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Outline

o Context

Where does the EDF method stand within the landscape of nuclear structure theories ?

@ Lessons from empirical EDFs

1%t lesson : Effective (pseudo-)Hamiltonians with simple forms do the job
2" lesson : Static correlations can be optimally grasped via SSBs + bosonic fluctuations of order parameters

9 Towards a rigorous formulation of nuclear EDFs

WFT, DFT & EA perspectives

FRG
Application to symmetric nuclear matter
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o accurate :'
Q Context : Strategies @ Achievea  predictive description ?
computationally affordable ,:'
Era of models Era of effective {field) theories

Ab initio approaches
(empirical NN+NNN
interactions)

Ab initio
approaches First-principles

energy density
functional method

Phenomenological
energy density
functional method

Interacting
boson
model

, Hydrodynamic
Interacting EFT

Algebraic boson EFT

model Collective

EFT

Liquid drop
EFT

Collective
model

Liquid drop
model

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 Xl Force you to step back and rethink

= double counting issues, error compensation, no error assessment




0 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

H(’Yr’;‘ﬁé; )llyu,cr> — F—uﬁ‘ |1P|LL,U‘>
\ Strongly correlated WF

Rationale for grasping nucleon correlations
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@ 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
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@ Effective pseudo-Hamiltonian

- ® [ in- i
QS\Y’ O% Free-space interactions o I,:-ff SEYE medium
interactions
|1‘P u,’g} Complicated WF |E‘) L g> Simplified
auxiliary WF

@ Various levels of realization

--> Hartree-Fock-Bogoliubov (HFB)
--> Projected Generator Coordinate Method (PGCM) 4

--> Quasiparticule Random Phase Approximation (QRPA) $

How to improve current EDFs ‘
& How to turn EDF in EFT ? j
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€ Context : Nuclear structure from a microscopic viewpoint W

Quark and gluon world
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dHFB
PGCM

dBMBPT
PGCM-PT
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€© Lessons from empirical EDFs : main idea

@ Hamiltonian H acting in %, and Schrodinger equation

H=T+V+W+ -

1 . 1 1
— 1441 ai1az 4azaz aiazas ,a;azdas _

= (11)22 b Aby T 202 Z Ubsb, Absb, F (312 z Wh.bybs Abybobs T H|W,) = E,|¥,)

' ai Y oajap Y ajazas
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PGCM
#a

@ EDF method postulates the existence of Hgpr acting in yielding the same low-energy observables than with H

Y |HY 0,|H ®
£ :< u| | u>:< u| EDF| u) ,I@u)E ‘Z/APGC

S (v (eu]ey)

! . HY,) = E/JIWL~ M Fully interacting particles

1. Partitionning of the A-body Hilbert space HA . /"’ ‘ t
1 = PPGOM | oPGCM Mapping same GS density vl =
Ha — HES Projection Resummation / ‘/m'

KS particles

i G b i V b 0 (i} ﬂ' - ﬁr
CRPCR SN S

= Resulting objects are real monsters !!

Heg (Eu)l@u>

= M|9N>

PGCM »GC
Q HEGOM




9 Lessons from empirical EDFs : Lesson 1

@® Empirical effective interactions with simple forms do the job !!

Explicit
density-dependence

Non explicit
density-dependence

Galilean EDF

Lorentzian EDF

Gogny D1 vertex

Vie= 3 (Wi + B.P, — HP, - MP,P,)e” =%
=12
T — ,-'-.'_,}

+to (14 10Ps) 87~ ) 6 (5
+ i Wys $|:l‘f;{|'7| — ) X HIE'{";] + &2)

i

~NN =

P G1E) = a; - L,
l'l' (IT!'I'{]" — h’d _Zgi’(p)tl"l‘@h) 'Llj ]+I'-:1!L+(I:.'
b ﬂ‘pll:-’\ ) = gﬂ“_\:c gk
falp:l = fRi0]e il-,".1

DDME Lagrangians

gilp | = gllp‘-‘“"l,l.[il yiz=a, wy
i
1+ by (£4+di]”

Bennaceur et al semi-regularized vertex

, ) ) 1}
Viey woiaa. o) = dlry — rgld(ra — vy g (el ). (kyo. kay)

' {'II.,.""I_..[- + BB, — HMi Py — MW }

V =Wy (Vi +Va)

NL Lagrangians

Lnn =" (i‘r“ﬂu - M- Z ghibhl‘lh) P —Ulo]
b

L 4 5 G2 3 &
Ulo] = gm2a® + Za® + L4
Vi = Lelgloga, (r1 — r2)é(rz —r3), 2 37 1
i'.." — ||=|.;I_—'.;_.,:I{L,:[|‘| — 19 h'll-[I'-_!' —ra).
R = (9o o] (x), Ly = [Ij[pvlmvﬁv“auﬁ N -FIJJ] (x)
I . y T
-> Simple form & Fermi-liquid fixed point to be grasped via RG techniques ? L = [gu by w ] (x), T : L
C8n = [95PY B+ F] (1), LN = l"mm ( M T e *f) ‘1'] S




9 Lessons from empirical EDFs : Lesson 2

@® Lesson n°2 : GS + low-lying collective excited states via horizontal expansion

@ dHFB treatment @ | =
4 (1gol, o)

—oo-
Correlated A-
nucleon WF

Symmetry-breaking A
independent quasinucleons WF

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

@ Post-HFB : QRPA

--> Excitations = coherent mixture of 2-qp excitations
--> Harmonic limit of the GCM

@ u+0,0
v
----> [dol,jo)

--> Static correlations : fluctuations of bosonic order parameters
= (Partially-)bosonizing the theory ?

@u ﬁ |@|.m‘>=jaq f(q) -::.:?;- (q)

dHFB calculation

2| @
0,0

Quasi-bosonic excitation operator
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9 Towards a rigorous formulation of nuclear EDFS : WFT perspect‘fvg

Quark and gluon world

i p >
/psat

@
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Chiral effective field theory = interactions expansion

2N Force 3N Force 4N Force
— 2N
amy  XH o =1+Vio
X
______________________ MeV
NLO X ‘Hl _ N High-energy dynamics X [
(Q/A,)? Hxio =T+ VNLO — Contact interactions 1000 |
C B e
______________________ mp

750

- I

— 2N 3N Pion dynamics explicit |' T '|
Ao =1+Voo Yo (

DN & b

250

H } { - _ 2N 3N 4N _
N = [Epelbaum et al. 2015, 2020] [
[ | | 1 Her0=2T+Ve 0t Voro T aito .

Wi @

5T+V2N +V3N +

N‘LO NLO | UNFLO T

» N34LO 2N for high precision; 3N? 4N?

++H+| Major challenges
H-H » Can k-body, k>3, be omitted in A>>3?
|T+ *o * » More profound issues...



9 Towards a rigorous formulation of nuclear EDFS : WFT perspect‘ﬁlg

Quark and gluon world

H(2%%, ...)

[ ] L;"ka V-SRG
—
Rank T
H (. Ve, ] Redtalrtion H(' .)

Ripoche, Tichai, Duguet,:EPJA (2020)
Frosini, Duguet, Bally, Beéaujeault-Taudiére, Ebran, Soma, EPJA (2021)
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Similarity renormalization group transtormation of H

» Need very large ngim, (€may) due to hard core of V2N — large ME between low and high momenta basis
states

— Unitary Similarity Renormalization Group (SRG) transformation of H to tame it down

kr
—-

r F k
k k N [Bogner ef al. 2010]
(K |VIk) = H +>< TR S
K k =
Hs = UsHU! = Ty + Vs
from which one finds the flow The flow parameter s is usually replaced with
equation A = s71/% in units of fm™" (a measure of the

spread of off-diagonal strength).

dH,
— |'/s> Hs 3 s — Tre ’ Hs
4o = s Hsls 15 = [Tel, He]

Evolution of the potential

dVs(k, k')
ds

2 o0
= —(k* — K"*)Vi(k, K') + ;fo q*dq(k* + k'* — 29*) Vs(k, q) Vs(q, k')



9 Towards a rigorous formulation of nuclear EDFS : WFT perspect‘ﬁlg

Quark and gluon world

H(s%2, ...)
'Q?:ﬁﬁ) V-SRG IM-SRG
) - k i ( s ¥
. Redl?:tion H(. .) - Configuratio:slpac:: E) - H(’ .) HEDF (‘ .)‘

Ripoche, Tichai, Duguet,:EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)
Frosini, Duguet, Bally, Beéaujeault-Taudiére, Ebran, Soma, EPJA (2021)

N




In-medium similarity renormalization group

Apply unitary transformations to H in the configuration space to obtain ground state

A(s) = U(s)HoU'(s)

@ Flow equation

) 19f) 19§°) 105%°) @) 197) 19§°) 19%")

) _15(s). (o)

U(s)HU' (s)

@ The generator 7)(s) is chosen to decouple a
given reference state from its excitations.

JI%”‘} &) |¢f) @)

(o|H|o') (0] H(o) ')

@ Not necessary to construct the whole H

matrix in the configuration space.

H. Hergert et al., Phys. Rep. 621, 165 (2016)

’




9 Towards a rigorous formulation of nuclear EDFS : WFT perspect‘ﬁlg

Quark and gluon world

H(s9%, ...)
L‘?ﬁﬁ) V-SRG e
) - k i ( s 7
. Redl?:tion H(. .) - Configuratio:slpac:: E) > H(’ .) HEDF (‘ .)‘

Ripoche, Tichai, Duguet,:EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)
Frosini, Duguet, Bally, Beéaujeault-Taudiére, Ebran, Soma, EPJA (2021)




6 Towards a rigorous formulation of nuclear EDFS : WFT perspective

-100

-110

—150

—-160

/\ /\ sHFB
10.3 A dHFB
® PGCM
A % PGCM-PT2
5.5 -
--=- EXp
10.3< 121
A
42.5 6.3 A A -
6.7 ,
o f'_"‘:_!r_____z_-y_g_:________:)_e-_l____
s=0 s=10 s=20
Ab initio EDF

— PGCM -—=- PGCM-PT2
4 a7
+
-t f2r “

2 mmm—— TS
0 0+ 0
''s=0 s=10 s=20 | ' !

Ab initio Exp EDF

Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)
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9 Towards a rigorous formulation of nuclear EDFS : WFT perspective

Quark and gluon world

H(s%2, ...)
'Q?:ﬁﬁ) V-SRG IM-SRG
) - k i ( s ¥
. Redl?:tion H(. .) - Configuratio:slpac:: E) - H(’ .) HEDF (‘ .)‘

Ripoche, Tichai, Duguet,:EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma EPJA (202 3)
Frosini, Duguet, Bally, Beéaujeault-Taudiére, Ebran, Soma, EPJA (2021)
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9 Towards a rigorous formulation of nuclear EDFS : FRG perspective

Quark and gluon world

FRG
H(s%2, ...)
L. L‘?ﬁﬁ) V-SRG IMLSRG
e Kk _ =AY .
Hie®%e, . Re:z:"im H(s®) (I Y > H(s *) > Hgpp(s®)®

Ripoche, Tichai, Duguet, EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)
Frosini, Duguet, Bally, Beaujeault-Taudiére, Ebran, Soma, EPJA (2021)

Option 1 : Start from a Hamiltonian/Lagrangian for nucleons in free space
Compute the effective action for nuclear matter and check saturation properties
Apply to finite nuclei with the usual techniques




9 Towards a rigorous formulation of nuclear EDFS : FRG perspective

Quark and gluon world

FRG
H(s%%2, ...)
L. L‘?ﬁﬁ) V-SRG IMLSRG
e Kk _ =AY .
Het e, Re:z:"im H(e®) “(\\- Y > H(s *) »Hgpp(s®)®

Ripoche, Tichai, Duguet, EPJA (2020) Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)
Frosini, Duguet, Bally, Beaujeault-Taudiére, Ebran, Soma, EPJA (2021)

Option 1 : Start from a Hamiltonian/Lagrangian for nucleons in free space
Compute the effective action for nuclear matter and check saturation properties
Apply to finite nuclei with the usual techniques

Option 2 : Start from a Hamiltonian/Lagrangian for nucleons in free space
Compute the effective action for finite nuclei by accounting for all types of fluctuation

Compute all the desired correlation functions \




9 Towards a rigorous formulation of nuclear EDFS : FRG perspective

Quark and gluon world

W —

[ ] 1
| | | | p
0 0 5 S 1 /psat

FRG
H(a%82, ...)
L.M t 'J?;Tﬁ) V-SRG SR
) k — \ acl T N 1T 7 .e\@»...
Hll (. .'. il : Re:la::tion H(‘ .) ( “. Configuratio:;pac(:'" E) > H(O .) HEDF (o' ’)‘

Ripoche, Tichai, Duguet, EPJA (2020)
Frosini, Duguet, Bally, Beaujeault-Taudiére, Ebran, Soma, EPJA (2021)

Duguet, Ebran, Frosini, Hergert, Soma, EPJA (2023)

Option 1 : Start from a Hamiltonian/Lagrangian for nucleons in free space
Compute the effective action for nuclear matter and check saturation properties
Apply to finite nuclei with the usual techniques

Option 2 : Start from a Hamiltonian/Lagrangian for nucleons in free space
Compute the effective action for finite nuclei by accounting for all types of fluctuation
Compute all the desired correlation functions

Option 3 : Start from QCD
Compute the effective action for nucleons in free space/ infinite nuclear matter / finite nuclei
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Global Strategy

Free space Effective
N-N Lagrangian — N-N Lagrangian

FRG flow in medium

Present work

L = LBonn xmmremm)p 7

o
Realistic N-N interaction
Not derived from QCD F RG fI OW . Benchmark
Fitted on N-N scattering data Properties of nuclear matter
J. W. Negele & Erich Voagt. Apreliminary
(1989) Advances in Nuclear Physics.

Compare with other Beyond Peter Ring et al 2023
@ Mean-Field approaches : J. Phys.: Conf. Ser. 2453 012031 -




Bare N-N Lagrangian

»CBonn,int — Z gm&me

Imesons

Lesson from empirical EDF

»C:Bonn,int ™ ['NLS,int

. : . *NL3 :
Same analytical form for interaction

common EDF interaction

Main structural difference

0.3 0.4

L:Bonn jQQ 3 - g3 Z C »CNLS Generated by FRG flow ?

24




Bare N-N Lagrangian bseudo-scalar

- Scalar
Ling =V |(M + g,0 + g5 0) +m(w“+7%+v5v“ (WH‘QWT%] (0

Vector
Mass scale [MeV]

First calculations

950 NUC'GO'/ Symmetric nuclear matter

~780 7 M + (some) mesons @Mean-Field*

p=dgd=n=ma=I

550 Ay
Wq aAsS external parameter
Flowing Uy, (o
~140 7/(//4//
@ 25




Preliminary ansatz

| ] | ‘
I, — / — §mﬁ+ Ly = &M + gy0)t + 50,000

Associated Wetterich equation (T=0) Heff = 1 — uWo

1 L O0(EN +eltegg) — 1
\/kQ + U \/k2 + (M 4+ g00)2

Numerical details

Change of variable Time integration

Grid for o For stability Fully Implicit RK
. k,2 U//
no Taylor expansion —+ .
T = lgg > Integration constants
A ODE for Uy (ay), u (op)

lhssen, F, Sattler, F. R., & Wink, N. (2023). Phys. Rev. D, 107, 114009. 20




Preliminary results
< e B> e

—— k/A=1.000 k/IN=0.278 0.20{ — k/A=1.000 —— k/A=0.876
—— kIN=0.396 kIN=0.226 —— kIN=0.994 —— k/A=0.814
—— k/N=0.384 k/A=0.160 —— kIN=0.979 —— k/A=0.656
0.201 _ x/n=0.360 k/A=0.059 —— k/A=0.955 kIN=0.244
—— kIN=0.324 k/A=0.001 0.15{ — k/A=0.921 k/A=0.001

20.10

0.05;

0.00

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150

Liquid-Gas Transition seems to be qualitatively captured
— relax approximations to get quantitative results

= o




Conclusion & outlook
Next steps

Full LPA Adapt UV input

Chiral/QCD Lagrangian

Include all mesons consistently
Or directly with FRG ?

+ flow of Yukawa couplings
+ WF renormalisation

Prespectives

Pairing Clusters Finite nuclei

Include light nuclei (tritium, Helium,
6 ( Use FRG as a Many-Body method

Include a dynamical pairing field
deuteron,...) as explicit dofs

-> in-medium pairing force

»
: ..’ “-"
\g n
. *e
‘ .
o
(4

¢




Thank you for your attention !
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€ Towards a rigorous formulation of nuclear EDFS : Languages -

Wave Function theories Functional theories

‘ wlpl - 0[Wsl-= 0l6] L}%—*

Based on wave function |¥) reduced quantity g
Observables o[|¥)] = (¥|0|¥) Flo]
[ Grr;t—t) Y, ) =GOt —tF) p(r) =y(r,r)
Functional O, wlGlorZ = 5?% Eycly] E..lp] orv,. = 8§;C
Approx. “easy” difficult very difficult
Computationally heavy moderate light

1) Nucleus: A interacting, structure-less nucleons
2) Structure & dynamic encoded in Hamiltonian, Functional, ...
3) Solve master equation to desired accuracy

G T(x,x) = G51 (x,x") — Z(x,x") _ { v2

) Ege= min E[y] v (r)}qa (1) = expr(r)
H(Oﬁ"% IWie) = Buo[Yio) h{r)fy(x) +de’Z(x,x’;€o¢)fo((x’) = eqfol(x) YEN-—rep m : <

.
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