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| lel. ..
A (partly historical) introduction to SCGF methods for nuc

r Physics, along the way

_..with some applications 10 Nuclea

Some other novel ideas:

@

- Diagrammatic Monte Carlo

- Emulators for SCGF

- Physics Informed Neural Network

UNIVERSITA DEGLI STUDI DI MILANO
DIPARTIMENTO DI FISICA IN!:_MIH}I




TRy prIySICS F-ones

—_— = m— ——— e —— e —e—— — — —— — — S —
p— A ————— S— — — e ——— — - -

The crudest working approximations to many-body correlations (beyond HF/2nd order) are:

'\ _____ '\ Particle-vibration
----- coupling (PV)

Two-particle
interactions in the
medium

® [

Where the blobs could be something like:

ph-configuration interaction (or TDA) add 2p2h partial clusters

‘GW’-like methods

random phase approx. (RPA)
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The physms contalned |n the one- boby Green S functlon
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One-body propagator: ga[g(t—t’) — —i/hmfg‘\T[ca(t)c;( t)] [T

In frequency space: , o A A A |
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Jap (W) /9 5(7) ; w— (BT — B +in 2 w— (B¢t = E; 7Y —in

k
. 1 x -
(One-body) spectral function: S(a,w) := £—3m{gaa(w)} The self-energy 3.0 3(w) determines
2T both ground state observables and
o L . elastic scattering.
B P 93/2
1.5 F e P | ==> Consistent computation
é.;: lieroie of structure and reactions !/

Elastic scattering states

. 5 ~ ‘ A s - a 2 a a

universiTapEcl [Phys Rev. Lett. 103, 202502 (2009)] © [MeV] Low-E spectroscopy
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'Experimental spectral funcit | systems

e / € An ARPES setup - spectroscopy at the Fermi surface
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Conﬁguratlon '& FIG. 9. Photoemission results from SroRuO4 ARPES spectra and corresponding intensity plot along (a) I'-M and (b) M-X; (¢)
. . measured Fermi surface; (d) calculated Fermi surface (Mazin and Singh, 1997). From Damascelli er al., 2000 (Color).
interaction S

(shell model) | ks — 200-250
0 20 &0 80 ’ [A. Damascelli, et. al, Rev. Mod. Phys. 75, 473 (2003)]

60
E., [MeV] .
Saclay data for 160O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]
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The following two diagrams are be equally important. However, adding them does not work well:

- They both contain Zfl%d(w) , which would be over counted

- They would not interfere...
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% Algebralc Dlagrammatlc Construction (ADC)
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The proper Lehman representation of the self-energy (and propagators): dictated by the causality principle!

1
2R (@) = Uy + 25 + M| M,
p af N w—[E> + Clyp +in | i P
ADC(n):
Shirmer et al. Phys Rev A 1982-1983
UNIVERSITA DEGLI STUDI DI MILANO CB, A. Carbone, Lect. Notes in Phys 936 (2017)- Chapter 11.

DIPARTIMENTO DI FISICA IN me



Ngeniee Disgrammatic Construction (ADC)
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Implicit time orderings Time orderied diagrams
(Feynman diagrams) (Goldstone rep.)
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ADC(n):
Schirmer et al. Phys Rev A 1982-1983
UNIVERSITA DEGLI STUDI DI MILANO CB, A. Carbone, Lect. Notes in Phys 936 (2017)- Chapter 11.
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Ngeniee Disgrammatic Construction (ADC)
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Implicit time orderings Time orderied diagrams
(Feynman diagrams) (Goldstone rep.)
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ADC(n):
Schirmer et al. Phys Rev A 1982-1983
o UNIVERSITA DEGLI STUDI DI MILANO CB, A. Carbone, Lect. Notes in PhyS 936 (2017)- Chapter 11. INFN*
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Algebralc Dlagrammatlc Construction (ADC)
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The proper Lehman representation of the self-energy (and propagators): dictated by the causality principle!

|
2R (@) = Uy + 25 + M| M,
( ) 05,3 op xr W — [E> + C]r,r’ + 177_ rr P
Expanding in powers of Hi:
M=MD+M® 4+ M4
Stw) = -0 4+ 50 4y L 0 ey L oy L yer o
w—LFE>4+1in w—E +1in w— Lk~ 4 in w— Lk~ 4+ 1in 1

3rd order ADC:

1 terms beyond
S*(w) — [MO + gD MO 4 a1 y® (3.1d) J
(@) [ T | w—E> — CUd 4 ip | N | >0@) + W) + 3" order
e ADC(n) can be done at _ . N
any order n: e ADC(n=3) Implies N N "0 0
. systema.tically infinite resummations: l O l- Q D 0O - A
improvable. T T E""O \/
L U T S TS TS TS NS B B O
5= At Byt B Byt B B B+ o
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The Faddev-RPA and ADC(3) methods in a few words
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Compute the nuclear self energy to extract both scattering (optical potential) and spectroscopy.

. . . F-RPA:
Both ladders and rings are needed for atomi nuclei: Phys. Rev. C63, 034313 (2007)

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

ADC(3):
= e - .@ Lect. Notes in Phys 936 (2017)-
\ Chapter 11.
“Extended”
Hartree-Fock

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

to all orders. Two approaches:

* Faddev-RPA allows for RPA modes

* ADC(3) Tamn-Dancoff version using
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Dyson Schwmger expanSIon of self—energy
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Using the equation of motion twice, one finds again the Dyson equation, with the self-energy
given in a symmetric form:

. — Z
- @------- @ + R(2pth) + RN 053(f f) 043
/
................ = Vo, v R;U/)\,';féf(ta f) Un~s, 3¢

where: Irreducible

Rﬂu}\,aﬁ”y (ZL, ZL,) = gi?)\]}cx;ﬁh(t; ZL/) PPOPGQGTOP

2pTh—1p/ Ip—2plh s
- gu.llj/\?n p({:? fl) Jno (fl o fj) Japajﬁ“? ?(tQ? t,)

Ap—2plh N —
Yo pw) (t —1 ) =

—7 L (W] Tlea(t) L)l (e ()]ED)

UNIVERSITA DEGLISTUDIDI £ po rofs - CB, et al., Phys. Rev. C63, 034313 (2001); Phys. Rev. A76, 052503 (2007); Phys. Rev. A83, 042517 (2011). |EN
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R(y[)";/.y.vh(wl s W), (1)3) = [gafp‘(wl )g/jv( w‘2) = gﬂlu.(wZ)g(w(wl)]g)\ y(— 0)3)

ds
o (gBBl(wZ)g Y| y(_ w3)‘/‘B|(r,‘ylp 2WiRtyp(r,“v)\(whS’wQ T (03 i S)

| ds
i i gaal(a)])g'y'l 'y(— (1)3) V((](r,ylp ,)ﬂl.Rp,B(r,lu,l')\(S’ w.?,’ (1)] L w3 a S)
| o ST, ds P | |
e .2gaa'](-wl)gB,B](w2) a\pBpo| o po'y.,uvl\(s’wl T )= S’w3,)

However, this depends on 4-times (3 frequencies) and it is much more complicated than the ph Bethe-
Salpeter.

Strategy: solve each “pp” and “ph” channel separately, by solving the (simpler) DRPA equations. Then
couple to a third line and mix the corresponding amplitudes = Faddeev equations

UNIVERSITA DEGLISTUDIDI £ po rofs - CB, et al., Phys. Rev. C63, 034313 (2001); Phys. Rev. A76, 052503 (2007); Phys. Rev. A83, 042517 (2011). |F N
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Faddeev equatlons for the 2h1 p motlon

e — _ = = =

Strategy: solve each “pp” and “ph” channel separately, by solving the (simpler) DRPA equations.
Then couple to a third line and mix the corresponding amplitudes = Faddeev equations

Egciéeeu

—2ap oy i 2 3
h s :% )y #—X\/}( i R(w,) : s R(w) o P(u)) fomponents

Fn.dd TDA/RPA phonons
| oeev eqng. TDA, p
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Benchmarking

e =

Molecule FTDA FTDA(c) FRPA FRPA(c) CCSD(T) FCI Expt.
H,
Ey —1.170 —1.161 —1.170 —1.161 —1.164 —1.164 —1.175
FH_H 0.769 0.757 0.770 0.757 0.761 0.741
1 16.16 16.03 16.16 16.03 16.12 16.08
HF
Ey —100.175 —100.224 —100.173 —100.228 —100.228 —100.231
FH_F 0.904 0.916 0.897 0.913 0.920 0.917
1 15.70 15.70 15.56 15.54 15.42 16.12
HCl
Ey —460.295 —460.256 —460.293 —460.255 —460.254
FH—CI 1.314 1.297 1.314 1.293 1.290 1.275
1 12.44 12.24 12.44 12.24 12.26
H,O
Ey —76.248 —76.240 —76.243 —76.236 —76.241
FH—0O 0.986 0.964 0.981 0.962 0.967 0.958
Ao_H-0 101 102 100 102 102 104
1 12.07 12.15 12.25 12.21 11.94 12.61
N>
Ey —109.258 —109.272 —109.276
FN—N 1.104 1.106 1.119 1.098
1 15.37 14.80 15.05 15.58
CO
Ey —113.096 —113.037 —113.100 —113.048 —113.055
rc—o 1.140 1.130 1.133 1.123 1.145 1.128
1 14.39 13.69 14.23 14.44 13.64 14.01
CO,
Ey —188.139 —188.134 —188.148
rc—o 1.162 1.162 1.175 1.162
Il 13.25 13.42 13.26 13.78
C,H,
Ey —77.102 —77.093 —77.111
re—c 1.298 1.298 1.232 1.203
Fc—H 1.083 1.080 1.081 1.063
I 11.26 11.14 11.08 11.49

UNIVERSITA DEGLI STUDI DI MILANO

'FRPA on molecules:

HF Level HF FTDA FTDA(c¢c) ADC(3) FRPA FRPA(c) Expt.
HF
I 17.17 16.22 16.46 16.48 16.05 16.35 16.05
30 20.98 20.14 20.33 20.36 20.03 20.24 20.0
N,
30, 17.25 16.14 15.65 15.72 15.76 15.18 15.60
1w, 16.73 17.20 16.82 16.85 17.71 17.14 16.98
20, 21.25 19.35 18.99 19.06 18.29 17.90 18.78
H,O
10, 13.86 12.80 12.83 12.86 12.62 12.67 12.62
3a, 15.93 15.06 15.11 15.15 14.91 14.98 14.74
1b, 19.56 19.15 19.19 19.21 19.06 19.13 18.51
A (eV) 1.26(1.14) 0.34(0.31) 0.27(0.28) 0.30(0.30) 0.25(0.23) 0.31(0.26)
Amax (€V) 2.47(2.27) 0.64(0.64) 0.68(0.68) 0.70(0.70) 0.73(0.73) 0.88(0.62)

TABLE I. FRPA results for a set of small molecules in a cc-pVDZ basis set. The ground-state energy Ej is given in hartree, the ionization
energy I in electronvolt, equilibrium bond distances are in Angstrom, and the equilibrium angles in degrees. FRPA and FTDA refer to the
calculations after the first iteration, while FRPA(c) and FTDA(c) refer to the calculations where consistency at the Hartree-Fock level was
applied. The calculated data are compared to the coupled-cluster method at the level of CCSD(T) and to experimental data or exact calculations

taken from Ref. [27]. The FCI energies were calculated at the FRPA(c) geometry.

M. Degroote, D. Van Neck, CB, Phys. Rev. A 83, 042517 (2011)
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The Faddev-RPA and ADC(3) methods in a few words

——————— ————— —— —_— - ——— = — P —

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

. . . F-RPA:
Both ladders and rings are needed for atomi nuclei: Phys. Rev. C63, 034313 (2007)

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

ADC(3):
= e - .@ Lect. Notes in Phys 936 (2017)-
\ Chapter 11.
“Extended”
Hartree-Fock

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

to all orders. Two approaches:

* Faddev-RPA allows for RPA modes

* ADC(3) Tamn-Dancoff version using
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The Self-Consistent Green’s Function with Faddev-RPA
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Binding energies
Oxygen drip line

Two-nucleon emission: 16O(e e'pn)4N [Phys Rev. Lett. 111, 062501 (2013)]

[Eur. Phys. J. A43, 137 (2010)] 60T
( \ - ho=24 MeV
q’w -80 I ASRGZZ.O fm_l ]
il = =g —~ . 0/ : ]
100 [ —a= Dys-ADC(3), NN+3N(ind) ]
101 T 4/. > i —e— Dys-ADC(3), NN+3N(full) ]
N > 10l == Gorkov-2nd, NN+3N(full) ]
3 4 - Exp 1
1 bb 'S
 J— 140 X ]
140 SN
o - = \I-s_l\ i
10- i -160 | .. TR om_ 2R
e - PN S T
0 100 200 300
pa(MeV/c)

Nuclear ELM response

and dipole polarisability, ap
[Phys Rev. C77, 024304 (2008)]

Optical potential

b) — DysADC3 RPA 68 .

’/ = s s Ahrens (1975) Nl . . .

40f w++ Ishkhanov (2002) || Elastic neutron scattering [Phys Rev. Lett. 123, 092501 (2013)]

il SCGF Exp 200F T T T T T T T 10! e e e e e
=z 160 85 100k —?ﬁ* 2 - i
El [ S Eppr (MeV) 10.68 9.55(17) = ;
~ mar=13, iw=20 Me 10.92 N e
@b Egpr (MeV) 18.1 17.12) L AOE o e —— ]

ap (fm?) 3.60 3.40(23) = I !
3.88(31)
e

"“. 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Ui MVho11A veourr o1 v wn vt LANO
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60 80 100 120 140 160 180
0 (deg)

Charge & matter distribution

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

B SCGF
0.06

e

o

N
1

0.00 |

............... ===+ 2-point Fermi

SCGF Exp.
"800 | 4.325 - 4.707
13281 | 4.725 — 4.956 | 4.7093
#Xe | 4.700 - 1.948 | 4.7859
¥Ne | 4.715 - 4.928 | 47964
EXe | 4.724 — 4941 | 4.8279

Spectroscopy

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

Level ADC(3) FRPA FRPA(c) Expt.
HF
1w 16.48 16.05 16.35 16.05
30 20.36 20.03 20.24 20.0
CO
S50 13.94 14.37 13.69 14.01
I 16.98 16.95 16.84 16.91
4o 20.19 19.46 19.59 19.72
H20
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)
Amax (€V) 0.70(0.70) 0.73(0.73) 0.88(0.62)
2
[ ]
f
15 - 26NI 72 ——Par

L/ Pz

[Phys Rev. Lett. 103, 202502 (2009)]
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Ab initio Nuclear Computatlon & BcDor code

HoldeE DI - R Js [l https://gitlab.com/cbarbieri/BoccaDorata

C++ class library for handling many-body propagators (MPI & OpenMP based).

Computation of nuclear spectral functions, many-body propagators, RPA responses,
coupled cluster equations and effective interaction/charges for the shell model.

Code history:

2006 core functions and FRPA

shell model charges&interactions (lowest order)

new Gorkov formalism for (V. Soma, 2010-)

suol14p211ddo

2010 open-shell nuclei (at 2nd order)
Coupled clusters equations
2012 Three-nucleon forces
(A. Cipollone, 2011-2015)

2013

2014 Gorkov at 3rd order (will become
massively parallel...)

2022 ::s17A DEGLI ST

Lecturz Notes in Physics 936
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A. Cipollone, CB, P. Navratil, Phys. Rev. C 92, 014306 (2015)

Tor sota

. 1/2% 3/0"
5/2 NI2,712
1.5 | |
1r = 0
0.5 r 2
,,,,,,,,,,,,,,,,, A & 4 &
-30 -25 -20 -15 1045 0 5 10 156 K
EE omMev]
B B Neutron quasiparticle energies
o5 o : - 2N+3N(ind)
E E 4 1ds e~ 2N+3N(full) -
3 2 :
= = 0
L L
e - e - 2L )
/)] dp) ,
4
6
-8 )
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Results for the N O F chal

e — —_— e P — _

ns

hw=24 MeV
/ISRG=2.O fm-l

- Exp

—a= Dys-ADC(3), NN+3N(ind) ]
—t— [ys-ADC(3), NN+3N(full) ]
=== Gorkov-2nd, NN+3N(full) ]

————— — —— e e e e

“A. Clpollone C . Navratil, Phys Rev. Lett. 111 062501 (2013)

and Phys. Rev. C 92, 014306 (2015)

13N ISN 17N 19N 2 IN 23N 25N 27N

| | | | | | | |
=== Dys-ADC(3), NN+3N(ind) .
—e— Dys-ADC(3), NN-+3N(full) -
\'\\\ =<=e= Gorkov-2nd, NN+3N(full) -
\ g ]

\. = Exp
.\&\\\0\\ .- ; -

-_— T~ . o ____
h \. ;:\\l 2= _
=N
\-
N
X —
—\.\ .\\

hw=24 MeV No.  m

Asrg=2.0 fm’! \es— .
SRG m __.1___._-
| | | | | |

ISF 17F 19F 21F 23F

= 3NF crucial for reproducing binding energies and driplines around oxygen

= cf. microscopic shell model [Otsuka et al, PRL105, 032501 (2010).]

UNIVERSITA DEGLI STUDI DI MILANIBLO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm1)

DIPARTIMENTO DI FISICA

N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm-1)

INFN—

= MILANU



Gorkov ansatz.. for atomic nuclei

> In the presence of degenracies (vanishing ph- gaps), enforce
(two nucleon) pairing to mitigate unstabilities:

> Ansatz many-body state: ‘\If()> — ZZO:O Con ‘¢2n>

¥»Introduce a “grand-canonical” potential 2 = H — ,LLN
‘&"‘PO) minimizes Qg = Il{lpln{<‘p0\52|\p0>} under the
0 constraint N = (Wo|NV|W¥y)

continuum.

> Generates a set of two normal and two anomalous propagators

—iWO|T [ca(t)ch ()] W) = / GE4(1,) = —i{Wo|T [ea(t)es ()] [Wo) =

/ Gaﬁ (t t )
Gag (t, L ) =
G4 (1, ) = —i{Wo|T [, ()b (#)] |%0) = / G2(t,1') = —i(Wo|T [e],(t)ea(t)] [Wo) =
Gorkov 1958
V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)
‘ UNIVERSITA DEGLI STUDI DI MILANO V. Soma, CB, T. Duguet, Phys. Rev. C 89, 024323 (2022) ™ o
CB, T. Duguet, V. Soma, Phys. Rev. C 105, 044330 (2022) A[}I
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V. SOMA, T. DUGUET, AND C. BARBIERI

unperturbed ones, i.c., propagator one obtains
de us ute
a mu A pcheal¥ v d "o
ub (w) ‘j(._’ 2”§ “Mw'—w,+h)
Gli(w) = tw (B5a) de’ Pie P
as ' | s Y V & C
'[: 2x ; SN o F ey —in
b = Z V.“-M vg. vlf' l
a ed .k
where the residue theorem has been used, i.c., the first o
A2 . with +iy in the denominator, contains no pole in the u
Gap(w) = | & ' (B5b)  plane and thus cancels out. As in the standard case the Han
Fock self-cnergy is energy independent.
; Similarly, one computes the other normal self-cnergy 1
{ ! &
g T (w) = 0----ﬂlu' s

Ab INITIO SELF-CONSISTENT GORKOV-GREEN's . .. PHYSICAL REVIEW C 84, (0641

5. Block-diagonal structure of sell-energies

a. First order
The goal of this subsection is to discuss how the block-diagonal form of the propagators and interaction matrix
reflects in the various self-energy contributions, starting with the first-order normal self-cnergy X'V, Substituting Eq
and (C19) into Eq. (B7), and introducing the factor
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Let us consider the anomalous contributions to the first-order self-energy. Substituting Egs. (C27b) and (C19) into Eq. (
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It is interesting to note that the first-order anomalo
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Block-diagonal forms of second-order self-ener
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6. Block-diagonal structure of Gorkoy's equations
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In the previous subsections it has been proven that all single-particle Green’s functions and all self-energy contributions entering

Gorkov's equations display the same block-diagonal structure if the systems is in a 0" state. Defining
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* Magic numbers: extra-stable combinations of N & Z

1NN
ACNN, 7) = =D [E(N —1,Z) —2E(N, Z)
1p1/2 +E(N + 1, 2)]
1f5/2 1fs/2 ' . : 15 F . . -
2o 34 1p1/5 co L Full symbols: experimental data - Full symbols + dotted line: experimental data
3/2 - ! |
28 32 2ps/ I Empty symbols: extrapolated data - Empty symbols + dotted line: extrapolated data
3/2 I 1 ! |
1t7/> 28 : Symbols + line: theory Symbols + solid line: theory
20 1f7/2 SO0 | _
1ds/2 I
40 | |
stable unstable

Known magic and semimagic nuclei:
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First ever measurement of charge radii through
electron scattering with and ion trap setting that can
be used on radioactive isotopes !

FIG. 1. Overview of the SCRIT electron scattering facility.
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(i)

Formalism already laid out:
F. Raimondi, CB, Phys. Rev. €97, 054308 (2018).
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e

FIG. 5. 1PI, skeleton and interaction irreducible
making use of the e+éctive hamiltonian of Eq. (9).

m:{} REY,

»

L o

Lo

(f) (9)

) (k)

(n)

ing at 3"%order in perturbative expansion (7),
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Gorkov at STRU S & N SR
2nd order:

pp-ladders:

O Dol

Gorkov at

314 order- hh-interactions (hh int. among pp ladders!!!)[ @ [

R

(NN ONLY forces) i stupi b1 miano
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Extendlng Gorkov to ADC(3

3) level..

 PHYSICAL REVIEW C 105, 044330 (2022)

Gorkov at .
2nd order:

Gorkov algebraic diagrammatic construction formalism at third order

Carlo Barbieri
Department of Physics, Via Celoria 16, 20133, Milano, Italy
and INFN, Via Celoria 16, 20133, Milano, Italy

Thomas Duguet
IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
and KU Leuven, Instituut voor Kern- en Stralingsfysica, 3001 Leuven, Belgium

Vittorio Soma
IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France

pp-ladders:

Gorkov at

3rd order:
(ONLY NN forces)

(NN —QNLY forces) u stupi i miano

hh-interactions (hh int. among pp ladders

1

- f 1 .
YU (w) = 1C CT + Df D, g, 29a
oz,3( ) ; L oz,r_a)I[ _g+i77_r,r B orf T _|_(C/’T 4 r,ﬂj* ( )
Sop(@) =) le. | ! _ Dk ; + D} ! (?T ! (29b)
“P — | "0l —E+in],, “lol + & —in],, P’
| y
_——— ‘ -] Cﬁ{f‘) = —P123 Z Yo pv Vk“VfS i klsz’“ (43a)
v (Ile) __ k77 1k k
= Cl) \—@Am %};vm o (VIUE) Uk (50a)
1 _ %
Y = s 3 v (PR 4 430
ks i — \/8,4123 3 Ve UV U (50b)
Vo, v — UVA
eI = —Pm > S ORVE) vy, @) ks
JLVA
1 T C(ng}ig) ~ —A123 Z Vaa uv Vk7vk8 Vkl (SOC)
C = —P Voo (VEUR) TESUS (47D | 5
r /6 123%; A ( v x) kiky P (47b) Ilék)g
kaks
&R =9 (uklu"Z) Vag,yslUs Uy’ (45)
g ) _ 1
& L A123 Auss (81, 1, &, ),
(hh) R ok = e ks \ rr R4~ ko k3, kske
| gklkz,kétks Z v lvﬂz Vap,ys (V)/4V85) . (46)
aBV8
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Set of 4 Gorkov Green’s functions:

GIL (1)) = —i(Wo|T [ca(t)cg(t')} W) =

Gaﬁ(t,t/) = /

[Gorkov 1958]

In terms of Nambu fields:

, " ] e (t)
Gas(t,t) = —i{Uo|T [Au(DALW)] [W0)  Au) = | 51
~\ ) _ COK( ) _ Nambu 1960]
¥» Don’t (anti)commute: in/out arrows and Nambu
UNIVERSITA DEGLI STUDI DI MILANO indices still matter!
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Nambu Ccvarlant approach to bund (Gorkov) propagators

= = S— ———— s ——— _

Combine w/ dual-basis: Generalised Inner product:
T states:
= J4 X I
B /|\If >\ \‘I’1> \‘I’2> /
1 = (Uy [ U1) + ([ Uy)
=BURB v ) T\ (P
(contravarlant/ \(covarlant) \< 1‘/ . Drissi (s
B = { |b b‘ } @.TD Darmstad}c/’)
(b c) = b
Englobe Nambu indices Generalised Nambu operators and commutation rules:
in the basis: )
AL = =zy:9;w v {i:fg } :gz
B) = [b,1) = (W) A =G el A= 0 A e { Y =9
0 A(b | ab » . i - o { A,ua A” } — g,uy
a2\ B 0 i 1 = "= g" v A A _
5= 2= (g) Row = : (A A} =g

Drissi, Rios & Barbieri, Ann. Phys. 469 169729 (2024)

. Drissi, Rios & Barbieri, Ann. Phys. 469 169730 (2024)
UNIVERSITA DEGLI STUDI DI MILANO ,
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Nambu Covarlant approach to bund (Gorkov) propagators

————

S = === —

Combine w/ dual-basis:

Generalised
T states:.
= J X I

M

= BUB 0!
(contravarlant/ \(covanant) \< 1‘/

B={[b)} (ol
(b]c) = bue

Covariant (contravariant)
of operators:

p— g H1-..ME A
O — o Vi...Vg A,ul

1.k

LA A Ave (mixed)

Vi... Vg

= E Opy...po, AP AF2*  (covariant)
H1..-HU2EK

p— K1 M2k A A

= E 0 A, . .. A

M2k (contravariant)
i, 1 M2k

UNIVERSITA DEGLI STUDI DI MILANO

Inner product:

((<\D1>> (<\DZ>)) = (U} | 0y) + (U] | Uy

M. Drissi (Surrey, now
@ TD Darmstadt)

- a1...0
Oﬂl---uzk o E : g,uqu e 'g,ukak 0 MEk+1---HU2EK

Observables are always scalars—they remain
invariant under any change of basis.

Drissi, Rios & Barbieri, Ann. Phys. 469 169729 (2024)
Drissi, Rios & Barbieri, Ann. Phys. 469 169730 (2024)
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% Nambu Ccvarlant approach to bund (Gorkov) propagators

____h e —— e ————
e —_— = = E— e —— e — —

Gorkov at
2nd order:

Gorkov at
3rd order:

e
N
( orde a |
0 e VR
(ONLY NN forces) [@ [@ [ I B v
N - ---- o [---Q [---O [---O
(NN ONLY fOrCGS) LI STUDI DI MILANO ---- ---- ----
@ ["§ | DIPARTIMENTO DI FISICA

hh-interactions (h




ADb Initio optical potentials from propagator theory

Relation to Fesbach theory:
Mahaux & Sartor, Adv. Nucl. Phys. 20 (1991)
Escher & Jennings Phys. Rev. C66, 034313 (2002)

Previous SCGF work:
CB, B. Jennings, Phys. Rev. C72, 014613 (2005)

S. Waldecker, CB, W. Dickhoff, Phys. Rev. C84, 034616 (2011) |
A. Idini, CB, P. Navratil, Phys. Rv. Lett. 123, 092501 (2019) |
M. Vorabbi, CB, et al., Phys Rev C109, 034613 (2024) Optical potenti
als for the rare.;
* -Isotope

= uclear ang Particle Physics 3“
ps.//don.org/1 0.1 088/1361 -6471/a00348

C 1,
Hebborn -2 ,» FM Nuneg '3

State-of-the-art of the field: ;fiseko —
7 . . . G B,Ho,t ’%"F Atkinson26 hBPote, = WH Dickhoff*

C. Hebborn, et al., CB, “Optical potentials for the rare-isotope P Danior” 4 M Burrows 2 R%aa';irt 1 C Barbieri9,,” |

' | ICZ°©, M Dypyic10.14 e o, v

beam era’, Jour. Phys. G 50, 060501 (2023) /, ;ﬁﬁ:;?grg'(, L Hiophe® . 3 g5, oar

4 B Morillon 9.1 Kravvaris?: Manfreg; 6 e /

GH Sargs 2
yan<o, | :
TR Whiteheaq! J Thompson2, M Vorabpj'9.20 .

-~ ] 1 ‘
UNIVERSITA DEGLI STUDI DI MILANO — FICl o Race Isorone g i ‘
“eldnited States of Ao | = MILANO

DIPARTIMENTO DI FISICA
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Mlcroscoplc optlcal potentlal

= = S— ———— s ——— _

UNIVERSITA DEGLI STUDI DI MILANO

e ——————— = —————  —— —_— — — =— = — — o = — — e p—— e — = = — —= — - -

Nuclear self-energy E*(r’ r';e):
» contains both particle and hole props.

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

mean-field

N
Particle-vibration ™ (&> 1
, D
couplings: (/\5:/7,/:1\(| =N
e L. = S
~w W

Solve scattering and overlap functions directly in momentum space:

Z*l,] ]{7 k/ Z Rnl *l;f/ Rnl(k/)

w )+ / K2 TN Bu Y (F) = Bu (K

DIPARTIMENTO DI FISICA
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Role of mtermedlate state conf guratlons (ISCS)

———-—h _— e —_—

————— . ———— e e e e
_ I — —— e S— _ — — — ——

[A Id|n| CB, Navratll

n-160, total elastic cross section Phys. Rev. Lett. 123, 092501 (2019)]

/' On|Y Zaﬁ _ 2000 12 39 T
8 e / 50% of 2plh/2hlp poles suppressed %’, -

Full $F, 5(w) (all ISCs included)

0 (deg)

-
-
e
- —
-
~~
—
-

M LI ———

o (deg)

vvvvvvvvvvvvvv

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

1
_ 2(00) MT M . N
aﬁ( ) af —I_Z az(E_(K>_|_C)_|_ir>i,j J.P _|_Z a,r
UNIVERSITA DEGLI STUDI DI MILANO '
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RSOy DCYONIT ADCAS)T gt &

= = — ——————  —————— ——— EEe——s N
— - —_— — S— — — T — _— - - = — —

Infinte Feynman

series of diagrams |
red Diagrammatic Monte Carlo for O

Time-orde -
. e, 2,
*--- *--- T Gtefano Brolli L.2:% and Carlo Barbier! .o Celoria 106, 1-20133 Milano, ftaly
0 . rsica “Aldo Pontremoli,” Umfuefrsitc?’ deglrii S?Ud;’ 6d i ?—/‘[27]20%037 ;\)Zf?lanoy Italy
:."O + 4 +1 G L G O s ' Dipartimento di K110, P g evione di M'il(%%;ées;wMg; % 2026)
- —--- - - -—--
.----Q -—- - -- -—-
+ A +4 + A + _G + —68 F - - - ™
é‘ @ nN=20 - Ach;D
- - - ¥ n=15 — ADC(3)-
' ¢ 0.03 ~ —69r s 3 2= 10 T n-0* extrap. |
< % n=0
— o —/0F -
S 0.02 - = O
* 5 ' 5 \ W : S7Lr ’\‘L ~~~~~~ MERREEE T v
OéB (w) — o/ 4 dwl-dwm DO&B (T7 ’71’777,7 CU]_wm) ]‘TESE* " 0.01 -~ e 77 k .~ .... - ,_
L= T~ —— . u
T Y1 "
0.00 - | | | | | | —-73 --=-
-100 -75 =50 =25 0 25 50 i é : : il
w [MeV] Oriler ! 5
Monte Carlo integration
in the topological space : :
pOTOBICal 5P See talk by S. Brolli later this
of Feynman diagrams: . 1
morning /..
UNIVERSITA DEGLI STUDI DI MILANO Brolli, CB, Vigezzi, Phys. Rev. Lett. 134, 182502 (2025);
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N s runction’

Consider a Hamiltonian with an affine dependence on a parameter g. We compute a set S 4

of SnapShOtS {‘\IJ(QJ»}J | - @ Chalmers | . l ¥
e Ground state (from eigenvector continuation): l H= H(g) (and in the audience... 5T A
N | | S. Brolli

\@64(9» N D k=1 Uk “Iféq(gk»- M and N can be computed exactly or (PhD candidate,
extracted from SCGF calculations and used as Milan)

o Excited states: the primary matrices of a Parametric Matrix

|\IJA+1(9)> ~ Zk Az CL |\I]()4(gk)> Model (PMM). Cook et al., Nat. Commun. 16, 5929 (2025)
n a ko

—> LIinear equations alike to a parametric Matrix Model.

> WG (g)lesH (9)ch 196 (gr)) ARe = B3> (W5 (g))lcsch 198 (gr)) AR,

ko ko
. : A -
Linear in g. Z Mg ra(g) |AY, = EZ +1 L N6 ko |AT, Does not depend on g.
ko ko
A+l A A+l A
(W @)lehl¥5 (9) = D_viNjpradia € = Bi = B

1ka
UNIVERSITA DEGLI STUDI DI MILANO
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ulating te 3Green’sni

= N S _ _— — e =  — —_— I —— e e ———— _— = ——— == o - = —= _ = — — == —

Emulator: Exact:
: ] £7 — ().E)
Richardson Model: 1o 4 10 4
0.8 4 0.8 1
3 06+ 3 06
_ n A+1 _ n n a
%O;Mjﬁ,ka(g) ka — En ;Mﬁ;ka ko 0.4 1 04 1
0.2 4
(U ()b 195 (9) = > viNjskaARa er =E, ' —Ep 0o )
Jjka
p=D , 2 1 O , 1
5 4 MU Brolli et al., In preparation. s 4 3 w eV
p= % +1
x —3 = Exact ” H
p=2> M | Emulator
2 . i [ ADC(3)-D ﬂ ﬂ R ﬁ ” H g=20.9
p=2 W 0.8 ) ” ﬂ | ” /:'emul = 0.007
x — 4 § 0.6 ﬁ ﬁ (
p=1 M “7 Leosact = 0.04
0.4
0.2 /U\\]U\UQVJU\/U\
0.0 '_—*’ IJ/ | | | \\ | Brolli et al., In preparation.
-4 -2 0 2 4 6 8 10 12
W
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SCGF for infinite Matter

UNIVERSITA DEGLI STUDI DI MILANO -
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Gorkov ansatz for atomlc nucleu

continuum..

> In the presence of degenrames (vamshlng ph- gaps), enforce
(two nucleon) pairing to mitigate unstabillities:

> Ansatz many-body state: ‘\If()> — ZZO:O Con ‘¢2n>

¥>Introduce a “grand-canonical” potential 2 = H — ,LLN
~ I\I’()) minimizes Qg = Illl%jln{(\lf()‘ﬂm—’())} under the
0 constraint N = (Wo|N|Wy)

> Generates a set of two normal and two anomalous self-energies

11, oo 12, oo <«
N Eaﬁ Eaﬁ ch)zlﬁ(w) Eclxgﬁ(w)
() = B + Sas) = +
12, 00 * 11, 00 SIv ’ 511
Ba - “Ra - Bd(_w) - ﬁa(_w)

V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)
V. Soma, CB, T. Duguet, Phys. Rev. C 89, 024323 (2022) ?\l

Gorkov 1958
In the limit of particle
number restoration: CB, T. Duguet, V. Soma, Phys. Rev. C 105, 044330 (2022) I

UNIVERSITA DEGLI STUDI DI MILANO
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Algebralc dlagrammatlc constructlon [ADC(3)] for |nf|n|te matter

-———-———» e — —— e Ep—— e — —

R— — e e —

Finite size box (of length L) with B é sf6m2p 1 ; A2
periodic Boundary conditions: P=7 PE=1 " 7\2m+0 ) [k = <

“ z E g
ADC(2) ADC(3)
21 1((0) — 21 1(c0) fVVVy PO G\J\Nxf*v’\/\@
. - ' Yk — X A AN A VAN
Static Dynamical Self-consistent GF [g(a))] A@
self-energy  self-energy SR Y

|

Algebraic diagrammatic construction (ADC) ADC(3) self energy:

1
M,
- [E> _I_ C]r,r/ _|_ ir]i|l’,l"/ ,IB

|
T
+Ny.s : N
| |:a)_(E<_|_D)_”7j|s,s’ i

(@) = Uy + 23 + M, [w

ADC(3) includes third-order perturbation
theory, ladders, rings...

Raimondi et al., Phys Rev C 97, 054308 (2018)
mBarbieri et al., Phys. Rev. C 105, 044330 (2022)

UNIVERSITA DEGLI STUDI DI MILANO F. Marino, CB, and G. Colo, Phys. Rev. C113, 064301 (2026). INFN -
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Algebralc dlagrammatlc constructlon [ADC(3)] for |nf|n|te matter

e —————— — — —— —
. R = === S e — — e

Finite size box (of length L) with A 6772 2
0= — _ 3 P L — 1 9 0 2 2, g2, g2 AT
periodic Boundary conditions: 7 PE=\ " =p\emr Ol kT =k k4 kDS S5 Ninaa
Gorkov superfluid formulation
[T+A-1p,  MP N A \fu\ o fur)
= £0(0) + g V()" (@)k() TRy Sy w |
N E<+D-1y 21 21
Normal self-energy  Pairing field | > q o :hwq o
/11 N\ —(T-|—A)*-|—1qu )T _N\* ) P
Z*(a)) — 2 (a)) < : > _M* _<E>+O)*‘|']-,Uq Rq Rq
—“AF S22 \ N7 (B<4Dy+1p, )\ 50 ) \ st

Normal self-energy in full ADC(3) but use pairing only at 1st order

Extension of ADC(3) == ADC(3)-D

In Z(w), replace t© with converged T, amplitudes O/k L — M M @ W Nm

”1”2

0)
(alolisy, el

(O) ab _

€t € —€ —€,

UNIVERSITA DEGLI STUDI DI MILANO F. Marino, CB, and G. Colo, Phys. Rev. C113, 064301 (2026). INFN -
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N o eymmoTIC iUCIOar maser

UNIVERSITA DEGLI STUDI DI MILANO

14 - Methods Interactions
<> ADC(3) B ANNLOy(394)
151 A ccb B NNLOgx(450)
) Empirical bLinear correlation
_ : etween saturation
16 saturation box ’ density and energy
N /
%
-18 - "A--- B
I I I I I I I
0.15 0.16 0.17 0.18 0.19
po (fm~3)

—————————— P —— ———— e e

4 Generally good agreement across
many-body methods

4 Interaction-dependence is the
dominant uncertainty

F. Marino et al., Phys. Rev. C 110, 054322 (2024)
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Palrlng reglme neutron matter  wo.uso

l LLl 'wmm“-_-.—. 100 I T -
P U)2 Kr © U U2 K- vi2 U2
; 30 —
] 5 0.6 [}0.6 i 0-8 0.8
7 ADC(3), kp=0.4 fm™? 71 ADC(3), kr=1.4 fm—§/
- ' . 40- 0.6 |}-0.6
D 5- 0.4 |04 > /j
= S 20- U .
" K e T i -0.4 [ 0.4
R e 0 X*{X*
07 % - 0.2 - 0.2 X j
—20 — & - 0.2 - 0.2
2 a0 2
—5 ‘V‘ 1 o0 oo 40 ‘V‘ ' —- 0.0 =-0.0
X HF energies ; X HF energies
| ! : I ! 60T 71— 711 71
0 0.5 0 0.5 1 1.5 2 2.5
Kk [fm‘l] k [fm—l]

UNIVERSITA DEGLI STUDI DI MILANO F. Marino, W. Jiang, CB, and G. Colo, in pree/ﬁﬂ'&n
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Neural Network Quantum States

UNIVERSITA DEGLI STUDI DI MILANO
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Neural Network Quantum States (NQS):

(Py|H[¥y)

oy~ Ev 2 o v =[] (1—2 (r Y u(rs )Hf @)

1<j<k CycC <]

In short: a VMC with a NN trial wave function!/
neural networks

S state, Npjg =100 D state, Njjg =100

4 o [ ] [ ]
- — Exact | 0.06f Light nuclei:
- -- Sigmoid 0.05k
Th e 30 e Softplus
5 | 0.04f A [VMC-ANN VMC-JS GFMC GFMC.
deuteron: EZZ 0.03; 211 4 fm~1! —2.224(1) —2.223(1) —2.224(1) -
e | 0.02f 6 fm ™| —2.224(4) —2.220(1) —2.225(1) -
=1 : 0.01 _- 3y |4 fm=1| —8.26(1) —7.80(1) —8.38(2) —7.82(1)
of T 0.00f----0-- D05 0.10 | 6 fm~*'| —8.27(1) —7.74(1) -8.38(2) —7.81(1)
00 05 1.0 1_-15 20 00 05 1.0 1_-5 2.0 - 4 fm—*| —23.30(2) —22.54(1) —23.62(3) —22.77(2)
Momentum. a vomentum. a i) “ |6 fm~!| —24.47(3) —23.44(2) —25.06(3) —24.10(2)
Keeble, Rios, Phys. Lett. B 809, 135743 (2020)
Rozalén Sarmiento, Keeble, EPJ Plus 139, 189 (2024) C. Adams, G. Carleo, A. Lovato, N. Rocco,

UNIVERSITA DEGLI STUDI DI MILANO Phys. Rev. Lett. 127, 022502 (2021) B
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Neural Network Quantum States (NQS)

(Py|H[¥y)

(v [¥y) —rvE =11 (1 = D ulrip)u(r )Hf )| @)

1<j<k CycC <]

In short: a VMC with a NN trial wave function!/
neural networks

e NQS often surpass traditional VMC, with accuracy similar to GFMC/DMC but a a fraction of the cost

e Sometimes referred as “science driven learning”: it is not supervised and the cost function is the
variational principle.

e However: the variational principle is the only guiding principle exploited, what about the rest??

—> Use Physics Informed Neural Networks (PINN) |

UNIVERSITA DEGLI STUDI DI MILANO
DIPARTIMENTO DI FISICA INFN
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+ Generally used for solving ODE and PDE: NN represent the solution f(x), df(x)/0x;,...

+ General PINN cost function:

LpinN = LppE + Lphys + Ldata

\ \ Any known (measured) data

constraint from
diff. equations

Physics constraints
(e.g. boundary conditions)

UNIVERSITA DEGLI STUDI DI MILANO
DIPARTIMENTO DI FISICA IN!TI_LAE}I
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+ The Schrodinger problem is an integro-differential eq.: use NN to represent \IJ(Xl, X9, .. )

+ Many-body PINN cost function:

LpiNN = LppE + Lphys + Lagta

Schrod. eq.
](\:If iz Main Neural Output
- H = " Network | ‘
Lrpe =Y |[HY(w) - By with B= UHIW) o
par Z[y] [
Neural
(14— Network for —)e
Physics constraints the energy
8gtin'(1)ization _No Converged?
Lphys — Wint Lz’nt + WBCs £BCS+ - Yes

Done 4
Wnorm £n0’r‘m =+ Wyar 'Cfuar + ...

+ Through boundary conditions, one may target excited (and scattering) states.

L. Brevi, A. Mandarino, E. Prati,
Technologies 12, 174 (2024); New J. Phys. 26, 103015 (2024).
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Physms Informed Neural Networks for the deuteron
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+ Coordinate space, Minnesota potential:

Wavefunction b'1014 — L
_ integ Erre exp Erre Num 1 — Fy
0.2 — Potential 10t i”"’m Minnesota 0.01 1x10~8
C — BCs
= 108- e N4LO(550) -5.96x107°%  -5.21x107° 1x107?
()]
S 0.0/ 9 o1os] Nl N - Tolerance CD-Bonn -6.01x10~* -2.76x10~7 1x107?
—_ -
; 102
~0.2- Lo-1
| | 10~4L - - - -
00 25 50 75 160 135 0 10000 20000 30000 40000
r[fm] Epoch
+ Momentum space with N4LO(550) from EMN:
1012 .
0.101 —— Exact S wavefunction L norm —— Energy history
TG 0.08. . —— Exact D wavefunction 10°- ——= LBes 1. —— Exact value
S - PINN S wavefunction —— Lochrod
g 0.061 ! - PINN D wavefunction 100 N - Tolerance S
A L 0
= o) =
—— _I —
AV L
N _1_
— 10-© 2
0 347 605 1042 1389 0.000 0.907 1.814 2.720 3.627 0.000 0.907 1.814 2.720 3.627
k [MeV/c] Epoch x10° Epoch x10°
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Conclusmﬂs

4 Faddeev Random Phase ApprOX|mat|on (FRPA) and Algebralc dlagrammatlc constructlon (ADC) — prowde a
systematic way

+ Currently, NP advances in precision beyond ADC(3)/FRPA are needed to address scattering process

+ Gorkov formulation (for open shells) and three-nucleon forces
+ Partial Gorkov-ADC(3) simulations are within reach. For infinite matter and...
4+ Novel developments: breakthrough in DiagrammaticMC for nuclei and Emulators for SCGF (PMM based)

4+ Novel developments: Physics Informed Neural Network (PINN) as an alternative to NQS.
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