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Direct nuclear reactions, processes such as nucleon transfer, knockout, anti-nucleon capture have been extensively exploited by experiments to learn about the
structure of exotic isotopes far away from stability, to infer properties of the nuclear forces, to describe nucleosynthesis and to learn about the nuclear equation of
state. In this respect, nucleon-nucleus optical potentials are of great importance since they are the fundamental building blocks needed to predict reaction
observables to address such a wide range of Nuclear Physics facets. Traditional phenomenological optical potential parameterizations are fully reliable only in
specific regions of the nuclear chart, near the stable isotopes they were fitted to. On the contrary, microscopically derived potentials can be systematically extended
to isotopes far from stability that are the focus of modern experimental searches. This workshop will address the state-of-the-art of nuclear optical potentials to foster
advances in their accuracy and handling of uncertainty propagation.
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The Faddev-RPA and ADC(3) methods m a few words

Compute the nuclear self energy to extract both scattering (optical potential) and spectroscopy.

Both ladders and rings are needed for atomi nuclei:

“Extended”

Hartree-Fock

All Ladders (6T) and ring modes (GW) are coupled \

to all orders. Two approaches:
* Faddev-RPA allows for RPA modes
* ADC(3) Tamn-Dancoff version using 3rd order
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F-RPA:

Phys. Rev. C63, 034313 (2001)
Phys. Rev. A76, 052503 (2007)
Phys. Rev. A83, 042517 (2011)

ADC(3):

Lect. Notes in Phys 936 (2017)-
Chapter 11.
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The Self-Consistent Green's Function with Faddev-RPA

Two-nucleon emission: 160(e e'pn)“N
[Eur. Phys. J. A43, 137 (2010)]
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Binding energies
Oxygen drip line
[Phys Rev. Lett. 111, 062501 (2013)]
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Nuclear ELM response
and dipole polarisability, ap
[Phys Rev. €99, 054327 (2019)]

Charge & matter distribution

Neutron skins [Phys Rev. Lett. 125, 182501 (2020)]
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Optical potential

Elastic neutron scattering [Phys Rev. Lett. 123, 092501 (2013)]
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Spectroscopy

lonisation energies and affinities for
simple atoms and molecules
[Phys Rev. A. 83, 042517 (2011); 85, 012501 (2012)]
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I
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0 (deg)

Level ADC(3) FRPA FRPA(c) Expt.
HF
1 16.48 16.05 16.35 16.05
30 20.36 20.03 20.24 20.0
Cco
50 13.94 14.37 13.69 14.01
17 16.98 16.95 16.84 1691
40 20.19 19.46 19.59 19.72
H,0
1b, 12.86 12.62 12.67 12.62
3a, 15.15 14.91 14.98 14.74
1b, 19.21 19.06 19.13 18.51
A (eV) 0.30(0.30) 0.25(0.23) 0.31(0.26)
A (€V) 0.70(0.70) 0.73(0.73) 0.88(0.62)
70 — Par
o 7 Pajarsi2
». :
-30 -20 % -10 0 LN
\
[Phys Rev. Lett. 103, 202502 (2009)] . o [MeV] \
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The self-consistency loop
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Ni56 one-body propagator decomposed in its partial waves (FRPA, Max=9):
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The self-consistency loop (approximated)
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The OpRS idea: Keep moments of the“sp. fnct.

(W) |au | 10w ag | 5) (Wit lay | W™ ) " faa | 95)

hw — (E;;“H — E(;‘) +1in i Xk: hw — (E(‘)4 — E,‘;‘_l) —in

Original propagator:  gug(®) = Z

n

v v va(VE)
OpRS approximation: g22R5< )=Z ( OzRSﬂ : +Z (SpRﬂé) )
ngp @ —En T g 0 — & mn

1st strategy: keep particle and hole distributions separated:
Koltun s.r. & 1-body observables fully retained:

i M E‘I’ATQIPA=/8O_S}I dew = Ky 4 ok
My =Y (X)" X&)y pop = (g lagas|¥y) N hs(@) do Xk:(yﬂ) Yk
~1B
aﬂ_Zyk 3’,3 (Ek)p \ (O ):Z ﬂpﬂa—ZZ(yk 0&,@%
of k  of
A 1/80_ h -
MPOPRS_Mpﬂ p:O 1 2,-..,2K+1 EO_;z —oo[Taﬁ +Cl)8a/3]S a(a))d(l) 2(W>

k=20 OpRS(x=0) has twice the poles of a HF/MF
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The OpRS idea: Keep moments of the sp. fnct.

(W) |au | 10w ag | 5) (Wit lay | W™ ) " faa | 95)

hw — (E;;“H — E(;‘) +1in Xk: hw — (E(‘)4 — E,‘;‘_l) —in

Original propagator:  gug(®) = Z

n

v v va(VE)
OpRS approximation: g22R5< )=Z ( OzRSﬂ : +Z (SpRﬂé) )
ngp @ —En T g 0 — & mn

2nd strategy: group particle and hole distributions together:

MP — Z (Xn) Xn n Z yk (yﬂ) Koltun s.r. & 1-body observables are still OK(-ish)
“b L~ Ep — 8+]P [Er — &, 17
OpRS(x=0) has same # of poles as HF/MF

pOpRS P _

M _Maﬂ, p=0,1,2,...,2c + 1
k=0
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The self-consistency loop (approximafea)

Trial
propagator:

8ap (w)

(oc0)
Yigg =4

“scx” means approximating
~with OpRS(x) but still iterating
to self-consistency ‘

Optimised reference state (i.e., a smartly
UNIVERSITA DEGLI STUDI DI MILANO P . ( !
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Linear response with SCGF
some past works

F. Raimondi and CB, Phys. Rev. C99, 054327 (2019)
CB and W. Dickhoff, Phys. Rev. C68, 014311 (2003)
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Dressed RPA

The Lehmann representation of the polarization propagator

The polarization propagator is the solution of the Bethe-
Salpeter equation,

is

(wilasay | Wi, N9, lalas | v3)

Mysap(@) = ;
rheh n,ge:o ho — (Erﬂr _Eé) +1n H)/S,aﬁ(w) = H}{Mﬂ(a)) + Z Hi&up(w)
(Wi |alap| 7, (7, ayay [ ¥5) WU
X ) O X K @Miap(@), (1D
DRPA uses the dressed propagator (or, = * *
better, the OpRS) and approximate K(rh=V
+ + +
Response observables are found as usual:
1 AT=1 ¢\ * AT=1 2 R(E)
R(E) = - Z (Y191, 16)" Im I1y5.4p(E) (| Ly, |B) o(E)=4n“aER(E) ap = 2« dET
ap
ys  dipole response (E1) Coulomb exit. X-section dipole polarisability
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Dressed RPA - scO with inverted poles

Isovector dipole response (Nmax=13, NNLOsat, OpRS/sc0):
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FIG. 7. Isovector E1 photoabsorption cross sections of '“1%222¢Q computed with the NNLOy, interaction and the SCGF many-body
method. The reference gﬁ"ﬁs(w) propagator is computed using an ADC(3) self-energy. The curves are obtained by folding the discrete spectra
with Lorentzian widths I' = 3.0 MeV. Experimental data for 160 in (b) are from Ahrens et al. [47] (red squares) and from Ishkhanov et al. [49]
(green circles); experimental data for 220 in (c) are from Leistenschneider ez al. [48].
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Dressed RPA
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FIG. 10. Photoabsorption cross sections of '°O computed with

~OpRS

. 8,<) (@). The computed DRPA spectrum is convoluted with a
= Lorentzian width of I' = 3.0 MeV. Experimental data are from
Ahrens et al. [47] (red squares) and from Ishkhanov et al. [49] (green
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- dependence on the choice of OpRS

“Inverse poles” OpRS(k=0)

35

30¢

o(Ey) [mb]

200

: — DysADC3 RPA
== Ahrens (1975)

e s Ishkhanov (2002)

160

N0e=13, hw=20 MeV

=505 10 15 20 25 30 35 40 45 50 55 60 05 70

Eyx [MeV]

FIG. 11. Same as Fig. 10 but with 2773 ().

=

FIG. 2. Example of diagrams contributing to the ph polarization
propagator I1(w) with 2p2h intermediate configurations. (Left) Non-
interacting 1k + 2plh terms that contribute to DRPA through the
dressing of the reference propagator. (Right) Interaction among the
ph pair mediated by a phonon exchange.

“Direct poles” OpRS(k=0,1)
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Extending DRPA to double phonons

Follows the FRPA/ADC(n) strategy:

\ b)
’\\ K(ph) i
@ =1 v+ L
‘ H(p)
(@) =T~ (0)+ 1< () x x
(w)—117(0)+ 115 () X® xX®
f f @l yay | =M} pay
Hys’“ﬁ(w) = Hy&aﬂ(a)) + Z HV&MP(O)) 2) (2)
P —. 17 (0) =" (o) + I/ (@){[V+ W~ () ]I17 () Y Y
(ph) +(V+H™ )T ()}, GV G'+D  GK™T G[V+H”<)(G*)'
X Kﬂi,va (w)nvo,aﬁ(w)’ - < e . d K>G E
(0)=1I""(w) (0){( M~ (o) M=l Gutven=o1g° _GUWGMT-D  GHR<T
+[V+W<(w)]H<(w)}. K<(G*)T —E
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Extending DRPA to double phonons (r'esulté for oxygen)

Choice of IPM vs. “OpRS” propagators
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FIG. 7. Dependence of the ERPA solutions on the number of
two-phonon states considered. For any given point, all the configu-
ration with energy e,’fu-f- effbsE cu: Dave been included in the calcu-
lation. Solid (dashed) lines refer to the results obtained from a
dressed (IPM) input propagator.
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“Ab initio” Double phonons not explaining low-lying 0+

(but explaining other things):

0+

17 0+

2-

16
15
14
13
12

D N o ©

[\HW

0+ 0+ 0+

experiment Dressed RPA Dressed ERPA

FIG. 6. Results for the DRPA and the two-phonon ERPA propa-
gator of '%0 with a dressed input propagator from Ref. [9], middle,
and last column, respectively. In solving the ERPA equation, the
lowest 37, 17, and 0™ levels of the DRPA propagator were shifted
to their experimental energies. All other DRPA solutions were left
unchanged. The excited states indicated by dashed lines are those
for which the (E)RPA equation predicts a total spectral strength Z, _
lower than 10%. The first column reports the experimental results
[44].
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Ab initio optical potentials from
propagator theory )

f

‘1op Publishing

Journa of Physics G: Nuclear ang Particle Physics
J. Phys. g Nucl. Part. Phys. 509 (2023) 060501 (58pp)

htlps://doi.org/1 0.1088/1361-6471/300348

i
Optical Potentials for the rare-isotope
eam era
: Fesbach theory: 1
oo toSartor Adv. Nucl. Phys. 20 (19$3)(2002) € Hebborn™2.. gy : G Potel , W H Dickhof
Mahaux & ] Rev. C66, 0343 J W Holt® M C Atkinson26 » RB Baker” | Barbierij®°
Escher & Jennings Phys. G Blanchon 0.7 Burrows™ B canotets
P Danielewzicz1’3 , M Dy uis1°'1.1,_?4h Elster” -
Previous SC.GF worke Rev. C72, 014613 (2005) 4616 (2011) ;IEE:;?SE", K’:Erasz?i:? :jﬁl;l,:nfret’jil;'eda,yztﬁ:fcenr;e17,
CB, B. Jennings, PW Sbickhoff Phys. Rev. 084,£g’1 (2019) B Morillon1°’1;, Perdikakis'® ' 'p pp, o
’ CB, W. ; 23 092 G H Sargsyan
S. Waldecker, . Rv. Lett. 123,
. ratil, Phys. _ ‘
" ldml’t?bs’géNStv al., in preparation
M. Vorabbi, ’ v

i » 1 Thompson? Vorabh;'9-20 and
TR Whiteheaqd
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Microscopic optical potential
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Nuclear self-energy ¥*(r,r’; ¢):
« contains both particle and hole props.

« itis proven to be a Feshbach opt. pot = in general it is non-local !

1
) =5 M M,
ab +Z ( K>—|—C)—|—1F) "’

1
:
mean-field T ZN“ r ( (K<+D) - l-p) r’st,ﬂ

T
Particle-vibration
couplings:

Solve scattering and overlap functions directly in momentum space:

bk K E ZR )S*E R (K

nn’

—%7( ) /dk/ k/2 Z‘*l,J (k‘, k/; Ec.m.)wl,j(k/) — Ec.m.wl,j (k) C
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Role of intermediate state configurations (ISCs)

. . [A. Idini, CB, Navratil,
h-160, total elastic cross section Phys. Rev. Lett. 123, 092501 (2019)]

8 T

High order configurations, or
ADC(n>>3), to be critical for fully
ab initio optical potentials

0o 5 10 15 20 25 30
E (MeV)
1 1
_Z“ﬂ +ZM ( K>-|—C)-|—1F) ﬁ+ZN‘”< (K<+D) - iF)r,sNI’ﬁ
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Diagrammatic Monte Carlo (DiagMC()

S. Brolli
(Masters thesis)

1 1=u in finite systems

=y
/\ g:::’s “““ / N\
e E=y
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Green's function theory beyond ADC(3)?

The Green’s function is found as the exact solution of the Dyson equation:
Gap (W) = GL) +ZG<0> (w) G (w)

It requires knowing the self-energy which is the sum of an infinite series of Feynman diagrams:

. ms
— *-O + + 0 + ¢ Y+ yired diaBfeu= |
@ G urmber Of ‘eqw. .t} the 0f¢

b
- The\\;es\ rorial)
é o ] eXfpt::e approx\mat\on
+ g + + + _6 +.. °

§ ¥ L
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Diagrams grow factorially (more than exponentially) with the order

A direct calculation of all diagrams beyond order three is unfeasible.

Order: # of diagrams:
| / 1

I 3

I 19

A ~102

v @ @ o ® ® 0 "¢

Diagrammatic Monte Carlo (DiagMC) samples diagrams in their topological space
using a Markov chain.
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Diagrammatic Monte Carlo: overview

S. Brolli (Masters thesis)

op (W) = Z Z /dwl...dwm Do (T571-Yn wW1---wm) 1Tesg.

T Y1---Yn

We define C := (T;791--Vn; w1.--wWm)

(@) = [ de D2 (€)1 PO,

« o D24 (C)|Wo(N) ¢fare[Pas(C)]
o8 () = aﬁ/dc Zop Wo(N) l7es.

@ Wo(N) is an order dependent reweighting factor
Q@ 245 = [dC D5 (C)[Wo(N) is a normalization factor
_ D& ©O)IWo(N)

g wyg (C) z,
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Diagrammatic Monte Carlo: normalization

The Markov chain must have the correct equilibrium distribution wgﬁ (C):

. 1 n 6iarg[DgB(Ci)]
nlﬂﬁoﬁz W,(N) I7iess:

=1

25 (w) = foﬁ

where the normalization Z&"ﬁ is unknown but it can be estimated.

We turn propagators that close on themselves into zigzag lines with an arbitrary value

iwin _“ w1 @ W1 . _so—kwi
MGy (W1) = — = —ie

with k an arbitrary constant that can be used to optimize the convergence.
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Define the normalisation sector S to be made of both these diagrams:

o ____Oi% . @ These diagrams belong to wg but not to Ssx
“ “ ¢ They are easy to integrate and to simulate with
(8% o
o ___‘&%i% W wh the Monte Carlo method
(6 (0 w
a | a !
SN has weight: The expected number of times the normalization
9] 72 sector is visited (\/) gives the normalization Z% :
ZN¥ = dC w¥ = G W, (2
vie= [ dous = DTt G @) e W
= lim —
Z&‘} n—oo M
. 3 1 & etarg[Dg(Ci)]
Then, we get the fundamental equation of DiagMC: 27, Z lim — 17 esa,
g q g ( ) Na TL—)OON WO(N) IEESZ}
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The updates

© Change Frequency } Standard Monte Carlo

© Change Single-Particle Quantum Numbers

Change Frequency:

UNIVERSITA DEGLI STUDI DI MILANO INEN
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© Add Loop
@ Remove Loop | Monte Carlo on the topology

©@ Reconnect

Add Loop & Remove Loop:

w} is drawn from the probability distribution W (w?).

_ld_1
47 Wy (W)

2
qAL e h |Go ()]
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updates

S. Brolli (Masters thesis)

Reconnect:

The unphysical propagators are turned into

physical ones when reconnected.
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Results of the simulation for D=4

1

aﬁ(w) ap +; a,i E—(K>—|-C)—|—ZF i J-p

1
N N’
+; “\E—-(K<+D)—il s:p

r,s
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Figure 4.1: Components « = 0 and a = 2 of the imaginary part of the self-energy for different
values of the coupling g. The blue line is the results obtained with the BDMC simulation, while
the red line is the best fit as a sum of two Lorentzians. The results for the two values of a = 0,2
are displayed respectively on the left and on the right of the graph. The error bars are calculated
as explained in the main text.
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Imaginary part of the component o« = 0 of the diagonal self-energy for

different values of the coupling:

Second Order BDMC:
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Third Order BDMC:
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S. Brolli, CB, Vigezzi,
in preparation
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Reorganization in terms of ladders (I')

S. Brolli, CB, Vigezzi,

Imaginary part of the component a=0 of the diagonal self-energy (g=-0.6): in preparation
Old updating scheme: New updating scheme:
0.1~ 0.0
01| — Fit
— 0-01 . v —— BDMC
3 -0.1- 37
E.lg ~0.2 - wg 2
M = 04
—0.3 A
-0.5
—0.4 A
! ' e ©
5 0 5 10 e : I I
w W A
@: ro| Y+ [ro e
A
It restores the correct spectral representation also for g < -0.4! o
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Correlation energy AE = E — Egp asafunction

of interaction strength (g):

Spectroscopic function for different
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S. Brolli, CB, Vigezzi,
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dimensions of the model space (D):
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SCGF computations of infinite matter

F. Marino (PhD Thesis)
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Nuclear Density Functional from Ab Initio

PHYSICAL REVIEW C 104, 024315 (2021)

Nuclear energy density functionals grounded in ab initio calculations

F. Marino®,">" C. Barbieri®,"? A. Carbone,’ G. Coldo®,"? A. Lovato®,*’ F. Pederiva,®> X. Roca-Maza ©,"?

and E. Vigezzi

2

! Dipartimento di Fisica “Aldo Pontremoli,” Universita degli Studi di Milano, 20133 Milano, Italy

2Istituto Nazionale di Fisica Nucleare, Sezione di Milano, 20133 Milano, Italy
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DFT is in principle exact — but the energy

density functional (EDF) is not known

For nuclear physics this is even more
demanding: need to link the EDF to
theories rooted in QCD!

Jacob’s ladder
Machine-learn DFT functional >

on the nuclear equation of state

) + approximate GA
UNIVERSITA DEGLI STUDI DI MILANO
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Benchmark in finite systems

E = fdr 5(1’) = Exin + Epot + Ecoul

Eca = Eipa + Egurt
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Benchmark on finite systems

Machine-learn DFT functional
on the nuclear equation of state

Gradient terms are important (but

they seem to work!):

_ Py e —© . o
0 {&=== oy

|
—-

AE/A (MeV)
|

0
160 34gj 365 36Cy 40Cy 48Cy S2Cq 907r 132gp 208pp

-- Exp  —®- SCGF LDA -7 GAE B GA—rI

Need to extract gradient information
from non-uniform matter
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Jacob’s ladder

+ approximate GA

SCGF/NNLO-sat :

Benchmark in finite systems

AFDMC/AV4’ :

p (fm=3)

LDA LDA
- = GAE

=+ GATr

- = GAE
= + GAr

—— NNLO.y —}— AVA'+UIX, [

r0.2

r0.1

48Ca
2 6 6

LDA
- - GAE
= - GAr

—— AV& +UIX. [ V"

v(x) = v,e"Y* + c.c. = 2v, cos (q - X)

External (monocromatic)

perturbation:

0.0

p (fm=3)

5p(x) = 2p, cos (q - x)

F. Marino, G. Colo, CB et al., Phys Rev. C104, 024315 (2021)
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ADC(3) computations for infinite matter

Finite size box (of length L) with
periodic boundary conditions:

A 3 67T2p

A=66, 2+3 NF (NNLOsat)

—o— ADC(3) sp-TABC

MBPT(2) sp-TABC
--¥-- Finite-T SCGF
—#&- CCD PBC
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=
o
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Combined Gkv-ADC(1) + Dys ADC(3)

- Self energy:
*g19g _ y(o0) g192 T 1
Yap (W)= Xg + M, [w — E2pih +i77] Mg

1
.'.
+ Na [w _ E2hlp _ in] Nﬁ

Dyson-ADC(3) /

(only normal part!)

Gorkov-ADC(1)

OpRS

loop =

- Dyson ADC(3) needs s.p. energies: Optimized ref. states from Grkv

gj@gz (w) Z gOpRS 9193

20 (w) = GO

gOpRS 9192 :59394 (w) g%gz (w)

wOpRS(k') - 5OpR3(k) =+ wOpRS(k‘)

- Spectra function

1

S(k,w) = F=Sm Gl 2= (w)
s
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Construct
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matrix

Solve the Dyson eq.
Determine Fermi level
and observables

If the “sc0” energy
has converged

Compute
OpRS
propagator

The propagator
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energy
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Combined Gkv-ADC(1) + Dys ADC(3)

- Self energy:
* g192 (OO) g192 T 1
Eap (W)= 2 + M, [w — E2plh +i77] Mg
N, ! N|
Gorkov-ADC(1) e | ST gy P S
/1 =)
Dyson-ADC(3) E

(only normal part!)

- Dyson ADC(3) needs s.p. energies: Optimized ref. states from Grkv

Zng (w) gOPRS 9192 ZQOPRS 9193 )2%9394 <w> gzggz (w)
glﬁgz( )_>gOpRS 9192(w) , wOpRS(k> —)EOpRs(k) Z,LL:E(JJOpRS(k‘)

- Spectra function
1 e
S(k,w) = F=Sm Gl 2= (w)
i
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Summary

- Optimised reference states stabilise computaiotions — valid alternative to Nat. Orb., ecc...
-> Improved spectroscpy from polarization propagators improbe with should-phonons but current
implementation are still outdated.

-> Diagrammatic Monte Carlo is a promising method to go forward on high precision simulations.

- SCGF Gorkov/ADC(3) computations in nuclear matter in the way. Applications to Nuclear DFT.

And thanks to my collaborators (over the years..):

G. Colo, E. Vigezzi, S. Brolli

{b SLIRREY M. Vorabbi, P. Arthuis

Thank you for your attention

Ced V. Soma, T. Duguet, A. Scalesi
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