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Outline
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PGCM
How to best account for nucleons correlations

Application

Context
Theoretical description of nuclear systems
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Context : General goal of nuclear structure theory
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Ground-state

ƳŀǎǎŜǎΣ ǊŀŘƛƛΣ ŘŜƴǎƛǘȅ ǇǊƻŦƛƭŜΣ Χ

Excitation spectra

energies, transition probabilities, 
response function to electroweak 
ǇǊƻōŜǎΣ Χ

Decay modes

ƭƛŦŜǘƛƳŜΣ ȅƛŜƭŘǎΣ Χ

Reactions

ŎǊƻǎǎ ǎŜŎǘƛƻƴǎΣ Χ

 Starting from the hadronic level of organization (nucleons + interactions), what novel structures emerge and how they evolve with EexΣ bΣ ½Σ Χ

ΧΤ     Τ       ΤΧ   

Intrinsic densities

Atomic nucleus=

Emergent SSBs
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ὐ π

Exact WF

Context : General goal of nuclear structure theory

4

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

ὐ π

Approx: 
Symmetry-preserving HF WF

Density profile

2-point correlation function

SpectroscopyApprox:
Symmetry-broken HFB WF

(|q 0|, j0)

Approx:
PGCM WF

Yannouleas& Landman, 2017

Selection rules satisfied
Symmetries of the Hamiltonian 
realized in the ground and excited 
states
BUTALSO
Long-rangeorder/collectivity

Closed-shell system Open-shell system

Revealing back long-range order
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Context : Strategies
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Liquid drop 
model

Collective 
model

Empirical 
shell model

Interacting 
boson 
model

Algebraic 
model

Ab initio approaches 
(empirical NN+NNN 

interactions) 

Cluster 
model

Phenomenological 
energy density 

functional method

Era of models

QCD

Ab initio 
approaches First-principles 

energy density 
functional methodNon-

empirical 
shell method Cluster EFT

Interacting 
boson EFT

Collective 
EFT

Liquid drop 
EFT

Era of effective (field) theories

X Fullcontrol ᵼ systematicallyimprovable, no error compensation,    
ƴƻ ŘƻǳōƭŜ ŎƻǳƴǘƛƴƎΣ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ ŜǊǊƻǊ ŜǎǘƛƳŀǘƛƻƴΣ Χ

XWForce you to step back and rethink

X Gives insight about relevant scales/dofs
X Ready to be used
W Lack of control
ᵼ double counting issues, error compensation, no error assessment

 Achieve a                                                   description ?
accurate
predictive
computationallyaffordable
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Context : Nuclear structure from a microscopic viewpoint

7J.-P. EBRAN

 Effective pseudo-Hamiltonian

 Various levels of realization
 Hartree-Fock-Bogoliubov(HFB)
 Projected Generator Coordinate Method (PGCM)
 QuasiparticuleRandom Phase Approximation (QRPA)

ᵊ
Free-space interactions

Effective in-medium 
interactions

Complicated WF Simplified 
auxiliary WF

 How to improve current EDFs   
 How to turn EDF in EFT ?   

Refined many-body schemes with controlled uncertainties 
CI (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

Systematically improvable free-space Hamiltonian in …EFT

Solving Schrödinger equation
Pre-processing H

1) Nucleus: A interacting, structure-less nucleons

Strongly correlated WF

нύ     {ǘǊǳŎǘǳǊŜ ϧ ŘȅƴŀƳƛŎ ŜƴŎƻŘŜŘ ƛƴ IŀƳƛƭǘƻƴƛŀƴΣ CǳƴŎǘƛƻƴŀƭΣ Χ  

3) Solve A-nucleon  Schrödinger/Dirac equation to desired accuracy

V
e

rt
ic

a
l 

e
x
p

a
n
s
io

n

Horizontal 

expansion

Rationale for grasping nucleon correlations

Reference 
vacuum

é 1p1h exc.

é 

é
 

2p2h exc.

(q0,j0) (q0,j1) (q1,j0)

‘ȟʎ
Ὗ‗ὌὟ ‗

ᵊ

ᵊ
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Outline

8J.-P. EBRAN

PGCM
How to best account for nucleons correlations

Application

Context
Theoretical description of nuclear systems
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Nuclear realm

Quark and gluon world

ⱬ
ⱬ▼╪◄0 1

ὌRank 
Reduction

V-SRG

Frosini, Duguet, Bally, Beaujeault-Taudière, Ebran, Somà, EPJA (2021)

Ripoche, Tichai, Duguet, EPJA (2020)

Ὄ Ὄ Ὄ Ab initio WFT : Expansion many-body methods

ἃȿɡ

ἃȿɰ ɱ ἃȿɡ

Which part of correlations should be treated here ?

Expansion Method
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II.a. 
Unperturbed

II.b. Full

c-EFT

UV dyn.
correlations

II
. 

E
xp

a
n

si
o

n
 m

e
th

o
d

V-SRG   ἃȿ

Nucleus-dependent
rank reduction

Momentum space

low-k

high-k

weak

strong

Partitioning

Unperturbed state

Correlated WF

Ὄȿɡ Ὁ ȿɡ

ȿɰ ɱȿɡ

I. Preprocessing of the Hamiltonian

Expansion series

ά{ƛƳǇƭŜέ {ŎƘǊǀŘƛƴƎŜǊ 
equation

Closed shell

꞊

꞊ ꞊

IR dyn.
correlations

ȿɡ ȿɮ

sMBPT

Fermi
correlations

sHF

Ὄ Ὄ ȟὌȟὙ— π

ȿɡ

Ⱨ

ⱦⱧ╗
Ⱨ

Ⱨ

▌Ⱨ╗

Ὁ
ɡ Ὄɰ

ɡ ɰ
Ὁ

Ὄȿɰ ἃ Ὁȿɰ ἃ

Tichai,Langhammer,Binder , Roth PLB(2016)

Simple expansion scheme
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I. Preprocessing of the Hamiltonian

Expansion series

ά{ƛƳǇƭŜέ {ŎƘǊǀŘƛƴƎŜǊ 
equation

Closed shell Open shell

꞊

꞊ ꞊

IR dyn.
correlations

ȿɡ ȿɮ

sMBPT

Fermi
correlations

sHF

Ὄ Ὄ ȟὌȟὙ— π

ȿɡ

Ⱨ

ⱦⱧ╗
Ⱨ

Ⱨ

▌Ⱨ╗

sHF Fermi
correlations

꞊

Ὄ Ὄ ȟὌȟὙ— π

Ὁ
ɡ Ὄɰ

ɡ ɰ
Ὁ

Ὄȿɰ ἃ Ὁȿɰ ἃ

ȿɡ ȿɮ
Need to include static correlations 
from the 0th order !

sHF

Simple expansion scheme
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I. Preprocessing of the Hamiltonian

c-EFT V-SRG   ἃȿ

Momentum space

low-k

high-k

Ὄ Ὄ ȟὌȟὙ— π

꞊

꞊ ꞊
IR dyn.

correlations

MCPT

ἃȿɮ

ȿɮ ȣ
ȣ
ἃ

ȿɡ

ɴע

ὧȿɮ

static
correlationsMCHF

II.a. 
Unperturbed

II.b. Full

UV dyn.
correlations

II
. 

E
xp

a
n

si
o

n
 m

e
th

o
d

Nucleus-dependent
rank reduction

weak

strong

Ὄȿɡ Ὁ ȿɡ

ȿɰ ɱȿɡ

ȿɡ

Ⱨ

ⱦⱧ╗
Ⱨ

Ⱨ

▌Ⱨ╗

Ὄȿɰ ἃ Ὁȿɰ ἃ

Partitioning

Unperturbed state

Correlated WF

Expansion series

ά{ƛƳǇƭŜέ {ŎƘǊǀŘƛƴƎŜǊ 
equation

Closed shell

꞊

꞊ ꞊

IR dyn.
correlations

ȿɡ ȿɮ

sMBPT

Fermi
correlations

sHF

Ὄ Ὄ ȟὌȟὙ— π

Ὁ
ɡ Ὄɰ

ɡ ɰ
Ὁ

Open shell

sHF Fermi
correlations

꞊

Ὄ Ὄ ȟὌȟὙ— π

ȿɡ ȿɮ

Tichai, Gebrerufael , Vobig, Roth, PLB (2018)

Expansion scheme with hybrid cost
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I. Preprocessing of the Hamiltonian

c-EFT V-SRG   ἃȿ

UV dyn.
correlations

II
. 

E
xp

a
n
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o

n
 m

e
th

o
d

Nucleus-dependent
rank reduction

Momentum space

low-k

high-k

weak

strong

Closed shell Open shell

dHFB

Ὄ Ὄ ȟὌȟὙ— π

ἃȿɡή ἃȿɮÑ

static
correlations

IR dyn.
correlations

dBMBPT

Partitioning

Unperturbed state

Correlated WF

Expansion series

ά{ƛƳǇƭŜέ {ŎƘǊǀŘƛƴƎŜǊ 
equation

꞊

꞊ ꞊

IR dyn.
correlations

ȿɡ ȿɮ

sMBPT

Fermi
correlations

sHF

Ὄ Ὄ ȟὌȟὙ— π

Ὁ
ɡ Ὄɰ

ɡ ɰ
Ὁ

ȿɡ ȿɮ π

Need symmetry restoration !!

II.a. 
Unperturbed

II.b. Full

Ὄȿɡ Ὁ ȿɡ

ȿɰ ɱȿɡ

ȿɡ

Ⱨ

ⱦⱧ╗
Ⱨ

Ⱨ

▌Ⱨ╗

Ὄȿɰ ἃ Ὁȿɰ ἃ

Expand & Project

20Ne

39.8

dBMBPT(2)

PT+Proj? 

Tichai, Arthuis, Duguet, Hergert, Somà, Roth PLB (2018)

Duguet, Signoracci JPG (2017)

Hagen et al (2022)

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

c-EFT V-SRG   ἃȿ

UV dyn.
correlations

Nucleus-dependent
rank reduction

Momentum space

low-k

high-k

weak

strong

Closed shell Open shell

Ὄ Ὄ ȟὌȟὙ— π

꞊

PGCM static
correlations

ȿɡ Ὢήὖ ἃȿɮή

Partitioning

Unperturbed state

Correlated WF

Expansion series

ά{ƛƳǇƭŜέ {ŎƘǊǀŘƛƴƎŜǊ 
equation

꞊

꞊ ꞊

IR dyn.
correlations

sMBPT

Fermi
correlations
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Ὄ Ὄ ȟὌȟὙ— π

Ὁ
ɡ Ὄɰ

ɡ ɰ
Ὁ

ȿɡ ȿɮ π

dHFB

Ὄ Ὄ ȟὌȟὙ— π

ἃȿɡή ἃȿɮÑ

static
correlations

IR dyn.
correlations

dBMBPT

II.a. 
Unperturbed

II.b. Full

II
. 

E
xp

a
n

si
o

n
 m

e
th

o
d

Ὄȿɡ Ὁ ȿɡ

ȿɰ ɱȿɡ

ȿɡ

Ⱨ

ⱦⱧ╗
Ⱨ

Ⱨ

▌Ⱨ╗

Ὄȿɰ ἃ Ὁȿɰ ἃ

Expand & Project Project & Expand

dBMBPT

Expansion scheme & SSB version 2



17 février 2023/ƻƳƳƛǎǎŀǊƛŀǘ Ł ƭΩŞƴŜǊƎƛŜ ŀǘƻƳƛǉǳŜ Ŝǘ ŀǳȄ ŞƴŜǊƎƛŜǎ ŀƭǘŜǊƴŀǘƛǾŜǎJ.-P. EBRAN

PGCM

16J.-P. EBRAN

dHFBtreatment

Correlated A-
nucleon WF

Symmetry-breaking A 
independent quasinucleonsWF

‘ȟʎ

(|q 0|, j0)

Post-HFB treatment : PGCM

Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua =᷿ dq f( q) ▲
‘ȟʎ

dHFBconstrained calculations



17 février 2023/ƻƳƳƛǎǎŀǊƛŀǘ Ł ƭΩŞƴŜǊƎƛŜ ŀǘƻƳƛǉǳŜ Ŝǘ ŀǳȄ ŞƴŜǊƎƛŜǎ ŀƭǘŜǊƴŀǘƛǾŜǎJ.-P. EBRAN 17J.-P. EBRAN

 Traitement HF(B)

Problème à Anucléons Aproblèmes à 1 nucléon
‘ȟʎ ‘ȟʎ

(|q 0|, j0)

HF(B)

,

PGCM

᷿= dq f( q) ▲
‘ȟʎ

PGCM

Calculs HFB contraints

Post-HFB treatment : PGCM

Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua
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 Traitement HF(B)

Problème à Anucléons Aproblèmes à 1 nucléon
‘ȟʎ ‘ȟʎ

(|q 0|, j0)

HF(B)

,

PGCM

᷿= dq f( q) ▲
‘ȟʎ

EMF

|q|

Développements au niveau post-HFB : PGCM, généralités

Calculs HFB contraints

ὃὶὫ▲

ὐ π

Post-HFB treatment : PGCM

Symmetry-conserving (non orthogonal) mixture of symmetry-breaking HFB vacua
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Outline
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Application of PGCM-PT
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