" equation: [h(p,0),p]1=9(0)

1 ~ 1 ~
. Source term g(g): ¢g;i(0) = 5 E Vkmﬂak@,ml 5 E Viimi ol km
klm kim
Proton term MeV) Neutron term o)
1.6
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* Preliminary results for the 2" equation: [h(p,0),p]1=9(0)

« Evolution of the neutron one-body density matrix:
Representation of Ap=|pyr-Pcorreiateg! 1N HF basis

Global iteration 1, Global iteration 1, Global itera_tion 2,
after equation 1 after equation 2 after equation 1

0.16
972 — %7/2
dsp - 32
S 0.14 S 0.14 0.14
12 — 1/2
d ds/,
5/2 — 012 g 0.12 042
992 f9/2
5/2 — 0.1 p5/2 0.1 0.1
P12 _ p1/2
P32 _ 0.08 f3/2 0.08 0.08
f10 d7/2
dsp - 0.06 32 0.06 0.06
S S
1/2 — 1/2
ds;, — 004 dsp 0.04 0.04
P12 - P12
p3/2 - 0.02 p3/2 0.02 0.02
S, — S
1/2 o 1/2 0 8
0.04 0.04 0.04
0.035 0.035 0.035
0.03 0.03 L 0.03
0.025 0.025 0.025
0.02 0.02 0.02
0.015 0.015 0.015
0.01 0.01 0.01
0.005 0.005 0.005
0 0 0
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix: (Case of 2°Ne)

lteration 1
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
1 - r 1+ 11"~ T rrTrrrr 1T 1 1 LY
I ++Hf ,/’FFF:
+ ++ ++ -
1e-05 + o+ e =
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:

lteration 2
COMPARISON OF THE NEUTRON DENSITY FROM EQ. 1 AND 2
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:

lteration 3
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix: (Case of 2°Ne)

lteration 7
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix: (Case of 2°Ne)
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:

lteration 14
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:

lteration 15
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Convergence of the density matrix:
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* Preliminary results for the 2" equation: [h(p,0),p]1=9(0)

« Convergence process:

20

Number of iterations of the 2"* equation
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* Preliminary results for the 2" equation: [h(p,0),p]=9(0)

« Consideration of the Q space:

Each configuration in the final valence space can be expanded on the full basis of
Slater determinants built on the HF orbitals:

ol = Y

Be(P+Q

Coslog ")

~1014-101% terms!
(5 HO shells)

=) ~103 configurations (?°Ne) in the new s-d valence space
simulates ~1017-101? Slaters built on the whole HF basis

C.Robin, AG théoriciens, Nantes 2013



Introduction

v First equation: Mixing coefficients
Formalism

a Second equation: Single-particle orbitals

Resolution technique

Preliminary results: test cases

* Conclusion, prospects
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¥ Conclusion, prospects
) Today:

« Self-consistent solution obtained with convergence criteria Ap~10-/

« 2" orbital equation promising:
- Propagation of correlations outside valence through the source term g(o)

- Absorption of correlations by the mean-field quite fast (cf # iterations)
— Avoids diagonalization of too big matrices

‘ To do next:

« Optimize/parallelize the code

* Impact of orbital renormalization on the description of ground and excited
states, and on the collectivity (cf Julien Le Bloas' talk):

- binding energies
— quadrupole moments
- Electric and magnetic transition probabilities

Later:
» Study of giant and pygmy resonances in calcium nuclei

C.Robin, AG théoriciens, Nantes 2013
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