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m ﬂ Context : General goal of nuclear structure theory

@ Starting from the hadronic level of organization (nucleons + interactions), what novel structures emerge and how they evolve with E_, N, Z, ...
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@ Context : General goal of nuclear structure theory

@® Emergent SSBs : SSBs obscured by non-negligible fluctuations of order parameters but still leave traces

Density profile
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Exact WF Approx : Approx : Approx :
Symmetry-preserving HF WF Symmetry-broken HFB WF PGCM WF

Selection rules satisfied
Symmetries of the Hamiltonian
realized in the ground and excited
states

BUT ALSO

Long-range order/collectivity
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Closed-shell system Open-shell system

Yannouleas & Landman, 2017
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@ Context : General goal of nuclear structure theory

2-point correlation function
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. _ accurate 0
G Context : Strategies @ Achievea —ll predictive description ?

computationally affordable
Era of effective (field) theories

Era of models

Ab initio approaches
(empirical NN+NNN
interactions)

Ab initio
approaches

Phenomenological
energy density

First-principles
functional method

energy density
- functional method

Interacting
boson
model Interacting
Algebraic boson EFT

model Collective

EFT

Liquid drop Collective
model model

Liquid drop
EFT

M Gives insight about relevant scales/dofs M Full control = systematically improvable, no error compensation,
M Ready to be used no double counting, possibility of error estimation, ...
Lack of control M [l Force you to step back and rethink

= double counting issues, error compensation, no error assessment
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E Q Context : Nuclear structure from a microscopic viewpoint

1) Nucleus: A interacting, structure-less nucleons
2) Structure & dynamic encoded in Hamiltonian, Functional, ...

3) Solve A-nucleon Schrodinger/Dirac equation to desired accuracy
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/ Ab initio \
@ Systematically improvable free-space Hamiltonian in yEFT
@ Solving Schrodinger equation
@ Pre-processing H
@ Refined many-body schemes with controlled uncertainties
--> Cl (full space diag.) : exponential scaling

--» Hybrids (valence space diag.) : mixed scaling
--> Expansion methods (partition, expand and truncate) : polynomial scaling

How to challenge ab initio frontiers

1 7 Yﬁ
4 EDF N\

@ Effective pseudo-Hamiltonian

. . .-® Effective in-medium
.s\y’ Free-space interactions o . i
interactions
|Wu,g> Complicated WF |@H0"> Simplified

auxiliary WF
@ Various levels of realization

--> Hartree-Fock-Bogoliubov (HFB)

- Projected Generator Coordinate Method (PGCM) 4
--> Quasiparticule Random Phase Approximation (QRPA) i

J.-P. EBRAN

How to improve current EDFs
How to turn EDF in EFT ? ‘)
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cea @ Expansion Method

Quark and gluon world

low- k

high- k V'SRG

Momentum space
ET] T — Y
Reduction Hs ' Hgprp (° )‘

Ripoche, Tichai, Duguet,iEPJA (2020)
Frosini, Duguet, Bally, Béaujeau/t—Taudiére, Ebran, Soma, EPJA (2021)

Which part of correlations should be treated here ?

--> Ab initio WFT : Expansion many-biody methods
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I. Preprocessing of the Hamiltonian O

o
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@ simple expansion scheme
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. Preprocessing of the Hamiltoniano e Simple expanSion scheme
— — o >
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I. Preprocessing of the Hamiltonian O

= o >
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@ simple expansion scheme
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I. Preprocessing of the Hamiltonian O
) O
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I. Preprocessing of the Hamiltonian O
) O

-EFT ow JITN\ V-SRG |0)
high-k
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Closed shell

@ Expansion scheme & SSB version 1
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I. Preprocessing of the Hamiltonian O
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EMF

@ rGcm

|® —) I-'”'Z:._ (laol 00)
=0 Q==
, 0 =00

Correlated A-
nucleon WF

@ dHFB treatment

Symmetry-breaking A
independent quasinucleons WF

@ Post-HFB treatment : PGCM

-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua |® 4 |®HU>= dq f(Q) l_if"-?é- (CI)
Y
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=l o

. "y HF(B) S e
@ Traitement HF(B) f— =\ o Calculs HFB contraints
QO o ¥o
--> Probléme a A nucléons — A problémes a 1 nucléon . e .
, o OO ‘Ll, o y / =00 l
@ Post-HFB treatment : PGCM PGCM —
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua dq f(q) :é’_%; (q)
OO
Qe
f
Initial wave function
x';
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%-180 -
E-ISS - % °
(m-190 - Optimized wave
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=l o

. HF(B) S e _
@ Traitement HF(B) — = ol o) Calculs HFB contraints
O Qun ol %o
> Probléme a A nucléons — A problémes a 1 nucléon 8 , - l
, =00 U, o =0-O=

@® Post-HFB treatment : PGCM

-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua

Mﬁ |®m>=qu f(q) I_;:#e.; (@)

(2) L
TSR
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o

i o HF(B) —_—
©® Traitement HF(B) 4 _____ (2l 00 Calculs HFB contraints
--> Probléme a A nucléons — A problémes a 1 nucléon e - l
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o OO [l,()' y / =00
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m 9 Développements au niveau post-HFB : PGCM, généralités

Calculs HFB contraints

@® Traitement HF(B) |®> HF(B) — I__E—:_
4 -:.::' _8a- (1900, @)
, 0 OO ‘Ll, o ) 4 x

@® Post-HFB treatment : PGCM

-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua

--> Probléeme a A nucléons — A probléemes a 1 nucléon
| EI \ PGCM
MU, 0

J.-P. EBRAN

Commissariat a I’énergie atomique et aux énergies alternatives

U=
[ | aassaaabbsnsis -170
/ P’ ‘C%VWVWW 175
-170 - B 94 | 160

-195
-200



=l o

@® Traitement HF(B) . HF(B) — =
--> Probléme a A nucléons — A problémes a 1 nucléon . 1

(0) OO ‘u,O' ) 4

Calculs HFB contraints
(Ig0l, @9)

il

@ Post-HFB treatment : PGCM
-->  Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua

PGCM
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-175
-180
-185
-190
-195
-200
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I. Preprocessing of the Hamiltonian O
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Expand & Project Project & Expand
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m 9 Application of PGCM-PT i = 2 VabeaPes

> —) I"" (laol 00 h1 — 24 A1 U1 q (U1 ac = ; Vacoa¥pa
, ( _ATT _pT 4 Aq) (Vq) = By ( )
Symmetry-breaking A pl] (cD(q)lC CL|CD(q)>

independent quasinucleons WF

@ dHFB treatment

Correlated A-
nucleon WF

MeV K?j = (CI)(Q)|CjCi|CD(q))
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1 6] °Ne [HFBI 8 3
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0.4

0
O O..O 4 0 O 40 81 2 0 4 O O 40 81 2 O 4 0 0 40 81 2 0 4 O 0 40 81 2 Frosini, Duguet, Ebran, Bally, Mongelli, Rodriguez, Roth, Soma

EPJA (2022)
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9 Application of PGCM-PT

Sy = 12,12
®> —) I:-.E (laol 00) (i) ( )
o —oo- —

@ dHFB treatment
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EPJA (2022)
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m © Application of PGCM-PT 20
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m © Application of PGCM-PT

@ dHFB treatment
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@ Projection on good quantum numbers
N,Z,J,m

2.0
20 -78
L6 Ne [HFB] ‘1 8o 24
1 [|-82
1.2 i —84 21
< * 2 -86
; 18
0.8 _e8 .
0.4 -Zg 152
123
.
9]
b

0.0 —-0.30.0 0.3 0.6 0.9 12 1.5 -
B2 9
6
; 3
_ o o . :
@ PGCM treatment IGHG) — Z Z fMK (q) MK(q) I(D(q)> 0'0-0.40.0 040812 -0.40.00.40.81.2 -0.40.00.40.81.2 -0.40.00.40.81.2 L
q K B2 B2 B2 B2

JNoZo JNo Zo JNoZo __
Z [j{qKq’K’ E“?]NGZGNqKq’K’] flqrc =0
q’K’

7 T AR — Ap /
e = L[ agnewire | [ agpetne T = @(@ITR(E)0(a")
akq’K’ 27 ), N 27 ), z

2] i 1 L T 27 . N
. * l‘l
T L drxL dp sin(P) L dyDick (0 B, V)T, o, apyaq”

Frosini, Duguet, Ebran, Bally, Mongelli, Rodriguez, Roth, Soma

EPJA (2022)

Commissariat a I’énergie atomique et aux énergies alternatives J.-P. EBRAN 17 février 2023



MeV
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9 Application of PGCM-PT

@® PGCM : relevant ab initio tool for spectroscopy

@® PGCM-PT : eventually needed for absolute energies + accuracy
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Cea ® Application of PGCM-PT

Quark and gluon world
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cea Conclusion

Quark and gluon world

v

0
H(%9%, ...)

T > H(e'®) > H(s *) > Hgpp (o7® )¢

Ripoche, Tichai, Duguet, EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma EPJA (2023)

Frosini, Duguet, Bally, Beaujeault-Taudiére, Ebran, Soma, EPJA (2021)
EEE).

BRI}

Frosini, Duguet, Ebran, Bally, Mongelli, Rodriguez, Roth,Soma, EPJA (2022)

Frosini, Duguet, Ebran, Bally, Hergert, Rodriguez, Roth, Yao, Soma, EPJA (2022)
Commissariat a I’énergie atomique et aux énergies alternatives J.-P. EBRAN 17 février 2023



