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Reach of ab initio methods across the nuclear chart

Extension beyond few-nucleons thanks to: 200F  sof
< [ o« Early years
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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 (GT) and ring modes (6GW) 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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The Self-Consistent Green's Function with Faddev-RPA

Binding energies

o | Oxygen drip line Charge & matter distribution
TWO'”UCI@O” 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 u)) : 2(1)22; B/[f\l_l : ............... ===+ 2-point Fermi SCGF EXp
- =Z. m — Il SCGF
100 | - o— 01 SRe : 005 | 1008, [ 4.525 — 4.707
100 —e= Dys-ADC(3), NN+3N(ind) ] > 1¥2Sn | 4.725 - 4.956 | 4.7093
100 | > —— Dys-ADC(3), NN+3N(full) JEESSmsssmjiy 8 00T 132%e | 4.700 — 4.948 | 4.7859
s 0 T 2. 120 Pt =1 136Xe | 4.715 — 4.928 | 4.7964
L b m‘;b o - 1%Xe | 4.724 — 4.941 | 4.8279
-140 | ’\A..\o\ . ] 0.00 |, . . . . -
= '§'l\ : 0 2 4 6 8 10
0 E 1 I I I I I -160 = B o ’/’_ rffm]
""""""""" - - . _i’
O 100 200 / 300 180 [ | | | | | | | | | | | | | | | | | :
pa(MeV/c) ) g % 15, 0y 25 %y %G 30 SpeCTr'OSCOpy
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
¥4 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
¥4 16.98 16.95 16.84 16.91
40 20.19 19.46 19.59 19.72
H,O
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
Nuclear ELM response SO e R e O s
and dipole polarisability, ap
[Phys Rev. C77, 024304 (2008)] . . 2 F
o OPTICGI po’ren’rlal f7/2 _P3e
o | esNi:
o} 2" Tankhamon (2002 Ni: Elastic neutron scattering [Phys Rev. Lett. 123, 092501 (2013)] P1/2:15/2
ol y SCGF Exp B ARy MM MR 101 et e
E [, S —20M(\)f Epr MeV) 1068 9.55(17) = 102% 2 ]
~ 20 : =2, Aw=E e 10.92 N T
Eg Ecpr (MeV) 18.1 17.12) O gy
ap (fm?) 3.60 3.40(23) = 200F .
3.88(31) < O: —
swf R R RRRRE ’
~100 5710 15 20 25 30 35 40 45 50 55 60 65 70 \E/ ?28 : _ i _:| 0 \0 ‘iO -
A | vt Pko11A vouer o1 uws v vt LANO 100t N . o [MeV] A
vt e ey 0 20 40 60 80 100 120 140 160 180 [Phys Rev. Lett. 103, 202502 (2009)] \E - “7
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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) - - " ,.,-—5
- Exp . ;\Kl .... - _

.\A.\ -
'Q‘-\o\ NG . —
- . - — - i "< . .
1ok . \'\.__. . B - ho=24 MeV No. T :
: P 'i’. — E _180 _— ASRG=2.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 MILANJ3L.O (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm-1) INEN—
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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)

suoi14p21)ddo

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

N 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

¢ Y

Explicit configuration mixing Single-reference: Bogoliubov (Gorkov)

> Ansatz

> Auxiliary Ma nv-body state | \IJO> — ZOO 0 CQTL |?7b2n> V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)

CB, T. Duguet, V. Soma, Phys. Rev. C 105, 044330 (2014)

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

== |Wgy) minimizes €y = min {(Vy|Q2|W,)} under the constraint N = (Wo|N| W)

\.;m_'l‘!‘.l, , | \Ij )
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Gorkov Green's functions and equations

Set of 4 Gorkov Green’s functions:
GLL(t,) = —i(Wo|T [ca(t)c};(t’)] W) =
Gaﬁ (t, t,) —

G(Q)}B(t,t’) — iw|T {cg(t)cg(t/)} W) = / Gg?ﬁ(t,t’) = —(Uo|T [c&(t)cg(t’)} W) /

[Gorkov 1958]

In terms of Nambu fields:

. i ] Co
Gan(t,t) = —i(WolT [Aa(AL®)] 10} Aald) = | 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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Diagrams inflation with (Gorkov) SCGF theory

Gorkov at Z(lllﬁ(w) by 1
2ndorder: ¢ xS t YV
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V. SOMA, T DUGUET, AND C. BARBIERI

unperturbed ones, i.c.. propagator one obtains
des U
a lh“ S
Zy (@)= ‘f ZV‘"Mw —ax+ 19
Goslw) = Tw .+ (B5a) Vi Ve
=L ot 2x z: .yhi’w -+ —N]
b = Z VGCN vs. o l
od &
a
where the residue theorem has been used, i.c.. the first v
G12(,) = . with +iy in the denominator, contains no pole in the u
Gualw) = | W ' (B5b)  plane and thus cancels out. As in the standard case the Han
Fock self-cnergy is encrgy independent.
; Similarly, one computes the other normal self-cnergy 1
L d c ‘
a Ead ) = -----.ﬂu i

Ab INITIO SELF-CONSISTENT GORKOV-GREEN's . ... PHYSICAL REVIEW C 84, (643

5. Block-dizgonal structure of sell-enerpies
a. First order
The goal of this subscction is to discuss how the block-diagonal form of the propagators and interaction matrix
refiects in the various self-cnergy contributions, starting with the first-order normal self-cnergy £''". Substituting Eq
and (C19) into Eq. (B7), and introducing the factor
S . T Bog Brome /1 F By B
one obtains

IHID Z?ubd '.
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where the block-diagonal normal density matrix is introduced through pus = 8,5 8w n, 9, ., . such that
plllal'l. = z: v::Iov} v::‘.al'

-y

and properties of Clebsch-Gordan coefficients has been used. The fact that the interaction conserves parity and char
8,y and 3, ;  leadingto 8,5 =3, , &, ; &, , . Similardy, for Z40,

Jadv

Sl

i oL, Jlayay] .0
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BAy Y
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— -&;ﬂ 8’(‘“‘ [A‘ =, ..
Let us consider the anomalous contribations to the first-order self-encrgy. Substituting Eqgs. (C27b) and (C19) into Eq. (

derives
S
l (1)) - Zvﬂ[\‘ ¢
u!l

Z: ZZZ f«"n.n’ KLU C;;:"’ )-—'hc'l.-:.,'f-m pﬂlntﬂ)‘/(lvt«- u::::v'.’

nkx. y w JM

Z Z z Z OO A, JO JO I [wfyy]
"é)’? '!",l e, A~ u.CJM - V\ S,y !'-.h

ﬂl’u Yy m,
ZZ Ly =D €y, V2R VR B,
2i V2Je+ 1 ttaarrl wivi
= S uxm N e (—1)P yomary] [Y')‘
Bapt B, zggﬂ (-1 g Vs Pain
580'16». oo !:h'“”

where the block-diagonal anomalous dcmity matrix is introduced through A = 88 8w _n, 8,7, . such that
*l":l Ew V‘ < dal”

PHYSICAL REVIEW C 84, 064317 (2011)
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It is interesting to note that the first-order anomalo
with a J = () many-body state. The other anomalc
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Block-diagonal forms of second-order self-cner
angular momentum couplings of the three quasip:
Q, R, and S. One proceeds first coupling particle
give Jye. The recoupled M term is computed as fi

ity LM
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where general properties of Clebsch-Gordan coeft
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e
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One can show that the same result is obtained by !
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PHYSIC

I M, (
Ch M, My,

[V. Somu T. Duguet, CB, Pys. Rev C84, 046317 (2011)]
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Proceeding similarly for the other terms and defining
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which recovers refation (72a). The remaining quantities [see Egs. (69) and (70)] are related u
{%;, ks, %1} indices and can be obtained from Egs. (C35) and (C36) by taking into account the di
Ji, 10 Jye and J. as follows:

: Ak e J
{hha = v BTy il ool

Jx,
=3 —81_,‘..8“,‘,,“_ z: Z”‘: SRR N, ______\‘2-’(
LN A

(21.; + 1)1y ta

av s oKy szu

YR LI T miy Mty
X Vﬂ.‘R.%’.ﬂ. un. v ]un [l vﬂ,g;:|
-l By M, By
- 8}..1‘8.\{.“_“ ‘pk faese ] Lov

L ‘o‘ Iy N '. j‘ ."‘!
atiidd = Z‘ 1t ie 20+ 120, + 1 {; ¥ JslA:.}.':..,

)

ne.n, 2"“ S SR
=80 g Bkim, D D Wi T ﬁ‘ <2JJ+m—n’* ~ l
ane J,
x V!,na:ﬂ- nlv‘n. Iv‘l b 'u"

Mg Ry,

= 81--1‘8-“,.-“. Qn,‘ lnt.\;v-t-l.‘_.'

Eiaaky 32 O A L)
REEL | _ ;( 20 4120541 'j: j"“ J-’I Motk

= —8;“ Su‘“ L Z!f( "“:‘" ‘/;j j—_ (2Jd

ny,

Jilaxiang]
V mmA, u |n|un I«; IVN,{A |

LTSS
= 85, 180um, Ry [owyn ) 2o

LS o) 2l 'l. ".‘ J IR
shik };(.. DR N Y RS WY P 'j‘ e J"}.v:.j‘}._

M o) ok

= 8]. 1‘8\[ ", Z Z e fﬂ LI SR \/:._,._’_

Ay J-Zwr—j-(z.’a’ l)(_l)/:’ﬁ,‘/c {

-. Ny My LY VI T T
!.nx:, LT TS Mgy
n, fircy ey asl d, {Cn. aexicsld, ) ( LD LLECL B ) D"’ v aa] 4, }

w — {1y, + ax, +m)~1yy w-r(w.\+uk,+w,)-m

e 5 DY

Be Mighe, 4, €100y
Cﬂ‘ ll. iy 'h R.:'h' - ( R‘ L ' 'I‘ ."t:h‘
pllei@d _ L Jx e ‘J c»lnt wiee]J + n, Jaw s el 4 mlmmt:l‘l.
o nﬂ;‘ z}.‘;[ —(en +an, +on)+in o+ (o +op o) —in

Ru LT QIR L I

n feoa P (Cu_[a(u < I
w-—(wi -+ an. +wg)+m

2 el I 3 B

LITLU S P A L Y

Zamo= 2 22

ﬂ, Sey _ LRLSS 8

R TR . o M
(Cn‘nl"“llj) #ﬂ. Q""‘Al)
0’"(0& +lug,+wg)-{r;
.
o Py My Ny, My Sy . " n, ﬂ.‘k.:"l.‘
n (2:(1 12 n.’[-n,-'( ‘)) ( lluw‘ Il) Cn, ETO T P }

@ — (o, + o, -—aa)+m o + (ax, + oy, + o) — Iy

6. Block-diagonal structure of Gorkoy's equations

Top — 18,0 = 84884, [T,!:‘:, o ”:q.'; 8,..,.] '

introducing block-diagonal forms for amplitudes W and Z through

o hok P
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and using Eqgs. (C29), (C31), (C32), {C34), and {C44). onc finally writes Egs. (81) as
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These terms are finally put together to form the different contributions to second-order self-ent s cnn o vvrerinns gy, e W s ’
an example [see Eq. (75)]. By inserting Egs. (C35) and (C36) and summing over all possible total and intermediate angular P e
momenta, one has . .21 (2" () O r | w™
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u+[wg,+m.~, +¢m_.)—m

(B31)

(B32)

(C42)

(C43a)

(C43b)

{C44a)

(C44b)

{C44c)

(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

(C45)

{CAGa)
(C46b)

{C47a)

(C4Th)

{C48a)

(C48b)
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Inclusion of NNN forces

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

ADC(3) formalism is
MAPCE) = pAPCE) MUl g MUY MU+ MU o+ MO MR+ MO 4 MU+ M) MG
+ME M MU M MY MY+ MY M+ MU+ MG+ MY, (A1)
{(ADC(3)) (ADC(2)) {1, 1Ib) 1le| (11d (11" 11, (1" m (ITo) (e}
N OO = NGO+ NG + NEP + RS + NG + NEISY -+ NG -+ NCMY -+ NGO + NCO) -+ NG

+ N+ NG+ NI+ NG+ NP+ NP+ NGO+ NG+ N+ OO+ NG9, (A2)

-4
» o SN | v n op oh ke 3N(I) SN(11) AN(I1T)
Cjy = C% + CPL + C}Y + i, + CPy + Chl 4 ChL + Cop + CLp + C Y + C o b
IN(IV) SN(V) , ol Ol U i 5
+ Cg +Cpt '+ C i+ CI+C L+ C (A3) - un -
i ’ 3N AN 0
Dix =DM + D! + D3 4 D, + D7, + DI, + Y2, 4+ DIz, + DNVU) 4 D3NN piNiiin) 4 L
SN(IV) SN (V) Oh Up p Oh U
+ Dy Dy D+ DL+ D, + Dy (A4) Vi
For the coupling matrices Mj, and N, the list of terms truncated at the ADC(3) level is composed by sets of (a) (b) (c) A
ADC(2) terms, defined in Eqs. (33, 36) and in Egs. (34. 37) for the forward-in-time and backward-in-time self-energy
respectively: sets of terms from (Ila) to (Ilc) appearing at third order of the ADC, presented in Eqgs. (52, 53, 56) 0
and in Eqgs. (54, 55, 57). which contain only 2plh and 2h1p configurations; and those terms from (Ild) to (Ilo) with LA
3p2h and 3h2p ISCs. introduced in Eqgs. (66-69, 74-75) and in Egs. (70-73. 76-77). Other terms with 3p2h and 3h2p i v
ISCs, denoted with superscripts from (Ile) to (Ilg), are defined in Eqgs. (A5-A20) below. Moreover, in Egs. (A1-A2) . o e
we find additional terms, that must be added to the ADC(3) when the single-particle propagator used to construct v
sell-energy diagrams is uncorrelated, i.e. when one works with a non-skeleton expansion. For coupling matrices, these A - ‘
additional terms are denoted with superseripts ranging from (IIr) to (IIu). Their explicit expressions will be given in i A
Appendix C2. (d) (e) (U]
Interaction matrices appear at third order in the ADC, as listed in Eqs. (A3-A4). The first three terms thereof " " (a)

connecting to 2plh and 2hi1p configurations, are given in Eqs. (58-59, 62) for forward-in-time diagrams and in Eqs. (60- v e 4

61, 63) for backward-in-time ones, Other matrices required to link 3p2h (342p) ISCs are denoted by Cf’;’,. - Cq ;
(D, ... DY) They will be given below in Eqgs. (A21-A25, A31-A35) (Eqs. (A26-A30, A36-A40)). Finally, ad- - - - - —— = -
ditional four interaction matrices introduced in Appendix C2 for the non-skeleton expansion are specified in Eqs. (A3- AN

A4) through the

=

v [l
(h) (i) — A — -
1. Coupling 22
In Fig. 5¢ we fi Finally, the coupling matrix Nl.“‘” of Eq. (57) is found in the backward-in-time diagram of Fig. 2¢ and contains a
3NF. It has the following form in the angular momentum coupling representation,
M= 2= N = Al i h2) A2 dngrda) Y D0 Y Alingsdngs J6)A(Js6, Jker Ja) A A
Jand! RS i vEm
- Bt > hsin Fig. 8 but for the third-order term &%),
. +20' j jng Ja5J" A
2 Jng J15 ——t.
_ o e 2 (20 + l){ ; : } V148V,
NUI = —% V] V1405, Jky I a i s summing convention, !
K75 6TAD xRe (0 (| s ting e XG0 pResl0) " I ’ . ke (yke ) ko (yki) ! — — B w— —
for the forward-i G _ ) (el dspedeial”,, (ma) XpTXEOE)T_ X OEIURXE gy, (c10)
diagrams, respect (L4 8isg) VT B =" - kz) +3# kyny = kT n.) — 0% (d) (e) (f) (g)
spectrum of the unperturbed 1B Hamiltonian provides the single-particle
¢ Interaction matrices with 2plh and 2h1p 1SCs
2. Coupli
R ns also the term &5} compased by the 11 contributions shown in Fig. 13.
TI}P interaction matrix C» 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

Diagrams in H
irreducible 3NF, C.=C™ 4 C‘.”f
be obtained from F gt i
For the forward-i

i

which have been introduced in Eqs.

V1+ 81+ b5,

. oh ¢ X S T . . S s
The particle-hole C:._r_. comes from the ring diagram in Fig. 2b, which contains four terms owing to the antisym-
metrization specified in Eq. (59),

h o g : - ; | Ji2 Jas (27 + 1)
C2% = Al dnar S12)Alikgs J12: ) Alings dinss J15) AUk Jass I 5 - i e S
i 11 g : i nas Jnss J4 Jkir S 2;2, \/1+5ﬂ|;,d \/1.;.5,,”;‘_}
5
Jny dug J12
X[ 9 dun T ks § P20 VRSN STE G Vit VT H 030

Jis Jrg I

X400 YRS Bruna
s g iz

— (I L Gy T Gy 8 XSG VRSN T G Vi T Bt (X7055729 PE2610) G,
Ja5 Jxe I
oz T2

(=1t L G T iy b R YRS TE G Vi i/ T Bt (4746030 V2550 83,
Jis ke Jr

iencies have been performed. Using the compact notation of Egs. (45-47)
i (B30) are listed below according to the order of appearance in Fig. 13:
58). (59) and (62), respectively. | v(ﬁ‘()ps( y;xz)»y;n ()" (c11)
The particle-particle interaction matrix results from the diagram in Fig. 2a. Using the angular momentum coupling ) o X 4 s 0 o vk
of Eq. (B14) we have: BXEYE)X) X2 Y5 _ (VY X5')YE YEXE
) HB(=("h - ) HB (-, - R) - iB(= (", - "h) - i
CF2. = Aljny dnss 128 Gas Fiz: T Blings s 12 AU, Tz o) . e o pem " - — - —
7 X 12 v (Y Y X %)Y Y XD
i §iraa) yig gl=ia) _ (_l),,.l+,.,2~.1,,Xﬁ.6gwm> Az gimial LA - L2 Y :
oo S " Z ! Omny Ay 20uny \/1 . s, v Ourdy e Omig [ ..;:) +i% (_(,.;‘ - iu(—(";, —my-i%
8 + %a,i mu
= - ! .

(s a0 — (1) ) i)’ 9y (XY - ()XY ©12)

XV A (B31) — — — —

(h) (i)

) (k)

+(—1)imatina -’17(‘]),hq‘1v-v, Jas ‘b'-
Jna dny 2
X S dng J Gky g XEGID VRTINSt e Vit VT Ot (,t,"'us,‘,fj'” y,‘,’:af,f;,j’) 5 (n)
Jas Jrg Jr
- — - -
pa— - —_— —
[ ] o
°
ormalism already laid out:

F. Raimondi, CB, Phys. Rev. €97, 054308 (2018).
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FIG. 5. 1PI, skeleton and interaction irreducible
making use of the e+éctive hamiltonian of Eq. (9).

ing at 3" “-order in perturbative expansion (7),
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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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Nambu-Covariant approach to build (Gorkov) pr'opa;r's

Combine w/ dual-basis:

A = A X A
= BURB

(contrava rlant)‘/ \(cova riant)

B={[b} b\}

(b c) = b

Englobe Nambu indices
in the basis:

£~/ | UNIVERSITA DEGLI STUDI DI MILANO

Generalised
states:

Inner product:

((LM) (<\D2>)) (0 | ) + (W] W)

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

Generalised Nambu operators and commutation rules:

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

‘ DIPARTIMENTO DI FISICA

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

o P (R AV ) =g
AH — AL A, A
ZV: g { A,

AV } — Guv
A“:Zg“,/ AY

M. Drissi, A. Rios, CB, arXiv:2107.09763 and arXiv:2107.09759
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Combine w/ dual-basis: Generalised Inner product:

states:
HE = 0 x A

(Contravarialr/):te)‘E/BUlg\‘(cova”ant) <<\\IIII}1>) ((|<‘1’1>> (<\D2>)) (W5 [ 0) + (W) [ 03)

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 gulal c g/ik()ék Oal.”ak,uk_|_1...,u2k
M1--- Uk a1...00L
Vi... Vg
- Y AM AP (covariant) Observables are always scalars—they remain
— M1 2k a . . .
r . pizk invariant under any change of basis.
p— M1 M2k A A
— Z OFH 2 Ay o Ay (contravariant)
T Hm1... U2k
} Eﬁ':”}fl“ls\f‘:l[’jf;‘lf:?‘ L MILAIND M. Drissi, A. Rios, CB, arXiv:2107.09763 and arXiv:2107.09759
G i )/ ME] ISIC/
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Nambu-Covariant approach to build (Gorkov) propagators

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 [---Q
(NN ’ONLY fOFCGS) LI STUDI DI MILANO ---- ---- ----
"% | DIPARTIMENTO DI FISICA
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N3LO(500) + nin 3NF
SCGF — Gorkov-ADC(2)

>
)
=
&
N

:— ® Exp. —
- O  Extr. data -
o —— NN+3N(400) 1
I —— NNLO_, ]
:_ —©- NN+3N(Inl) _
I (a) _
L1
: mH E
- (b) .
S
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ACa

S, [MeV]

10 |-

60:
sof
ol
30:
0l

10
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N

40 |

20
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10 b
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N

V. Soma, P. Navratil, F. Raimondi, CB, T. Duguet — Phys. Rev. C101, 014318 (2020)
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Eur. 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)

6<I‘2>28’N [fmZ]

" UNIVERSITA DEGLI STUDI DI MILANO V. Soma, P. Navratil, CB, T. Duguet — Eur. Phys. J. A57 135 (2021) TN

% | DIPARTIMENTO DI FISICA NI




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 |
E 02 .
< .
m E ] u ] ]
<ol : * Accuracy for binding energies requires ADC(3)
0 ____ ............. - . .
| B ; « Larger discrepancies
o1 [Gkv-ADC(3) :
14I16I18120122I24I26I28130132I34I36I38140
N
0.5F®@ (b) (©) ()
o4k o~ AE/A o +--+prNn
> [
2 01k c(3)
é 03F GK\I‘P‘D
m _ Ar Ca Ti
g 0.2: . )
ﬁ\ .'/'p\ : (U
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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. Idini, CB, P. Navratil, Phys. Rv. Lett. 123, 092501 (2019)

M. Vorabbi, CB, et al., in preparation
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Microscopic optical potential

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

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

1
> — x4 ZM (
ozB af > -
A+l /, (K= +C)+il');;
mean-field T ;NW (E —(

Particle-vibration
couplings:

Solve scattering and overlap functions directly in momentum space:

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

NGRS wl .]< ) / dk/ klz Z*l’] (k’ k/; Ecm)wlﬂ <k/> — Ecmwla.] <k>
* ’ ‘ UNIVERSITA DEGLI STUDI DI MILANO

i ) ;’5" ‘ DIPARTIMENTO DI FISICA - MILARD




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 B B L NNLOsat: Nmax=8 (IT-NCSM)
S
3lis
Of
_502 SCGF [Z(=) only], always Nmax=13
100 o

N I
( 2 4 0 5 10 12 14 16
| UNIVERSITA DEGLI ST@B‘%I &M?IX)) 16 O( 0)1 6 O B
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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: Full self-energy from SCGF:
B | | | | | | | ~is h ) v - . . - . ‘ . S5 > - - :
— e (MeV) 5/2% 1/2% 1/27 5/27 3/2~ 3/27 5/2T7 5/27 T/2. 200F e o Jo+ :
100} EM500 o) % TN o e ~ 150} 1/2 3/2 4—————~——”//2
- exp. -4.14 -3.27 -1.09 -0.30 041 094 3.23 3.02 3.54 ot 100k 5/2+ s T
-~ NNLO., -5.06 -3.58 -0.15 -1.23 -2.24 0.91 4.57 3.36 3.37 .%’ Al E
O e p— -;)Oj 4 z
OQ O— N —

TABLE 1. Excitation spectrum of '"O with respect to the ol ]
n+'"0 threshold, as obtained from Eq. (5) and the NNLO., _‘)05_ =
- \ ) | | ) . ; - : \ \ \ ' \ \ ; | | \ ; | | | | | | 4

interaction and compared to the experiment [15]. Broad res- R R s T S T B T ! I B L L

onances in the continuum {most notably, the 5/2%) are com- 400 —— 3 / e N | / 2" —
puted at midpoint. The asterisks (. ) indicate higher excited 2 300 . _
states, above the lowest one, for each partial wave. o) :
- 200p E
v - - : :
o 100F ey b
0}~
T BT B T 1 o b g m ) P S
TR S B T | B B R R R R T B B B
= b _ B 5

WE —— 7/9 5/2

400 F

300 “V‘é
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_ 100} / :
l | Of — &
— 100t ‘JHﬁ -
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Role of intermediate state configurations (ISCs)

y . . [A. Idini, CB, Navrati,
n-10, Total elastic cross section Phys. Rev. Lett. 123, 092501 (2019),
S T
K2 , Only 32(°)
| ’ Y af

/507 of 2plh/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

vvvvvvvvvvvvvvvvvvvvvvvvvvvvv
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Microscopic optical potential

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

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

-
RO, i 1
= . M,
s\ = 2oy ) “”(E—(K>+C)+i1“)i- 1
/ l,] 9]

_A+] p /1
/ /
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Im an f P - E (
N~ s’
Particle-vibration®
couplings:
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do/dC2 [mb/sr]

Elastic nucleon

nucleus scattering

4 1 1 1
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Electron-Ion Trap colliders...

- 132 ° EXP.‘EL’= lSl h'C\'.’
) 2 o c I - 3 V
d 2 — 10°) Xe target ©  Exp. (Ee =201 MeV)
= "~ Y Exp. | Ee = 301 MeV)
i 7 — Zoparam. Ferm|
R I 5 P‘E Lapikas
0 1 2 3 4m ¥ *' “"er . 5 i
I NG ’tOr -‘ I SOMLV" O —
o i ”'::‘\
Microtron A"E r e
E Rl S \‘)\ ' o0 - T TY. 1
100 150 — 2 %
/ ’ Momentum [MeV/c] ol 10 ? . i
. 'cl
‘/R A C FIG. 3. Reconstructed momentum spectra of '“Xe target _]-D 1073 , ) ) ) T ‘I!\fi
' after background subtraction. Red shaded lines are the simulated ' : ‘
ORI radiation tails following the elastic peaks. 0.4 0.6 0.8 l-(z 1.2 1.4
. 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)
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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) %
.................... 2-point Fermi <
B SCGF 0.05
N 0.06 |-
h c'?_| OOO | | | | | ]
- £ our 0 2 4 6 8 10
N < r[fm)]
V\ 0.02
. SCGF Exp.
\
N
\ 0, 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 |
A \ 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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Quantum Monte Carlo in configuration space
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Quantum Monte Carlo in Configuration Space with Three-Nucleon Forces

92,6 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
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Configuration Interaction Monte Carlo (CIMC) for 3-nucleon forces: 30— ' '
o5 b= MBPT, Hebeler+ _
= MBPT, NNLOsim
. === CCD, NNLOopt
(N.O.) (3NF) > 20"++ COD(T), NNLOopt i
Ua5,75 T vaﬁ,u,’yéz/ Pvp = === CIMC, NNLOopt
— 15 -
[13%
<
R 10 -
o [T e L1 Efficient storage | |
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g i ’q‘é 0.00 0.05 0.10 0.15 0.20 0.2.
5 41010 "2
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Nuclear Density Functional Theory

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 ©°
'Dipartimento di Fisica “Aldo Pontremoli,” Universita degli Studi di Milano, 20133 Milano, ltaly
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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!

Machine-learn DFT functional

on the nuclear equation of state o
Benchmark in finite systems
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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.

- 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.

=2 Applications..  optical potentials, g.s. observables, one-nucleon spectroscopy
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