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Recent advances in self-consistent Green's function
with Gorkov propagators

Carlo Barbieri

- Nambu covariant formalism for improving Gorkov SCGF

- The quest for consistent analysis of structure and scattering
(from ab initio)

- Grouding DFT into ab initio.

- Newer tools for computing nuclear matter (SCGF and QMC).
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Reach of ab initio methods across the nuclear chart

Legnaro Natl’ Lab, Mid Term Plan 2022

Extension beyond few-nucleons thanks to: 200F  sof
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The Faddev-RPA and ADC(3) methods in a few words

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: 1"

* Faddev-RPA allows for RPA modes

* ADC(3) Tamn-Dancoff version using 3rd order
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The Self"COnSiSfen'r Greeﬂ's FunC"'iOn wi-'-h FaddeVPA

Binding energies

. , Oxygen drip line Charge & matter distribution
Two-nucleon emission: 160(6,3 pn)14N [Phys Rev. Lett. 111, 062501 (2013)] Neutron skins [Phys Rev. Lett. 125, 182501 (2020)]
[Eur. Phys. J. A43, 137 (2010)] 60T _
i (q (D) ! ;'la):%; B/[f\l_l 1 (T T P ===+ 2-point Fermi SCGF EXp
102 - 1 — o— S0 o e m ] oos = 100y [ 4.525 — 4.707
100 —e— Dys-ADC(3), NN+3N(ind) s 2Sn | 4.725 — 4.956 | 4.7093
100 % —— Dys-ADC(3), NN+3N(full) JEEmmmmttnnt & 20 132Xe | 4.700 — 4.948 | 4.7859
s 2, 120 B gz;"”'m NR+3N(full) - 136Xe | 4.715 — 4.928 | 4.7964
b m‘;b o - 1¥Xe | 4.724 — 4.941 | 4.8279
-140 \-Q"\o\ . ] 0.00 [, , . . . .
— | . 0 2 4 6 8 10
101 -160 St e B tlfm
APETETIN ANSTETTEN EYRTETEEN ENATRTEE AR PR L, oo =
0 100 200 300 : ! | ! | ! | ! | ! | ! | ! | ! | ! :
pa(MeV/c) -180 N SpeCTr'OSCO py

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
17 16.48 16.05 16.35 16.05
30 20.36 20.03 20.24 20.0
Co
50 13.94 14.37 13.69 14.01
17 16.98 16.95 16.84 16.91
4o 20.19 19.46 19.59 19.72
Hzo
1b, 12.86 12.62 12.67 12.62
3a, 15.15 14.91 14.98 14.74
16, 19.21 19.06 19.13 18.51
A@V)  0.30(0.30) 0.25(0.23) 0.31(0.26)
N u C I ear E L M re S p (@) n S e Ama (€V)  0.70(0.70) 0.73(0.73) 0.88(0.62)

and dipole polarisability, ap

[Phys Rev. C77, 024304 (2008)] : : 2 r .
Pt Optical potential <L 56Nj f7e _ Pap
® = s | 68N = T P1/2:
op "~ ehikbones (000 | ' Elastic neutron scattering [Phys Rev. Lett. 123, 092501 (2013)] 3 ;L 1/2>'5/2
E 20l N,ur=18, hw=20 MeV por (MeV) 10.92 57 Z—mg; ‘ ‘ | | | | E
) Egor (MeV) 18.1 17.12) o T s e ‘ ﬁ ‘
M ap (fm?) 3.60 3.40(23) £ 200f A : A
3.88(31) = E -
0 B 508: ] - A %
100510 15 20 25 30 35 40 45 50 55 60 65 70 \E/ fgg ] _ -‘20 —:I 0 \0 ‘iO B
| vt Vo111 A vewuLr o1 uwr v vintLANO P S——— o ® [MeV] )
! B (MoV) e 0 20 40 60 80 100 120 140 160 180 [Phys Rev. Lett. 103, 202502 (2009)] “7
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Ab-initio Nuclear Computation & 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)

suol14p211ddo

new Gorkov formalism for (V. Soma, 2010-)
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, is17A DEGLI ST

Lecture Notes in Physics 936

Morten Hjorth-Jensen
Maria Paola Lombardo
Ubirajara van Kolck Editors

An Advanced
Course in

Computational
Nuclear Physics

Bridging the Scales from Quarks to
Neutron Stars

@ Springer

Self-consistent Green’s
function formalism
and methods for
Nuclear Physics
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Reaching open-shell nuclei:

The Gorkov GF approach

V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)
V. Soma, CB, T. Duguet, Phys. Rev. C 87, 011303R (2013)
V. Soma, CB, T. Duguet, Phys. Rev. C 89, 024323 (2014)
CB, T. Duguet, V. Soma, Phys. Rev. C 105, 044330 (2014)
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Gorkov ansatz.. for atomic nuclei

> ¥ Most atomic nuclei: partially filled orbits couple to collective vibrations

¥> Expansion breaks down with vanishing particle-hole gaps

\\> Pairing (two-nucleon) mitigates instabilities

¢ ~

Explicit configuration mixing Single-reference: Bogoliubov (Gorkov)

> Ansatz

O .
> Auxiliary many-body state | \IJO> — E Con ‘ w2n> V. Soma, . Duguet, CB, Phys. Rev. C 84, 064317 (2011)
TL:O CB, T. Duguet, V. Soma, Phys. Rev. C 105, 044330 (2014)

~— Mixes various particle numbers
N— Introduce a “grand-canonical” potential 2 = H — ,LLN

=) |Up) minimizes Qy = min {(Wy|2|Wy)} under the constraint N = (Wo|N|W)
©~ 7/ | UNIVERSITA DEGLI STUDI DI MILANO "
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Gorkov Green's functions and equations

Set of 4 Gorkov Green’s functions:

GLL (¢, ') = —i(Wo|T [ca(t)c};(t’)] W) =

G2 (k1) = —ilWolT [ch,(t)ch ()] o) =

Gaﬁ(t,t,) — /

[Gorkov 1958]

In terms of Nambu fields:

. I ] Co
Gan(t.t) = —i(WolT [Aa(AL®)] 10} Aad) = | 1)
H—} . & _ Nambu 1960]
¥> Don’t (anti)commute: in/out arrows and Nambu
- | UNIVERSITA DEGLI STUDI DI MILANO indices still matter!
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V. SOMA, T. DUGUET, AND C. BARBIERI

unperturbed ones, i.c., propagator onc obtains
des 77
a ll(ll —- — d “c
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where the residuc theorem has been used, i.c., the first o
12 . with <y in the denominator, contains no pole in the u
Galw) = | @ (B5b)  plane and thus cancels out. As in the standard case the Hant
Fock self-cnergy is energy independent.
; Similarly, one computes the other normal self-cnergy 1
x 3 ¢
a ST TR WY g VRPN

Ab INITIO SELF-CONSISTENT GORKOV-GREEN's . .. PHYSICAL REVIEW C 84, (641

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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It is interesting to note that the first-order anomalo
with a J = 0 many-body state. The other anomalc
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Block-diagonal forms of second-order self-ener
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which recovers relation (72a). The remaining quantitics [see Eqgs. (69) and (70)] are related
{k,;, k3, K1} indices and can be obtained from Egs. (C35) and (C36) by taking into account the di
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These terms are finally put together to form the different contributions to second-order self-ent. povo. s o vvieminine gy, e
an example [see Eq. (75)]. By inserting Egs. (C35) and (C36) and summing over all possible total and intermediate angular
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6. Block-diagonal structure of Gorkoy's equations

o+ (wx, + ay, +wg:) —in
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(C42)

(C43a)

(C43b)

(C44a)

(C44b)

(Cddc)

(C44d)

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 07 state. Defining
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2nd order: ap ) H O H O
pp-ladders:

DR [
Gorkovat \\ interactions (hh int. among pp ladders!!!)[“g- [@ [::O
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3rd order:
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Nambu-Covariant approach to build (Gorkov) propagators

PHYSICAL REVIEW C 105, 044330 (2022)

Gorkov algebraic diagrammatic construction formalism at third order

Carlo Barbieri

G O r kOV a t 11 Department of Physics, Via Celoria 16, 20133, Milano, Italy

Z(Xﬁ (w) — and INFN, Via Celoria 16, 20133, Milano, Italy

2 nd O rd e r : 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
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kaks Ca’f _—'A123Zvakuv V7V8 Vl e (50¢)

-———- -—-- -—-- ---- may 1 = kaa ks \* L kaks7 ks Tk
(ONLY NN forces) Cri= %PlstXv;vm,w(vv Uy) Uy, (47b) o
kaks

) ED e = Y (UAUE) vap.sUSUY, (45)

“Pys (o) _ 1 (ph)

& ¢ A123 Ause (8, 1, €
(N N ON LY fo rceS) LI STUDI DI MILANO g]g’]i;),hks - Z vglvgzvaﬁ,yé(]}§4v§5)*- (46) rr ( 1,%4 k2k3,k5k6) FI;N
"l‘l" aBvs —
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Inclusion of NNN forces

> 3p2h/3h2p terms relevant to next-generation high-precision methods.

ADC(3) formalism is

MNPCE = MPCE) U MU MU M MO M MU M M) M
MU M MO M MG MO MG MU MU M MG (A1)
NGO = NCRPEED NG NG N NG N NG N NG+ NG NG
+ N N NG NG NG NP+ N NG NG NG NG (A2)

: . ox ; 7
Cyyr = CI + Ol + CIY + €0, + €Il 4+ CU, 4 OO+ Clt + I 4 eI 4 e r
ANV ANV 7 i i i win
BN(IV) SN(V) Up Uh Up U R
R A o N o LU L N (A3) v

Dy = DIl + DI+
4 DUV)

uu’

o
3N Pp hp hh hp pp IN(I) SN(IT) SN(IIT) o vin e
»+ DI+ D+ Do + DL+ DI+ DO D+ Dy
g Uh Up Up Th v
+D% 4 D2 D DUk (Ad) o
(a) (b)

For the coupling matrices Mj, and Ny, the list of terms truncated at the ADC(3) level is composed by sets of (c) A
ADC(2) terms, defined in Eqgs. (33, 36) and in Egs. (34, 37) for the forward-in-time and backward-in-time self-energy
respecti sets of terms from (Ila) to (Ilc) appearing at third order of the ADC, presented in Eqgs. (52, 53, 56)
and in Eqs. (54, 55, 57), which contain only 2plh and 2h1p configurations; and those terms from (IId) to (Ilo) with
3p2h and 3h2p ISCs, introduced in Egs. (66-69, 74-75) and in Eqgs. (70-73, 76-77). Other terms with 3p2h and 3h2p
ISCs, denoted with superscripts from (Ile) to (Ilg), are defined in Eqgs. (A5-A20) below. Moreover, in Egs. (A1-A2)

un v
- - - -
we find additional terms, that must be added to the ADC(3) when the single-particle propagator used to construct v 4
sell-energy diagrams is uncorrelated, i.e. when one works with a non-skeleton expansion. For coupling matrices, these A -0
additional terms are denoted with superscripts ranging from (IIr) to (ITu). Their explicit expressions will be given in N i
(d) (e)

Appendix C2. (f)
Interaction matrices appear at third order in the ADC, as listed in Eqs. (A3-A4). The first three terms thereof (8)

connecting to 2plh and 2h1p configurations, are given in Eqs. (58-59, 62) for forward-in-time diagrams and in Eqs. (60- un

Vin Vi
61, 63) for backward-in-time ones. Other matrices required to link 3p2h (3h2p) ISCs are denoted by Cff;’,. :;'\,'“'J

(D", DXNY)). They will be given below in Eqs. (A21-A25, A31-A35) (Eqs. (A26-A30, A36-A40)). Finally, ad- - - - = - e

ditional four interaction matrices introduced in Appendix C2 for the non-skeleton expansion are specified in Eqs. (A3- "AAA

Ad4) through the

) i
- o p — — » p—
1. Coupling 22
In Fig. 5¢ we fi Finally, the coupling matrix NI/ of Eq. (57) is found in the backward-in-time diagram of Fig. 2c and contains a U A S
3NF. It has the following form in the angular momentum coupling representation,
o V3 e o S . L I T
Ml = -5 N = Al ks hi2) D020 dngde) D D D Alingdng Js6) A6, ke da) ) A A
Jand" iy i v
and R hsin Fig. 8 but for the third-order term &%),
—1)iat2ingting—Jse+2J" J g a5 I’ -
i x(oapemme CUE i 20 gy 400 T R,
N = =5 VI+0z, Ja kN2 da s summing convention,
(85722 263085 — (1) om0 2672 X020 —_ —_ o - -

m
for the forward-ir

diagrams, respect| (1 + 0iging) VI + e

!
(B29) XX EOE) X POEIORIKG g oy

—(h =) HE (- ) - % (d) (8) (f) (9)

spectrum of the unperturbed 1B Hamiltonian provides the single-particle

) k c(miq) b g
(yl"blk, ) t

e. Interaction matrices with 2plh and 2h1p 1SCs
2. Coupling n

one in ns also the term 65} compased by the 11 contributions shown in Fig. 13.
The interaction matrix C,p can connect 2plh propagators through particle-particle, particle-hole and 3NFs, ac- for the terms at second and third order (see Appendix A of Ref. [20]), one
) . cording to the terms diagrams. Here we give the working equations suitable to be implemented
) D:“fs'_fl“['"z\‘l';. L | \ - encies have been performed. Using the compact notation of Egs. (45-47) — - — -
irreducible SN, C; =C¥, + CIL + C23 (B30) are listed below according to the order of appearance in Fig. 13:
be obtained from o " !
For the forward-i which have been introduced in Eqs. (58), (59) and (62), respectively. | 7(.-5‘,) 5(Y"’)"V:‘ 12 (t2) (C11)
The particle-particle interaction matrix results from the diagram in Fig. 2a. Using the angular momentum coupling 'B " Yl : k' £y vike 30 o vk
of Eq. (B14) we have: X YS) XY X" Y5 _ (W2 X5) Ve v Xa
o o , L 75) HB (" = %) 18 (—(, - ")~ iB(=("F, - ) — % — — — —
C2 = Aljng s dngs J12) AUk s Jizy Jr) Aling s Jnss J12) Ak s Jr2, I ! " : ok : N [N — — — p—
. ) i . X0 Y& (" YEXE)YE Y5 Xy
Snatisdii, O X ST AP0 — (1Y e D 8T Kol ) HB (<5, - R = B, - ) - 1%
X012 J4s O 5k = ke Uk = ) = 1=, = Tna) =
et fiks m<e \/1 + 5'3512 \/1 + Omo [ : ! ’ : ’
I<p ' 8
- ( "51(;,”] /l‘,?"&}.’.".{q) — (=1)inating =Tz X;;x..d’(:')‘ql A;lﬁwl[v’l';f‘l)) . L V—(\‘r?ﬁd (xm y:z)»m - ()X 7 (c12)
mudp I+ 0 /T+ 6
The particle-hole C:”' comes from the ring diagram in Fig. 2b, which contains four terms owing to the antisym- (h) (I) (l) (k)

metrization specified ‘in Eq. (59),

h o ) o ) 1 Jiz Jas (27 4 1)
C = Aljny s Gy J12) AUk iz Je) Al drss Ja5) Ak Jasy Jo) = —_—_—
e (ny s dnas J12) A Ukes J120 7 ) Ay s s J15) Alikg s Ja J'—’%g\/l+5i-mg\/l+5im‘m
»
Jny da Tr2
x4 dns T e § XEOGED VRS T GVt /T 3 (X756 YR G

Jis drg JIr

Jnz dny T2

= (I S g T e 6 XS0 Ved VT bVl /T i (708700 V382 ) G,
Jas Jre Jr
Jn dng T2

(=)t LT A{t.-ﬁf::;qzyﬁsé;uwmm”ﬂ T+ 0, ('Yfﬁ"sl(:}'wy'ﬁ"‘ifv,:if))'am,}_‘
Ji5 kg Jr

+(*1)J“,‘J..2 J]'.’(*l).lnl +ing=Jas

Jna dny 12
$ 4 g ey p AP0 VRTINS T R G Vil i/ T Ot (a',"“a,‘,fj"’ y,‘;;af,fzj’) o‘,-,:,-,ﬁ)‘ (B32)
Jas jig Jr

(m) (n)

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

FIG. 5. 1PI, skeleton and interaction irreducible

UNIVERSITA DEGLI STUDI DI MILANO making use of the e+éctive hamiltonian of Eq. (9).
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ing at 3" “-order in perturbative expansion (7),
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Gorkov Green's functions and equations

Set of 4 Gorkov Green’s functions:

GLL (¢, ') = —i(Wo|T [ca(t)c};(t’)] W) =

G2 (k1) = —ilWolT [ch,(t)ch ()] o) =

Gaﬁ(t,t,) — /

[Gorkov 1958]

In terms of Nambu fields:

. I ] Co
Gan(t.t) = —i(WolT [Aa(AL®)] 10} Aad) = | 1)
H—} . & _ Nambu 1960]
¥> Don’t (anti)commute: in/out arrows and Nambu
- | UNIVERSITA DEGLI STUDI DI MILANO indices still matter!
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Nambu-Covariant approach to build (Gorkov) propagators 8

Combine w/ dual-basis:

A = A X A

=BURB
(contravarlant)‘/ \(covarlant)
B={[b)} b\ }
(b c) = b

Englobe Nambu indices
in the basis:

£~/ | UNIVERSITA DEGLI STUDI DI MILANO

Generalised
states:

Inner product:

((LM) (|<%>)) (0 | ) + (W) W)

M. Drissi (Surrey, now
@ TRIUMF, Canada)

Generalised Nambu operators and commutation rules:

AL = 4.
A2 =g,
A(b,l) =
A2y = ap

%" % | DIPARTIMENTO DI FISICA

A :Zguv A" {AuaAV}:g'LW
{ A“,AV } — g'uu

M [A, A"} =g."
AW — VAL A, A
zy: 9 { A,u)

AV } — Guv
A“:Zg“,/ AY

M. Drissi, A. Rios, CB, arXiv:2107.09763 and arXiv:2107.09759
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B i s o oy S n i S L
B 2

Nambu-Covariant approach to build (Gorkov) pr'opaga'r“

Combine w/ dual-basis: Generalised Inner product:

States:
HE = 0 x A

(contravarialr?tzE/BU<(Covarlant) [&?) ((|<‘1’1>) (|<\D2>)) (W5 [ W) + () [ 0y)

M. Drissi (Surrey, now
B={b)} b\ } @ TRIUMF, Canada)

(b c) = b

Covariant (contravariant)
of operators:

O — Z O'ul“"ukyl.uyk A,Ul “ . A,ukAVl L AR (mlxed) O/il...ugk — Z g,ulozl c g,uk()ék Oal.”akuk_|_1...u2k
M1---HE a1...00L
Vi... Vg
- Y AU AR (covariant) Observables are always scalars—they remain
— P12k " . . .
ir - pizk invariant under any change of basis.
— K1 M2k A A
— Z 0 Apy e A, (contravariant)
S " Hm1... U2k \
1 7 } gfl“:’RElﬁi‘f: l’ff;‘}f{‘i‘;‘ DI MILANO M. Drissi, A. Rios, CB, arXiv:2107.09763 and arXiv:2107.09759
W f MENT ASIC/
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Nambu-Covariant approach to build (Gorkov) propagators

Gorkov at
2nd order:

Gorkov at
3rd order:

e
N
f orde a |
0 QR oA
(ONLY NN forces) [@ [@ [ I B v
- - - - --- /
N - ---- o [---Q [---O [---O
(NN ONLY fOFCGS) LI STUDI DI MILANO ---- ---- ----
\ DIPARTIMENTO DI FISICA

hh-interactions (h
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Results for the N-O-F chains

A. Cipollone, CB, P. Navratil, Phys. Rev. Lett. 111, 062501 (2013)
and Phys. Rev. C 92, 014306 (2015)

13N 15N 17N 19N 2 1N 23N 25N 27N

hw=24 MeV : === Dys-ADC(3), NN+3N(ind) —
Asrc=2.0 fm"! - —e— Dys-ADC(3), NN+3N(full) -
] === Gorkov-2nd, NN+3N(full) -
—a= Dys-ADC(3), NN+3N(ind) _ - Exp '
—t— [Dys-ADC(3), NN+3N(full) ] . . -

=== Gorkov-2nd, NN+3N(full) - B " ,.,-—5
- Exp . ;\Kl .... - _

.\A.\ -
'Q‘-\o\ N ) —
- . - — - i "' . .
1ok . \'\.._. . B - ho=24 MeV No. T :
: P 'i’. — E _180 _— ASRGzz.O fm-l -\?_._.&_._-_I —_
-1 8 O | | | | | | | | | | | | | | | | | i I I | I | | | l |
14 16O 180 20O 220 240 260 280 15F 17F 19F 21F 23F 25F 27F 29F

= 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 (2.0fm-1) INFN—
¥/ | DIPARTIMENTO DI FISICA N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm-1) Lo
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Neutron spectral function of Oxygens

A. Cipollone, CB, P. Navratil, Phys. Rev. C 92, 014306 (2015)

125 g

1.5 |

0.5

,,,,,,,,,,,

,,,,,,,,,,

EE  wMev]
o Neutron quasiparticle energies
) 1/2% e
— 240 32 112,772 6. | i
RN 3/2 : -s- 2N+3N(ind) |
§ 1+ F 45 e 0 4 lds) -o- 2N+3N(full) )
2 ]
Z
=
T T2 B
< . 7
_6 ]
~8- ]
140 160 220 240 280
N
30 25 20 16 45 = S $
25201510 5 _0/5 10 156 °
| UNIVERSITA DEGLI STUDI DI MILANO 270 &
2> 290 INFN
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N3LO(500) + nin 3NF
SCGF — Gorkov-ADC(2)

B Exp.

- O  Extr. data
o —6— NN+3N(400)
[ —— NNLO_,
:_ —©- NN+3N(Inl)
- ()

| 1
: m .
- (b)
S B

34 36 38 40 42 44 46 48 50 52 54 56 58 60

ACa

S, [MeV]

10 |-

60:
sof
ol
30:
0|

10

16 18 20 22 24 26 28 30 32 34 36 38 40 42

N

50

40

30

20

AS, [MeV]

10

-10

16 18 20 22 24 26 28 30 32 34 36 38
N

V. Soma, P. Navratil, F. Raimondi, CB, T. Duguet — Phys. Rev. C101, 014318 (2020)
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Phys. J. A57 135 (2021)
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N3LO(500) + nin 3NF
SCGF — Gorkov-ADC(2)

» Bell-shaped behaviour in Ca40-48 requires
particle-vibration coupling [ADC(3), FRPA]

* Universal behaviour of isotope shifts beyond
N=28 neutrons
(invariance on 20<Z<28)

| UNIVERSITA DEGLI STUDI DI MILANO V. Soma, P. Navratil, CB, T. Duguet — Eur. Phys. J. A57 135 (2021) TN
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N3LO(500) + nin 3NF

0-5 'SCGF = Gorkov- ADC(Z) 1 Fig. 8 Relative ADC(2) errors (theory-experiment) on total binding
: A | energies per nucleon along Z = 18, 20,22 and 24 isotopic chains.
04k dn 4 ADC(3) errors are also reported for doubly closed-shell calcium iso-
! | topes and displayed as horizontal bars. Calculations and experimental
data are taken from Fig. 1
03 -
~ Z
O i
E 0.2 -
< .
m E u u ] ]
<ol : * Accuracy for binding energies requires ADC(3)
0 ____ ............. - . .
| B ; « Larger discrepancies
o1 [Gkv-ADC(3) :
14I16I18120122I24I26I28130132I34I36I3814O
N
0.5F®@ (b) (©) ()
04k o~ AE/A o +--+prNn
> [
2 01k c(3)
é 03F GK\I‘P‘D
m _ Ar Ca Ti
g 0.2: . )
.;'7%\ .'/'p'\) : (U
01 1 * /;‘Z:/ '%_o S Ij\ g’m\.:. & ,'{f'{ %\ A o PR \\ , / \.“\'b-
L o )"o/' N N PR 3 "./o‘:o - 3 : V) Ny -<>}\ <>’O -
O'.L"‘?‘-L'.l.‘-|".‘4.|.|.|.|.|.'?-*?'-*?'.|.|.|~'.\|".|.1:’.1."|."1.r’.1’.|.¥.1;|.‘|0
16 20 24 28 32 36 40 16 20 24 28 32 36 40 16D 24 28 32 36 40 16 20 24 28 32 36 40
N N EDF,ﬂuc\- N N
- UNIVERSITA DEGLI STUDI DI MILANO V. Soma, P. Navratil, CB, T. Duguet — Eur. Phys. J. A57 135 (2021)
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Bubble nuclei... 34Si prediction

| Duguet, Soma, Lecuse, CB, Navratil,
| SN --- Siddproton | Phys.Rev. C95, 034319 (2017)

®  S36 charge (cxp.ﬁb;

— Si34 charge
-== 836 proton
— S36 charge

0.08

- 34Si is unstable, charge distribution is still unknown

0.06

- Suggested central depletion from mean-field
simulations

0 [fm ]

004

- Ab-initio theory confirms predictions

0.02

| | | | N - Other theoretical and experimental evidence:
0 ! 22 4 5 Phys. Rev. C 79, 034318 (2009),
rlim Nature Physics 13, 152—156 (2017).

Validated by charge distributions and neutron quasiparticle spectra:

3 =  Exp. i JMe:
°S —— NNLOopt ] aF TSI g wanes Exp
0.14 — EM srgl.88 -
— EM srg2.23 i SCGF
—— NNLOsat ADC(2) -
0.12 —— NNLOsat ADC(3) 7] 2
— 0.1 -
£ 2
5 0.08 = O 124 T
Q. r,f‘ |
—

............................

--------------------------

" 1 . | L 1 L 1 - 1 1 3 1 1 1 1 1 1 Il
0 1 2 3 4 5 O 20 40 60 80 100 O 20 40 6D N0 100

\ UNIVERSITA DEGLI STUDI DI MILANO v lml SF [%] SF [%]
\ DIPARTIMENTO DI FISICA INEAI'N




d3/;» — s;,2 inversion of protons and bubbles at N=28

0.08

3F (a) C] -
— | i 0.06
> .
5} "
> f
—I_Q £ 0.04
N - Q
+ [
S
-— - 0.02
S
2 F _
- ] ] ] ] ] ] ] | ] ]
- 0
3F (b) K 7
> 2F .
O N i
= ]
—~ 1F ]
B O NN g __ 0.10
+Q > T Exp. : 0.08"
= IF = Exp. (this work) -
[ - —A— NNLO, : 0,00
-2 F —— NN+3N(Inl) . N
= ] ] ] ] ] ] ] | ] ] - i
18 20 22 24 26 28 30 32 34 36 Z0.044

Papuga et al., PRL110, 172503 (2013): PRC90, 034321 (2014)

RIKEN, SEASTAR coll., Phys. Lett. B802 135215 (2020) 000

Linh, Gillibert, et al., PRC104, 044331 (2021)
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S. Brolli (BSc thesis)

S charge density C B
*®Ar charge density
*8Ca charge density

2 4 6 8
r [fm]

Charge bubble for 42Si-46Ar ?7?

0.081

=
o
>

Amplitude
()
o
.

0.02;

0.00

Radius (fm)

D. Brugnara (PhD thesis) — GANIL
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Electron-Ion Trap colliders...

. : 132 ¢ Exp. (Ee=151 MeV)
2 — 10%} ~Xe target ¢ Exp. (Ee=201 MeV)
* - ‘ 2 . R 2 Y  Exp. (Ee=301 MeV)
| -y . 100 \V\e} 7 —— 2.param. Fermi
, 5 1000k <r = Lapikas
] ~NO S 400 A ' - - e Mei
dtop. 150MeV- & 250 300 =
- . < &;‘\
: \) I ~ - .
Microtron L o = Ty
N a 0 i .
100 150 =~ o
Momentum [MeV/ic] ol 10 ? ) *
, 'Ul":
FIG. 3. Reconstructed momentum spectra of '*Xe target - 10 3 , , , ‘¥\ i
after background subtraction. Red shaded lines are the simulated ' . ‘
radiation tails following the elastic peaks. 0.4 0.6 0.8 1.0 1.2 1.4
S
fm
q, [fm~]

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.

K. Tsukada et al., Phy rev Lett 118, 262501 (2017)

' UNIVERSITA DEGLI STUDI DI MILANO F. Arthuis, CB, M. Vorabbi, F. Finell, -
" |7 | DIPARTIMENTO DI FISICA Phys. Rev. Lett. 125, 182501 (2020) INEN




Charge density for Sn and Xe isotopes

Exp. (151 MeV)

Exp. (201 MeV)

Exp. (301 MeV)

- NN-+3Nilnl (151 MeV)
- NN-+3Nilnl (201 MeV) 0.15
- NN43Nlnl (301 MeV)
NNLO,,, (151 MeV)

NNLOgat (201 MeV) ? 7 0.10
NNLOgat (301 MeV) hi
.................... 2-point Fermi <
B SCGF 0.05
N 0.06 |-
h c'?_| 000 | | | | | ]
- £ our 0 2 4 6 8 10
<
\ < r[fm]
V\ 0.02
. SCGF Exp.
\
N
\ o0, o, e 1998n | 4.525 — 4.707
\ 0 2 4 6 8 10 139
- ‘ r[fm] Sn | 4.725 — 4.956 | 4.7093

SCRIT dat |
e \ 132Xe | 4.700 — 4.948 | 4.7859
-2 (RIKEN) | | ‘.I 136Xe | 4.715 — 4.928 | 4.7964

0.4 0!6 0.8 1.0 1.2 1.4 138Xe 4.724 — 4.941 4.8279
(eff [fm_l]
P Arthuis, CB, M. Vorabbi, P. Finelli, Phys. Rev. Lett. 125, 182501 (2020) —
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Ab 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. ldini, CB, P. Navratil, Phys. Rv. Lett. 123, 092501 (2019)

M. Vorabbi, CB, et al., in preparation

State-of-the-art of the field:
C. Hebborn, et al., CB, “Optical potentials for the rare-isotope beam era”, arXiv:2210.07293 (WP)

Jour. Phys. G (2023), in press.
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Microscopic optical potential

e — Nuclear self-energy >*(r,r'; ¢):
» contains both particle and hole props.

* |t is proven to be a Feshbach opt. pot = In general it is non-local !

1
o) =35 43, ( |
ozB af >
A+l /, (K= +C)+il');;
mean-field T ZNW (E —(

Particle-vibration 5
couplings:

Solve scattering and overlap functions directly in momentum space:

> LIk K E Z Roi(k) 25" Ryu(K)

AR O wl .]< ) / dk/ k/2 Z*l’] (k’ k/; Ecm)wla.] <k/) — Ecmwla.] <k>
;’— ; -"“,"',"",{).,_ ‘ UNIVERSITA DEGLI STUDI DI MILANO INEN

%" % | DIPARTIMENTO DI FISICA uAko




Low energy scattering - from SCGF

[A. Idini, CB, Navratil,

Benchmark with NCSM-based scattering. Phys. Rev. Lett. 123, 092501 (2019) ]

Scattering from mean-field only:

100
ol _ """ NCSM/RGM [without core excitations]
~100 — 3/2+ — 1/2 + 5/2+ _ EM500: NN-SRG Aspe= 2.66 fm-l, Nmax=18 (IT)
o 5 —3/27 52 —T/2 - [PRC82, 034609 (2010)]
%—QOOE,IIH,HI,IH,IHI,IHE
< 100 I I B N NNLOsat: Nmax=8 (IT-NCSM)
S
3lis
Of
_502 SCGF [Z(=) only], always Nmax=13
100 o

R | ' S— :
o 2 4 6 8 10 12 14 16
% | UNIVERSITA DEGLI ST@B‘%I &1\1/1{8\}(])) 16 O ( ' )16 O -
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil,

: . Phys. Rev. Lett. 123, 092501 (201
Benchmark with NCSM-based scattering. ys. Rev. Lett. 123, 092501 (2019) ]

Scattering from mean-field only: Full self-energy from SCGF:

I — T - S L L |
100F ' e (MeV) 5/2F 1/2% 1/2™ 5/27 3/2 3/2* 5/2F 5/27 7/2; 2000 —— 179+ 3/27 -
_EM5OO exp. -4.14 -3.27 -1.09 -0.30 041 094 3.23 3.02 3.54 o0 150? 5/2+ “"\__/;

f - NNLO. -5.06 -3.58 -0.15 -1.23 -2.24 0.91 4.57 3.36 3.37 .-g 1905_ E

: TABLE [ Excitation spectrum of 7O with respect to the (Q rog \"’:
n+'"0 threshold, as obtained from Eq. (5) and the NNLO.., _OO;_ | | E

interaction and compared to the experiment [45]. Broad res- F———— —T————]

onances in the continuum {most notably, the 5/2%) are com- 400 —— 3/27—— 1/27 — —

puted at midpoint. The asterisks () indicate higher excited ?D 300 s E

states, above the lowest one, for each partial wave, ) :

< 200f :

p— - -

0f— E

M I R ! A R B R W I

S B I R B I R T L L L B L I B

500F 719 - Jo— E

F — 5/2 :

= 400} / / A

o 300F ‘ V -

S 200} | <

_ < 100} / -

: : s — % " ]
00 S oI v
’ 10 12 14 16

8
0 ) 4 0 8 10 12 14 16 E... (MeV)
MeV) -
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Role of intermediate state configurations (ISCs)

y . . [A. Idini, CB, Navratil,
n-10, Total elastic cross section Phys. Rev. Lett. 123, 092501 (2019),
8 T
KX , Only $2(°)
[+ . ’ Y af

~50% of 2p1h/2h1p poles suppressed

Full 3% 5(w) (all ISCs included)

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

vvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Microscopic optical potential

£ — Nuclear self-energy >*(r,r'; ¢):
» contains both particle and hole props.

* |t is proven to be a Feshbach opt. pot = In general it is non-local !

-
« (o Loy ) i 1
=35 ) MY, M,
s\ = 2oy ) “”(E—(K>+C)+i1“)i- /7
/ l,] 9]

_A+] p /r
4 L’ 1 Nm(
Imean-flel/d/ ; "\E — (
. "
Particle-vibration’
couplings:
/’——_—__-~‘\
( Z(OO) I @, S
- - J
S ~ CV/B V4
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Elastic nucleon nucleus scattering

4 1 1 1
10 E 1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 E 1 I I
i o Sakaguchi et al. (1979) i I " %
i a  Ejiri et al. i 0.8 8
1()3 — 0 Noro et al. -
- o Sakaguchi et al. (1982) 3 B
i — GADC2 )
— [ —— Dys2nd - E23max=12 ] 0.6~ 8 o Sakaguchi (1983)
g 10*E — Dys2nd - E23max=14 . i o Noro |
= - —— Dys2nd - E23max=16 E _ o Sakaguchi (1979) M\ bb
A=t - DysADC3 - 04| — GADC2 — Oora I
- - . a []
G . ADC3_e300113 - < o o ® —— Dys2nd - E23max=12
2 o'k - - — Dys2nd - E23max=14| 1 U. of surrey
© E 3 —— Dys2nd - E23max=16
< : : 0.2 DysADC3 N
- 65 MeV . i — ADC3_e300113 ]
0
10 F = ®
= 40 40 E 0 = ° an a0
" Ca (p,p) Ca S i i ] 1 T | T | T
- 4
1 I l 10 E 1 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I |
1 1 | E : _0.2 [ [ ,
1070 10 20 i o Sakaguchi et al. (1979) - 0 10 0.8
- 4 & Ejiri et al. '
103 3 N'LO 0 Noro et al. — I
- o Sakaguchi et al. (1982) 3
i — GADC2 i 0.6 :
o - —— Dys2nd - E23max=12 - o Sakaguchi (1983)
L 102k — Dys2nd - E23max=14 _ - o Noro -
v-g é : . A o Dysan - E23max=16 g o Lo Sakaguch1 (1979)
_— - B 8 DysADC3 - e — GADC2 —
d i - 'y ADC3_e300113 _ o ° — Dys2nd—E23max=12
Q 1L _ —— Dys2nd - E23max=14 ]
-8 10 : E —— Dys2nd - E23max=16|
- - 4 DysADC3
- 65 MeV : N LO —— ADC3_e300113 |
0
10°F E
= 00y (p,p)4OCa : 40 40 |
l : 65 MeV Ca(p,p) Ca .
ey A A R R S R R B
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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®,"2? A. Carbone.’ G. Colo®,? A. Lovato®.,*> F. Pederiva,®> X. Roca-Maza®,!-2
and E. Vigezzi ®?
1Dipartinfzento di Fisica “Aldo Pontremoli,” Universita degli Studi di Milano, 20133 Milano, Italy

2Istituto Nazionale di Fisica Nucleare, Sezione di Milano, 20133 Milano, Italy
3’(‘f1.f1lff) Noarinnalo Ai Ficica Nucloavo_ € NNAE Vialo Cavia Rovti Pirhat A1) ANT177 Ralnona Ttalvy

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

| > Benchmark in finite systems

+ approximate GA
‘ UNIVERSITA DEGLI STUDI DI MILANO
INFN
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Nuclear Density Functional from Ab Initio Theory

Density functional theory (DFT)

NNLOSat
- (2r 3r 4r 5’ 6)

-©
- &
o ~®

pure neutron matter

N N LOSat

T (2’ 3' 4' 5’ 6)

e

&0 o--o

301
E = /drE(r) = Exin + Epot + Ecoul —
g 20+
...exact if functional was known =
10 A
Simplest approx is local density:
0
E1pa = Ekin + Evuk + Ecoul
—~ =54
Epuik[o(T), B(r)] = p(r)v[p(r), B(r)] g
U 0.
Then need to worry about gradients and surfaces:
_15_
EGA — ELDA + Esurf
E. = | dr ZCA,OA,O —% ,oV-J—I—Z,o V-J _
sur — t Mt [ y q q q

£~/ | UNIVERSITA DEGLI STUDI DI MILANO
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Machine-learn DFT functional
on the nuclear equation of state
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—
NFN

Qe MILANO



Benchmark on finite systems

Gradient terms are important (but SCGF/NNLO-sat : AFDMC/AV4’ .

0,2—"..’ ..... LDA IH."‘ ..... LDA -0.3
S — GA- I N — GA-
they seem to work!): SN CoE e . OhE
. Cennt’ . - s ° I AV4/+U|XC .
7 02
_____ m
0 _._!.-__.::’.H:.=.__-.-_-..:.__-.:.:t:.:T_T::T_T:.ffIE:fE.:’.7:.‘,&1:—:—.—:_._:_:_—.:;'_:’ :_:_ é 0.1- é
; - ‘_‘_’_—_:___-___'_'_:‘,7-—:::'%':. *____-.r/ ’*’,/"' - E 0.1 E
v -1 k""—*— ’,,-0’/’
z '/ ,’_f
~ —”’_____’\\\ ///
< ) b o’
% 2 7 0.0 0.0
0 2 4 6 8 0 2 4 6 8
-39/
E----u LDA 0.3
0.05- . ’ — GAE
.:==.___= _________ e: ‘‘‘‘‘‘‘‘ _.// N - GA-r
. 0.00 _._...,.____.:.:;_._..:.:.._.":.:.;:.::._::_:.:::_::._'._._T:.:.—_T:.Z.‘:.:.:A-_—.:.:.‘_fi.:_:._:..._._ |  AV4 + UIX, 0.2 —
E N "/ /// ) (\Iﬂ
S J ¢ £
J-0.10 / 01
~0.15- ,/'
L J SCGF/NNLO-sat :
160 34g; 36g 365 40y 48Cgy 52Cg 907 1326, 208pp 0.0
-—- Exp -~ SCGF -4 LDA -% GA-E -4 GAr| 8
° ° ° . 7: ‘X
Need to extract gradient information . External (monocromatic)  v(X) = v,e"Y™ + c.c. = 2v, cos (q - x)
from non-uniform matter oerturbation:

0p(x) = 2pq cos (q - x)
_ UNIVERSITA DEGLI STUDI DI MILANO F. Marino, G. Colo, CB et al., Phys Rev. C104, 024315 (2021) ﬁa\,
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ADC(3) computations for infinite matter

Finite size box (of length L) with

eriodic Boundary conditions:
P Y Z 80 al ala — Z Ua,B al 0 T = Z Voz)/ B Cl dgdlg —|— — Z Wozye Bén A aiaiana(galg
aye
0 = é 3 67T2,0 pon
L PE=\ "0, ADC(3) self energy:
1
(*) _ (00) i
0) U, ) M
( ) p ™ ap T @r |:a) — [E> + C]r,r’ + 1

A=66,  2+3 NF (NNLOsat)

1.00 4
T e [ ..
301 --»-- Finite-T SCGF ,;’f" ey ] ?E)%-C
—=- CCD PBC 4 0.95 1 I
25 ’ ™
§ 0.90 - )
S 20 < & =
< 0.10 -
15
101 0.05 - \
i 0.05 0.10 0.15 0.20 0.25 0.30 0-00 4, - - - - - - - - w (1 100
. . . . . . — a
5 (fm-3) 000 025 050 0.75 bgﬁ) 125 150 175 2.00 V) 150 O
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Quantum Monte Carlo in configuration space
arX1v:2203.16167v2 [nucl-th]

Quantum Monte Carlo in Configuration Space with Three-Nucleon Forces

2,6 5,6,7

Pierre Arthuis®,»2* Carlo Barbieri®,% T Francesco Pederiva,”% and Alessandro Roggero

' Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany
°ExtreMe Matter Institute EMMI and Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF),

GSI Helmholtzzentrum fiur Schwerionenforschung GmbH, 64291 Darmstadt, Germany

Configuration Interaction Monte Carlo (CIMC):

, Immaginari time evolution Monte Carlo smapling over
Cl anstatz.
to the ground state (DMF): configuration space:
Y.+ a(m) = Z(m|P\n>‘{'T(n), m) = a];l e a;fMahl ooy dpy, | PHE)
V) = Z (n|¥)|n) Z‘P " _ ‘ Lyeens pM>
n (m[P|n) = (mle 47~ |n) e

The specific CIMC algorithm is build in such a way that it preserves the variational principle.
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Quantum Monte Carlo in configuration space

arX1v:2203.16167v2 [nucl-th]

Quantum Monte Carlo in Configuration Space with Three-Nucleon Forces

Pierre Arthuis®,!>2* Carlo Barbieri®,3>%: T Francesco Pederiva,

5,

% and Alessandro Roggero

5,6,7

' Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany
°ExtreMe Matter Institute EMMI and Helmholtz Forschungsakademie Hessen fiir FAIR (HFHF),

D —

Configuration Interaction Monte Carlo (CIMC) for 3-nucleon forces: L e ——
o5 = MBPT, Hebeler+
= MBPT, NNLOsim
. === CCD, NNLOopt
(N.O.) (3NF) > 201".a+ COD(T), NNLOopt
UozB,'y(S T vozﬁ,u,’yéz/ Pvp = == CIMC, NNLOopt
— 15 -
U
2
R 10
o B Lo Efficient storage sL
) 1010 ;1011 ) 0 .‘ I I
g 1 = 0.00 0.05 0.10
% 10° F ?1010 E ‘
S R pure nuclear matter
£ 108 F -~ i g
< A4 ; «
= 107é _,/’ : 108 &93 100 ' ) [fm_gl] b= “e— NN-+3N
; o of 3NF mtx elements ST N
6 R4 - ' — 0.
10 E/{—- 1 1 1 1 3107 : §i§ :
20 25 30 35 40 0-90 1 — o327 [
Kmax[fm ™ g
0.04 1 F
66 neutrons, p =0.16 fm-3 oos | 1L b
| UNIVERSITA DEGLI STUDI DI MILANO - , AN
0 1 2 0 1 2
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Neutrino Oscillations and Liquid Ar detectors

Sanford Underground
Research Facility

94

Fermilab

___________
So ~
FFFFF

] —\1 | | Ar (e,e’)X
= : .
~ G L 2_:‘ i Ti(e,e’)X
l | -’
- T, Cee’)X
+ 4+ T -:2:;::::=::=:::::°'-' - ...,,.. 7
S :
R | .
= (] -. 2 2 1 2 2 1 - 2 2 2 1 — 2 — 1 2 2 P - )
1.2 1.4 1.6 1.8 2.0 2.2

E' (GeV)
40Ar(ee'p) and Ti(e,e'p) data
Jlab experiment E12-14-012 (Hall A)

Phys. Rev. C 98, 014617 (2018);

UNIVEKDIIA DEGLI D1 UL DI IVIILANU

DUNE experiment will measure long base line neutrino

oscillations to:

Resolve neutrino mass hierarchy
Search for CP violation in weak interaction
Search for other physics beyond SM

40Ar . ATI
A

N=24-28

z=18 M o

Proton distribution in Ti
similar to neutron in 40Ar
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Electron and v scattering on 40Ar and Ti

Jlab experiment E12-14-012 (Hall A)

[Phys. Rev. C 98, 014617 (2018)] _
1LuUv i [ [ [ [ I I I [ [ | 16 —' | B '; LA S B S B B B L S S B S B S B S R Iléclj(lvl -V- -)|-.-.r-.- |_
- — — - — HoV U
140 | Ee=22GeV, e =15.5°- 14l Ov=30 NI _
120 __ 12 40Ar[p]+48T1[p](Vﬂ,Vy) """"" =
— B 1 ™ -
" 100 f = 10 CH
§ 80 a 2 8 ..8 0.1 - /‘/\ -
i ~ 0 ~ _
s 60 2 Y S— R VA
5 ! —8 4 E 0 150 300 450
= 40r ©« 4 TN
% 20 258%”::1 | | | AR BN LN
i — B 12 - 7
— | - = o C ) =TTt
% 0 — : : : I T | T | LS) ig - 9/4 30 4OAT§:Z,Z'; -
CQ}) —=— exp. ] S | 48Ti[p](vﬂ,,u') .......... ]
E === SF IA - d\) 30 " g -
\ _ ~ -
— SF [A+FSI S i o 0.8 _
b - N 25 © 0.4F
'E b 20 - /'\ .O- -
_ S é _0_4:_\f/\/\
S Y APy 5 0% " Ts0 00 50 |
it L LA PP IT P ~ 10T Fc w ]
lllllllll 5 i . .\'\. B}
— 0 S PP P PR Pt o Ty .
0 — 00 100150200 M”{’/ %9 Ti protons contribution
0 01 02 03 04 05 06 07 08 09 w [MeV] o . .
w [GeV] (‘mix’) is nearly identical

. . to neutrons in 40Ar.
“OAr(e.ep) and Ti(eep) data being analyzed

/1)) | UNIVERSITA DEGLI STUDI DI MILANO CB, N. Rocco, V. Soma, Phys. Rev. C100, 062501(R) (2019)
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2023 Doctoral Training Program at ECT™

LECTURERS AND TOPICS PROGRAMME COORDINATORS

_ D gt f‘f’q Vittorio Soma, Université Paris-Saclay Carlo Barbieri
4. . and CEA University of Milan and INFN sezione di Milano
X A 3 g“ : Self-consistent Green’s function methods Alessandro Roggero
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Thank you for your attention!!! u7

mmary

= Ab initio applications to structure and reactions are becoming increasingly powerful.
Systematic applications beyond testing forces and structure becoming available

= Particle-phonon coupling (ADC3/FRPA) being implemented for open shell

= The covariant version of Nambu-Gorkov formalism in SCGF:
- Minimises the number of diagrams to handle
- Only basic topologies are retained.

- Facilitates automatic diagram generation at higher orders.

= Applications...  optical potentials, g.s. observables, one-nucleon spectroscopy

—~ Systematic improvement of Nuclear DFT from ab initio in nuclear matter is promising
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And thanks to my collaborators (over the years..)

Thank you for your attention

E. Vigezzi, G. Colo, X. Roca-Maza,

P. Navrartil, M. Drissi

F. Marino, A. Scalesi

A. Cipollone,
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