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The Self-Consistent Green's Function Applications:
method (SCGF):

Optical potentials from ab initio
[A. Idini, CB, P. Navratil, Phys. Rev. Lett. 123, 092501 (2019)]

- ADC(n) and FRPA diagrammatic
expansions (particle-vibration coupling)

Reaching Ax132 mass
[P. Arthuis, CB, M. Vorabbi, P. Finelli, Phys. Rev. Lett 125, 182501 (2020)].

(Hyper)nuclear forces from LQCD

-Mixed Local-Nonlocal cutoffs in chiral interactions
(sTandard WP C) [Soma, Navratil, Raimondi, CB, Duguet, Phys Rev C 102, 014301 (2020)]
(time permitting)

- Neutrino Nucleus scattering (@ GeV energies)
(time permitting)
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current Status of low-enerqgy nuclear physics

Composite system of interacting fermions

Binding and limits of stability programs
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB...
Self-organization and emerging phenomena
EOS of neutron star matter

ST A
Q H
- stable nuclei

heutrons

~3,200 known isotopes
~7,000 predicted to exist

Correlation characterised
in full for ~283 stable

Nature 473, 25 (2011); 486, 509 (2012)
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current Status of low-enerqgy nuclear physics

Composite system of interacting fermions
Binding and limits of stability -
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB, ISAC...
Self-organization and emerging phenomena
EOS of neutron star matter

A NN
) N TR, S _
AR\ U RSN

IT) Nuclear correlations

Fully known for stable isotopes
[C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]

[ \
S o >
88 5 | . Neutron-rich nuclei; Shell evolution (far from stability)
Q He
o/ Unstable nuclei
nheutrons

~3 200k ILI)Interdisciplinary character

I) Understanding the nuclear force ~7,000§ Astrophysics

QCD-derived; 3-nucleon forces (3NFs)
First principle (ab-initio) predictions

Correlati Tests of the standard model
in full for Other fermionic systems:
Nature 473, 25 ultracold gasses; molecules;
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Concept of correlations

Spectral function: distribution of

independent momentum (pm) and energies (Em)

particle picture

s

|
l Particle-vibration ath ~ Q(h)

p coupling (PV) Ored ® S

(
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/o
61‘/0,78

Configuration ~ 100 -150

interaction S D

(shell model) 150-2 64 !
<
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E, [MeV] ——

Saclay data for 1°O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

Understood for a few stable closed shells:
universita pheB G Wiufdofickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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Concept of correlations

Spectral function: distributigoesf
momentum (pp

independent
particle picture

Particle-vibration

Y GV] —_—
Saclay data for 1°O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]

m

Understa PP u few stable closed shells:
A7 | UNIVERSITA obeB and; Wil fyckhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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The FRPA Method in Two Words

Particle vibration coupling is the main mechanism driving the redistribution and fragmentation

of particle strength—expecially in the quasielastic regions around the Fermi surface...

o WM

“Extended” \

CBetal.,

Phys. Rev. C63, 034313 (2001)
Phys. Rev. A76, 052503 (2007)
Phys. Rev. C79, 064313 (2009)

Hartree Fock

*A complete expansion requires a//
types of particle-vibration coupling

..These modes are all resummed
exactly and to all orders ina
ab initio many-body expansion.

*The Self-energy *(w) yields both
single-particle states and scattering

A = particle Y = hole
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Self-Consistent Greens Function Approach

Binding energies
160(e,e'’pn)“N @ MAINZ [PRL. 111, 062501 (2013),

———— (qo) - _60PRC 92, 014306 (2015), PRC89, 061301R (2014)] Ioniza.l_ion ener’giCS/
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One-nucleon spectral function

1
SPr(rw) =F= Img(r = r';w)
T

f7/0 __Pap

T // P1/2:15/2
R -—T
- "= -

—a—

230 20 210 A 10
o [MeV] ____Scattering 3
neutron heutron >
<€ removal addition

Distribution of particle and
hole neutron states in %°Ni

W. Dickhoff, CB, Prog. Part. Nucl. Phys. 53, 377 (2004)

CB, M.Hjorth-Jensen, Pys. Rev. C79, 064313 (2009)
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Reach of ab initio methods across the nuclear chart

® Approximate approaches for closed-shell nuclei

o Since 2000’s
o SCGF, CC, IMSRG
o Polynomial scaling

' — — —

® Approximate approaches for open-shells

o Since 2010’s
o GGFE, BCC, MR-IMSRG
o Polynomial scaling
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® Ab initio shell model
o Since 2014

o Effective interaction via CC/IMSRG

o Mixed scaling

® “Exact” approaches
o Since 1980’s
o Monte Carlo, (I, ...
o Factorial scaling

UNIVERSITA DEGLI STUDI DI MILANO

PIPARTIMESid @] ‘Eourtesy of V. Soma

Key developments in SCGF:

Dyson ADC(2), ADC(3)
Schirmer 1982

Dyson ADC(4), ADC(5)
Schirmer 1983 (formalism)

Particle-vibration coupling, FRPA(3)
CB 2000, 2007

Gorkov ADC(2): open shells!
Soma 2011, 2013

3-nucleon forces basic formalism
Carbone, Cipollone 2013

3NFs in Dyson ADC(3)
Raimondi 2018

Gorkov ADC(3) and higher orders (automatic)
Raimoindi, Arthuis 2019

Deformation
77

Symmetry restoration
P77
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unperturbed ones, i.c., propagator one obtains

@ 4 Yy = —if
-

Gii(w) = Tw (BSa)

] = Z Vacta V§" V2
ed i
where the residue theorem has been used
with iy in the denominator, contains n
plane and thus cancels out. As in the stands
Fock self-energy is energy independent.
Similarly, one computes the other nom

29(1) a &
:, 00 -

Ab INITIO SELF-CONSISTENT GORKOV-GREEN's ...

412 — -
Gar(w)
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(B5b)

PHYSICAL REVIEW

5. Block-dizgonal structure of sell-energies
a. First order

The goal of this subsection is to discuss how the block-diagonal form of the propagators and interactio
reflects in the various sclf-cnergy contributions, starting with the first-order normal self-cnergy £, Subs!
and (C19) into Eq. (B7), and introducing the factor
Sains ™ = 1+ 8ap 8n,n, 1+ 85800,

one obtains
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It is interesting to note that the first-order anomalot
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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Proceeding similarly for the other terms and defining
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These terms are finally put together to form the d to second-order self-ent

an example [see Eq. (75)]. By inserting Egs. (C35) and (C36) and summing over all possible total and mwnmdmc angular
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Inclusion of NNN forces

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

ADC(3) formalism is
P M M ML MU M MO A
ey muh M M LM M M ¢

£ DR 4 DV

4 Nov the st of erms et . the ADC(S) e s composed by st of @
(33, 36) and in Eqs. (34, 37) for the forward-in-tme and backward--ime
) to () appesing a i rde f e ADC, posned n Ex.

sots of
and in Eqs, (51, 55, 57), which contain only 2p1h and 2hly 8
552h and 312 15, ntroduced 1 Eat. (666, 74.75) . Eq e 2l o
ISCs, denoted with superscripts rom (1) to (1), aze defined in Eas. 0) below. Morcover, in Eas. (A1-A2) y . N
we fnd additional terms, that st be added o(3 . propagator i Iy Yav
selEenersy dingeoms i wncorrelated, e, w a on-ske sion. For coupling matrice, thes - ---

@ ©
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ADCR) te

:
L
£

wditona e e dented it sipesrfts angog from (1)t (1) “Tiekr explicc expressions wil be gven n

Appenix " w
oeerseion sricesappens at. i onle i the ADC, as It i B, (A3-A). The f e ter thereod . (a)
cometin o 31 31 conbrations, e . (53963 for i me o v . (6 o ; ;
1. 69 for backuncin- e ones. Other mattes e to ik 352k (32) ¢ o dnted by .. O
(D, DI, Ty wi b g e i o (A21A2S, A31AT) (. (02090, 96AI) Pt - - - -- e e
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1. Coupln »

found in the backwad-in-time diagea of Fig. 2 and contains o

ium conpling representation

Finally, the coupling matrix N .
SNEL Tt e oo o i e oot

0 = Al T Az dngeda) 30 30 D Alingdngs Jsa)A(Tso o)

In Fig, 50 ve

< in Fig % bt for he thidorder term 01

o 15
erind” T8V e
ke Summming convention,

(520)

(1)

for the forward-i
diagrams, respec

(d) (e) () (8)

Intemaction motrices with 2p1k and 2K1p 1SCs

composee by the 11 contributions shown in Fig, 13,
ke order (sce Appendix A of Ref, £20]), one
cording to the cqations suitable to be implemented

& o the terms " e we give the worl
Disgzous in. e iawe oo perormed. Usng the compact notavion of B, (13-47) —
iwducible 24T c 4l (®30) v 10 o according 1 the onde of appesrance i i, 13
For the forvard ‘which have been introduced in Bas. (39), (59) and (62), respectivly. (YR ) ©n
e gl ot racion s s ot gz i Fi 2. Usin e anglr onentan oing 5 R
of Eq (B14) we have A il Xi) v
. SR = — — — —
= Ao D12) At T e A v 12) At i ) N ey — — - —
s —
(AP ez = 1= a0 ol W (OyEye - (c12)

2 @)

2. Coupling

internction matrix C, can connect 2p1h propagators through particle-particl, particle-ole and 3NFs, ac-

e Ve
“The particle-hole O, coms from the ring dingranm in T, 25, which contain fous terms owing 10 the antisym- i) @) (k)
‘metrization specifie T Ea. (59),

o

Gy F12) Mty Tt I B o Ji5) By

ooy Tz — —
({; uh}.\ Yies
i
e my iz
—(7!)‘"”""“{1“; J e,
us e e
o oy iz
(1t LT ey
5

(A1)t

ns s
e
Tis i e

(n)

0 VST TV T 3 (60707 a3 x) (B32)

Formalism already laid out:
F. Raimondl, CB, Phys. Rev. C97, 054308 (2018). ~— e e

aring at 3" order in perturbative expansion (7),

FIG. 5. 1PI, skeleton and interaction irreducible se

UNIVERSITA DEGLI STUDI DI MILANO making use of the effective hamiltonian of Eq. (9).
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Ab-initio Nuclear Computation & BcDor code

Lecture Notes in Physics 936

http://personal.ph.surrey.ac.uk/~cb0023/bcdor/

Morten Hjorth-J . .
Ve b s Computational Many-Body Physics

Ubirajara van Kolck Editors

—

R

41 53 Bawin

An Advanced
Course in

. te | | PazPizlsz Welcome

1 10 From here you can download a public version of my self-consistent Green’s function (SCGF) code for
nuclear physics. This is a code in J-coupled scheme that allows the calculation of the single particle

Computational

—7
2
£
3 05
7
7]

Self-consistent Green's function formalism

and methods for Nuclear Physics

0 \emmrm ‘ . ‘ W, propagators (a.k.a. one-body Green’s functions) and other many-body properties of spherical nuclei.
- 2246 . This version allows to:
u C ea r yS I CS > T m w6 1 - Perform Hartree-Fock calculations.
©[MeV] - Calculate the the correlation energy at second order in perturbation theory (MBPT2).
Bridg]ng the Scales from QU arks to o o - :olve the Dyson equat(ig)g for propagators (self consistently) up to second order in the self-energy.
ownlioa - Solve coupled cluster CCD (doubles only!) equations.
Neutron Stars P ( )eq
. When using this code you are kindly invited to follow the creative commons license agreement, as
Documentation detailed at the weblinks below. In particular, we kindly ask you to refer to the publications that led the
@ . development of this software.
7} Springer
Relevant references (which can also help in using this code) are:
Prog. Part. Nucl. Phys. 52, p. 377 (2004),
CB and A. Carbone, Phys. Rev. A76, 052503 (2007),
Phys. Rev. C79, 064313 (2009),
Chap tel‘ 1 1 Of Phve Rev (0RO 94323 (9N14)

Lecture Notes in Physics 936 (2017)

¢
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Chiral EFT interactions
and
3-nucleon forces

in mid-mass isotopes
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Realistic nuclear forces form Chiral EFT

Single particle spectrum at E¢,pmi:

Chiral EFT for nuclear forces:

2N forces 3N forces 4N forces

________ [T. Otsuka et al.,
Seeemsem..] Phys Rev. Lett 105,

N

d3/2"SSQEoooield | 032501 (2010)]

~
~
S

S

......

I s 1T === NN43NN'LO) =
NN +3N (&) s (N'LO) - Tsq

LIl sodt NN +3N (A) |

NN

Single-Particle Energy (MeV)

tron Number (N) Neutron Number (V)

Need at LEAST 3NF//
("cannot” do RNB physics without...)

Saturation of nuclear matter:
L LI LI L L L
} & ¢ Hebeler et al.

% = m BHF ®
%  ® ®SCGF

1
(9]

_
S
‘He..

) )
“. .-’;:’.“
Yiogds®
[ T=0 MeV WA =2.0 fin’

0 0.08 0.16 0.24 0.32
Density, p [fm'3]

By )

+ + + [A. Carbone et al.,

Phy.s Rev. C 88, 044302 (2013)]

e
9

(3NFs arise naturally at N2LO)

Energy/nucleon, E/A [MeV]
TT [ T T T T [T T T T
 a
)

)
S
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Benchmark of ab-initio methods for oxygen isotopic chain

. . . . - NNLOSM > GGF ]-E-)-(l::— and (p.p)
First success of chital-EFT interactions on 32 —ke | [Sew
oxygen isotopes.... FM e msra

..but still poor for radii and 3
larger isotopes: =

(f

. N

0
\\\‘\\\‘\\\‘\\\‘\\\‘\\

- t T T T T T T T T T T T =
130 = ; obtained in large many-body spaces >0
. -140 = ! Calculations based on — >4 1(16)
> - — chiral NN and 3NF forces. ] 55 ‘ ‘ ‘
[} R - : - <14 16 18 20 22 24
2 150 - ! Continuum not taken into 7 A0
=, . account .
2 C ¢ i i . -~ GGF [NN + 3N (ind.)]
5 -160 - © MRIM-SRG J - 300 F —o— GGF [NN+3N (full)] 7
= [ ® IT-NoSM = Boo- — “a ADCE) Mooreted” ]
m B [ | - [ i ]
170 __ ¢ SCGF . % O - % 350 : ¢ IM-SRG [NN + 3N (full)]__
- ¥ Lattice EFT i E i ]
180 A ccC = AME 2012 — §400 F .
I T T T T T T
16 18 20 22 24 26 28 450F N 213 i ! Shve. Rev. C89
Mass Number A T Lt
Hebeler, Holt, Menendez, Schwenk, Ann. Rev. Nucl. Part. Sci. in press (2015) 36 38 40 42 44 46 48 50 52 061301R (2014)

AC
N a
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Neutron spectral function of Oxygens

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

13 B4
1:2 1:2 P32 .
it I o g ol T
0.4 0.4 £
8.2 8.2 220: :5\ 1 " 0
s 0 /2 Neutron quasiparticle
o § .
30 25 20 .15 -I1Eo /5 0 6 N eﬂe/"g/eS
F
67 .
o d ; -=- 2N-+3N(ind)
3 92 4t ld3p - 2N+3N(full)
= d5/2 S1/2 P f [
Z < P32 1720 172 oF
140: ,g vy 0 2 15 dgjo = :
< 2 240: £ o 2
2 4§ ? 0.5 2 - —2i
35 -30 .25 /20 15 .0 5 o 6 < = H. r
Er 10 % ‘& g
30 25 20 15 .19 5 P — 6 < - 7
EF/ 5 10 15 ¥
st
'.—; _
2 18 T
160' E 1 = P32 Pip A2 P12
2 0 280:5 0
- 05 S
g;é O' g 05 2
K _ e 4
30 25 .20 1 - s e % R §
15 F :
0 < > 170 Er
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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 21N 23N 25N 27N
I

—60 1 1 1 1 1 1 1
[ ha=24 MeV 3 80 F — == Dys-ADC(3), NN+3N(ind) -
80 F Asrg=2.0 fm’! ] [ —e— Dys-ADC(3), NN+3N(full) |
! 1 -100F N =<+ Gorkov-2nd, NN+3N(full)
100} —== Dys-ADC(3), NN+3N(ind) | _ : \" - Exp ]
> i —e— Dys-ADC(3), NN+3N(full) | = 120 | == . ]
= 10l ==+ Gorkov-2nd, NN+3N(full) | = [ o= o\_\" P
S - Exp 1 %1a0f o — =% -
< 140 f T RS NG
\&\ l\\.\l = 160 [~ " &\.\. g\\ 7]
-160 '_ . _ p— ._\. -/ _ : w=24 MeV 1 \0\_\ S :
: e 1 -180F Asgg=2.0 fm" \*__&___;_ ]
-180 [ ] [ 1 1 1 1 ] ] ] i
140 160 180 200 220 240 260 280 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 MILANBLO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm™)
DIPARTIMENTO DI FISICA N2LO (A = 400Mev/c) chiral 3N interaction evolved (2.0fm™)




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)
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Microscopic optical potential

E, n
= | Al
______5__;_.EF
——F— [ A-1
w(o) |
9

/& e UNIVERSITA DEGLI STUDI DI MILANO
J | DIPARTIMENTO DI FISICA

Nuclear self-energy ¥*(r,r'; ¢):
« contains both particle and hole props.
e itis proven to be a Feshbach opt. pot = in general it is non-local !

" (o L .
Haslw) = o +ZM [ K>+C)+ZF] el

1
T
mean"field + ; Na,r [E B (K< 4+ D) . ZF] s Ns,ﬁ

Particle-vibration
couplings:

Solve scattering and overlap functions directly in momentum space:

S (kK E) =) Ru(k Ry (k)

n,n’

]{72 :
ﬂ¢l,j (k) + /dk/ D (k, K Ec.m.)¢l,j(k/) = Ec.m.@bl,j(k)



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:

100F
————— NCSM/RGM [without core excitations]

; EM500: NN-SRG Aspe= 2.66 fm1, Nmax=18 (IT)
—3/2F —1/2 7 =5/ ] [PRC82, 034609 (2010)]
—3/2 52 =T7/7 |

NNLOsat: Nmax=8 (IT-NCSM)

SCGF [Z() only], always Nmax=13

_100:111‘111‘111‘111

L ‘ L L L ‘ L L L

Lol ]

0 2 4 0 8 10 12 14 16

UNIVERSITA DEGLI ST@B{%I g/IIYLIAel\J\g) 160( n n')léo
’
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil,

. . Phys. Rev. Lett. 123, 092501 (2019
Benchmark with NCSM-based scattering. y (2019)]
Scattering from mean-field only: Full self-energy from SCGF:
1()()3‘E‘M‘ - e (MeV) 5/2F 1/2F 1/2= 5/2~ 3/2~ 3/2% 5/2+ 5/27 7/27 200§ — 1/2F 3/2+
- M50 exp. 414 -3.27 -1.09 -0.30 041 0.94 323 3.02 354 g U 5o
O§ ‘é NNLO¢; -5.06 -3.58 -0.15 -1.23 -2.24 0.91 4.57 3.36 3.37  ~g 1%8 E
TABLE 1. Excitation spectrum of 'O with respect to the © O ‘_’\/
g n+'%0 threshold, as obtained from Eq. (5) and the NNLOgas _505 E
—100F interaction and compared to the experiment [45]. Broad res- I
—_ : onances in the continuum (most notably, the 5/27) are com- 400
o) — puted at midpoint. The asterisks (.) indicate higher excited N 3005
Q _200 ‘ states, above the lowest one, for each partial wave. % 20 OE
T 0T A
~ I ] w 100}
=~ U NNLOgy o
500}
~ 400}
& 300}
Z 200
I < 100f
i OF
_10()' L L L ‘ L L L ‘ L L L ‘ L L L L L L L ‘ L L L ‘ L L L :

1 L :
0 2 4 0 8 10 12 14 16
UNIVERSITA DEGLI Sngﬁ I&Mg\]\g) 160(n n')léo
’
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Low energy scattering - from SCGF

[A. Idini, CB, Navratil, PRL123, 092501 (2019)]

160(nn)%0 E, = 3.286 MeV

® Jister and Sayres, Phys Rev 143, 745
— This Work

0Ca(nn)®Ca  E, =3.2 MeV

e Becker et al., Nucl. Phys. 89, 154
— This Work

UNIVERSITY OF

~3 SURREY

60 80 100 120 140 160 180

0 (deg)




Role of intermediate state configurations (I5Cs)

n-10, total elastic cross section

(00)
K Only Zaﬁ

s 50% of

- Full X

[A. Idini, CB, Navratil,
Phys. Rev. Lett. 123, 092501 (2019) ]

2plh/2hlp poles suppressed

~s(w) (all ISCs included)

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

1
* (OO) 1 N Nt
ap(W) = V5" + ZM l K>+C)+zl“] Mis T Z “[ (K< +D)—ir|, =~ **
UNIVERSITA DEGLI STUDI DI MILANO I ;
DIPARTIMENTO DI FISICA 2p1h Zhlp




Reaching large isotopes

(electron scattering and charge radii)

P. Arthuis, CB, M. Vorabbi, P. Finelli, Phys. Rev. Lett. 125, 182501 (2020)]
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Electron-Ion Trap colliders...

¢ Exp. (Ee=151MeV)

102 Xe target ®  Exp. (Ee=201 MeV)
F ¥ Exp. (Ee=301 MeV)
e 10'E —— 2-param. Fermi

——— Lapikas

Counts/(0.5MeV/c)

=

> Nm
. 3 =) F

S 00k N . L

150MeV- = 107
. s L
Microtron e 100E
Sl
—, 107°F
Momentum [MeV/c] ..8 c ;
FIG. 3. Reconstructed momentum spectra of 132xe target __]-c ]0’3 E

after background subtraction. Red shaded lines are the simulated 0;‘
radiation tails following the elastic peaks. .

First ever measurement of charge radii through

— WiSES electron scattering with and ion trap setting that can
FIG. 1. Overview of the SCRIT electron scattering facility. be U_S'ed on /”ad/bac tive iso 7"0,065' //

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

UNIVERSITA DEGLI STUDI DI MILANO
DIPARTIMENTO DI FISICA




unstable isotopes from e scattering

0)
o

Proton number
D
o

20

UNIVERSIT]

SR
(7 \f/(/;ﬂ:
(/2 istoeonh Neutron number




Convergence in large isotopes - e.g. **?Xe

132 e at E3max=16

750 A

500 A

250 A

Eg.s.

—250 -

—500 -

—750 -

é 1b 15 lh 1% lé Zb 25 Zh
hw
Energies still badly converging...

- Nmax converges slowly...
- E3max (# of 3NFs elements) out of control

UNIVERSITA DEGLI STUDI DI MILANO
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Gorkov ADC(2) with NNLOsat Hamiltonian

=»- Nmax 11 E3max 14
=»- Nmax 13 E3max 14
—~— Nmax 11 E3max 16
—»— Nmax 13 E3max 16

5.0 A

494
£
=
é348

4.7

\\\\\
4.6 B
8 9 10 11 12 13 14 15 16
hw [MeV]

Radii converge much better and
can be bracketed!

R, Arthuis, CB, M. Vorabbi, P Finelli - arXiv:2002.02214



Convergence in large isotopes - e.g. **?Xe

Gorkov ADC(2) with NNLOsat Hamiltonian

® Exp. (151 MeV)
. QO  Exp. (201 MeV)
109, ¥  Exp (1 MeV)
132xe k ' . NN+3Nml {151 MeV)
R - NN+3Nl {201 MeV)
----- -point Fermi : ¢ p
0.07 - i = SCGF I U o NN+3Nnl {301 MeV)
- NNLOsat (151 MeV)
0.06 lE ' NNLOsat (201 MeV]
~ 10 NNLOsat (301 MeV)
0.05 g
< 0.04- —? 10}
Q
o
0.03 1 ,E
{1
0.02 S_i,‘
0.01 1 3'%
b | oo
0.00 A
S i
r(fm)
10 3 .
04 LR 08 10 1.2 14
» . . . . -]
R, Arthuis, CB, M. Vorabbi, P Finelli - arXiv:2002.02214 Qetr [fm 7]
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Sn and Xe isofopes

13256 Gorkov ADC(2) and Dyson ADC(3) with NNLOsat Hamiltonian

===+ 2-point Fermi
0.07 1

0.06

0.05 A

SCGF Exp.

100Gy | 4.525 — 4.707
132G | 4.725 — 4.956 | 4.7093
132Xe | 4.700 — 4.948 | 4.7859
136Xe | 4.715 — 4.928 | 4.7964
138Xe | 4.724 — 4.941 | 4.8279

0.04 -

0.03 4

0.02 A1

0.01 4

0.00

r[fm]

UNIVERSITA DEGLI STUDI DI MILANO R, Arthuis, CB, M. Vorabbi, P Finelli - arXiv:2002.02214
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Study of nuclear interactions
from Lattice QCD

C. Mcllroy, CB et al. Phys. Rev. C97, 021303(R) (2018)
D. Lonardoni et al. - in preparation

Hadrons to Atomic nuclei

H A

In collaboration with:

UNIVERSITA DEGLI STUDI DI MILANO
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Why nuclear interactions on the Lattice???

e Alternative approach to EFT -- This is “true” QCD, not a low-k expansion thereof

* Not based on a specific EFT momentum scale exploitable to high densities (e.g. Neutron stars)

 No need to worry about cutoffs, no LECs to worry about ...AND:

e Variation in potentials from variation in sink operators (estimate uncertainties, missing N-body terms, etc...)
e Direct derivation of hyperon-nucleon interactions

* Built to reproduce exactly QCD NN, 3N, observables that would be computed with Lattice QCD.

e Natural hierarchy of many-nucleon interactions (2NF, 3NF, etc...) occurs.

* Eigenstates below inelastic threshold all included in the interactions (no need to evolve DMC to the g.s.).

Challenges and limitations: - Mostly LO terms of the NN force exploited so far (but being improved).

- Physical pion mass limit underway (but it requires efforts). ——————————
- NNN only barely addressed. O

- Strong short-range repulsion is a challenge to ab-initio approaches.

~ =» Need to develop appropriate many-body methods e
UNIVERSITA DEGLI STUDI DI MILANO
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Lattice QCD

1 a uv — _ W a a —

L:_ZGqua T qy (lapt_gt AM q—mqq
quarks q gluons U = e‘@4 _

on the sites  on the links Vacuum expectation value

o . a
/ P e :J‘dqudq e_S(q’q’U)O(E[,C[,U>
= = [ dudetD(U)e™W o' (u))
A TR N quark propagator
L e | =lm - o(D(U)

14 - BEF: iz dung N N i

Pl s et ianianian ianiar in { Ui} : ensemble of gauge conf. U

e s R generated w/ probability det D(U) e~SvW)

4>

a

* Well defined (reguralized)  * Fully non-perturvative
* Manifest gauge invariance % Highly predictive .

UNIVERSITA DEGLL > 1UDI DI MILANU
DIPARTIMENTO DI FISICA

Slide, courtesy of T. Inoue (YITP talk, Oct. 8th 2015)



The HAL-QCD Method

Define a general potential U(r,r') which is and non-local but energy independent up to inelastic threshold, such that:

—V?2 . ~ o ~ .
o) + [ AU o) = gt

for the Nambu-Bethe-Salpeter (NBS) wave function,
op () =Y (0|Bi(Z + 7,t)B;(Z,1)|B = 2, k)

Operationally, measure the 4-pt function on the QCD Lattice
W(Ft) = Y (0|Bi(Z+ 7, 1) Bj(T,) J(10)[0) = Y Agepp(Pe™Wlt—to) 4

— —

T k
d extract U(r,r’) from: 2
and extract U(r,r’) from { v }w(m) + / dr'U(F, 7 (7' t) = —=-1(7, )

2Mp — —
B 2

A local potential V(r) is then obtained through a derivative expansion of U(r,r’), which must give the same observables
of the LQCD simulation:

U7, 7)) = 0(F — 7V (V) =87 — 7 ) {V(F) + O(V)+ O(V?) +...}
1 V2(F ) 2(

r) = — — Spin-orbit
9 V(T) 2 2Mp Tensor/Yukawa foece, P waves

)
7.t 7.1
UNIVERSITA DEGLI STUDI DI MILANO H w( ! ) w( ’ ) force in S-D
DIPARTIMENTO DI FISICA Prog. Theor. Phys. 123 89 (2010); Phys. Lett. B712 , 437 (2012); Prog. Theor. Exp. Phys. 01A105 (2012)




Two-Nucleon HAL potentials in flavour SU(3) symm.

V(r) [MeV]

V(r) [MeV]

27) : :
2000 | 100 f 1 S
L =11 eemreenn
1 e [y
1500 | 50 ¢
1000 .
L]
-50 1 L 1 1
500 | .
" 00 05 10 15 20 25
“,,‘ L=4 [fm]  kuqs=0.13760
0 Wﬂi—
0.0 0.5 1.0 15 2.0 25 3.0 3.5
r [fm]
' Mps=1171[MeV] ++
. E . s
| ‘o M,u‘g=1015[|\/|ev] ! © o
wp i NN'S, o
i Mps =672 [MeV] +&
2 W Mps = 469 [MeV] —=—
100 |
50
0
-50 _ 1 1 1
0.0 0.5 1.0 1.5 2.0 25

r [fm]

€ HALQCD method; see talk from K. Sasaki, today!

Quark mass dependence of V(r) for NN partial wave (1S, 3S;, 35;-3D;)

=>» Potentials become stronger m, as decreases.

m, =047Gev/C? binds nuclear matter:

80

60

40

20

Energy/Nulceon, E/A [MeV]

DIPARTIMENTO DI FISICAProg, Theor. Exp. Phys. 01A105 (2012)

— M, =1171 [MeV]
M, =1015 [MeV]
— M, =837 [MeV]
=—a M, =672 [MeV]
o—e M, =469 [MeV]
dashed lines T=5 MeV

=====

0 0.5 1 1.5 2 25 3
Fermi momentum, p,, [fm_l]

35 4

T. Inoue et al.,
Phys. Rev. Lett. 111 112503 (2013).

(Finite-T results by
A. Carbone, priv. comm.)



Application of microscopic (ab initio)
SCGF to potentials
with hard cores.

How do we do it?? > With a G-matrix!

\3‘3‘3’“14,'0 -
5”5'/*)0’9, UNIVERSITA DEGLI STUDI DI MILANO
Nla ,
Q= DIPARTIMENTO DI FISICA




Mixed SCGF-Brueckner approach

Solve full many-body dynamics in model space (P+Q’) and the Goldstone’s
ladders outside it (i.e. in Q" only):

!
G (w) =V + / dkodkyV v G (w)

w—¢e(ky) —e(ky) +1in
0" ""@4—

UNIVERSITA DEGLI SFQJDI gl MI%ANé’ 4
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Infrared convergence

S. N. More et al., Phy. Rev. C87, 044326 (2013)

_0.4 | T | T | T | l | T | T | T | T |
0.6 L O, Ne2 ®)]
' | |
0.8 4 _._‘-j% A N=30fm |
'; L e 1 _ -1 i
> A -\\ \(g A=2.6fm 1
s -10 " T % [*r=20m™|
—_ & TV ® _ -1 T
=12 1 % A=16fm | |
o % + \% 4
(D]
£ -14 N —+ \\ % -
® + 0\ A
g _16 1% .
— 1 \ @ & s |
8 X3
8 18 1 \» A o
Q & 2 1 \? AA L i
20 9g @ —+ A -
I Ry 1 ‘%g” ]
A .g;\.\..‘. e sl %{_g‘:___
| I R
6 10 12 14 6 8 10 12 14
, [fm] L, [fm]

Deuteron g.s. Energy

EM(500) — N3LO two-nucleon force
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L, =2(N +3/2+2)b



Infrared convergence

S. N. More et al., Phy. Rev. C87, 044326 (2013)

_0.4 l I T | T | T | T | l | T | T | T | T |
oglt N=8 L @7 N=12 () ]
. T% 1
— 0.8 . ‘% 4 2=30fm"|
> Te | A=26 fm | -
é) —10 - ‘8 ] 7\’ — 2 O fm_l —
1v18 : i
= TV 8 e a=16fm |

23 . \\ @ N
i T -

\
8 -14 -1 \\ g —
o —-1.6 -+ \e —]
— 1 \ @ & s |
a8 V%

8 -1.8 -1 \\‘?5 A o 7]
2 0 L Vpaan 0]
' . i %g” 1
22 . .\;Q....gh\..‘. e sl %‘&3_:___
R R R

6 8 10 12 14 6 8 10 12 14

L, [fm] L, [fm]

Deuteron g.s. Energy

EM(500) — N3LO two-nucleon force
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“He

Ground state energy, E, [MeV]

15 20 25 30 35 40
AQ [MeV]

L, =2(N +3/2+2)b



Infrared convergence

. %max =
1k s max = 7 ]

v Nmax= 9 4He |
ok ¢ Nmax = 11

LR - Exact result

Short-range repulsion in the
HALQCD-type potentials can be

tamed correctly even for large nuclei.
C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018)

HAL469

Ground state energy, E, [MeV]
W

5 10 15 20 25 30 35 40

hQ [MeV]
3r 3r
[ - 1
S o SooLb Fit 3
o 2: % 2I ——*—Nmax=5 %-?—_
2 1} é 1F 7 Nmax=7 g_zg_
< ol S nk =% " Nmax = S
(O] 0 [ ) 0_ LLI-4§-
GC> 1- GCD 1- Sk ' : '
B -1r 3 2 5 6 7 8
o | o | “He L [fm]
© -2 © o - .
[Z % °F |\ TB®Ew)+ADC(B)

T 3t O .aL /r/ //x/ //// B
£ 29 X HALGO T T
[ _ P P P -

9 -4 e 4 ///" X//v/ A */,//
(5 ! (D [ \l-———_!r___v_:_‘;_/:/:::::f:i—*”
5F | 1 1 | -5 :— \ L . . | 1 1 1
4 6 8 10 12/¢ 4 6 8 10 12 14 16 18
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Binding of *°O and “°Ca:

50 5 e 500 e 7 S—
S NTEZS T s NTEZS T : . SRS S :
0 40 1160 N =9 ===~ 2400 *0Ca  Npm=o---- | =
E r P_max=11"" ] — Fit g i N
- It . > = s °F
530 ] S 300 SR
L?Cj 20; — chj E Eiué .
()] E 8 200 ] L;- gzoé— ]
E 10:7 7 B S 25 L " !
I ? 100 | 10w 2 ,
o 0f B -8 [ L Nmax =5 -~~~
:C; : - > r @ Nmax =7 - |
3 10k e 3 0F ) : Nmax =9, 7777 ]
6 [ .,-’/‘,/ e ] O) r .,f’::—,—_’;__— A e 111 S R
_20:‘\”‘ ; f“"\"—'—-’/’—*\"’:‘\_—'\\i _100"mH\’T‘r‘m‘r‘mum—.‘_wuwuwf 12 14 16 18
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18 Ly [fm]
Ly [fm] L, [fm]

Binding energies are ~17 MeV 160 and 70-75MeV for 49Ca. Possibly being underestimated by 10%

=> 160 at m = 470 MeV is unstable toward 4-a breakup!

E} [MeV] ‘He '°0 “Ca
BHF [22] -8.1 -34.7 -112.7
C. Mcllroy, CB, et al., Phys. Rev. C97, 021303(R) (2018) G(w) + ADC(3)  -4.80(0.03) -17.9(0.3) (1.8) -75.4(6.7) (7.5)

Exact Result [51] -5.09 - —
Separation into “He clusters: -2.46 (0.3) (1.8) 24.5(6.7) (7.5)
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Results for binding

NB: All calculations assuming

EA D 4He 160 40Ca spherical wave functions...
...unbound... -5.09 MeV
-18/-20 MeV
G
10-a(-50.9) HALQCD
: 4-a(-20.4) I§ ——— N Qch @
Q TEETET L % m,= 469 MeV
©
2z ~-70(-80) MeV S
®) -2.2 MeV <
= -28.2 MeV
o)
P
4-a(-112.8)
- ~
9]
-127 MeV I r% 10-a(-282)
= , | experiment
(o))
S
<
S
Ej [MeV] “He 160 40Ca ~-340 MeV
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G(w) + ADC(3) -4.80(0.03) -17.9(0.3) (1.8) -75.4(6.7) (7.5)
Exact Result [51] -5.09 - -
Separation into “He clusters: -2.46 (0.3) (1.8) 24.5(6.7)(7.5)
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Spectral strength in 0 and “°Ca.
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Matter distribution of 16O and “°Ca:
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Quantum MC calculations for Ys

 AV4’ + UIX with phenomenological hypernuclear forces requires large ANN 3-baryon force

* Physical mass now under reach (m,= 145 MeV) for hyperons

 HALQCD AN 3-baryon force is already very close to experiment e n” V24 Zvij N Z Vi

Argonne v, (AV4’) nucleon-nucleon (NN) interaction

Vij = Z vp(rij)()fj

p=14

central component of the Urbana IX (UIX.) Vi = Ar Z T*(marij) T (mgry)

cyc

The hyperon-nucleon (Y N) potential

Via = Z VP (rin) OF)

p=c,0,t
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Diffusion Monte Carlo:

(XIPr) = <X|(]_[ U,-,-k)

i<j<k

i<j

HFU] (ﬂ F]I<I>> o) = ™ "E" |¥7)

AFDMC:  -0%er2 _ f T o= P12 VIO
V271 J-eo

D. Lonardoni, A. Lovato, et al, Phys. Rev. Lett. 114, 092301 (2015) & arXiv:1506.04042



Quantum MC calculations for Ys
Vin = Z VP (rin) OF)

HALQCD96 Hyperon Nucleon potential (@ m,= 145 MeV) for hyperons
p=c,0,t
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Figure 1: Central v.(r), spin v,(r), and tensor v;(r) components of the AN potential.
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Quantum MC calculations for Ys

« HALQCD96 Hyperon Nucleon potential (@ m,= 145 MeV) for hyperons Vin = Z V(i) OF,

p=c,o,t

phase shifts LN, LN-SN and correceted LN

Lambda-nucleon phse shift in 1S0 (with and without virtual Sigma hyperon)
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We modified the tree components of the HALQCD potential to effectively take into account the virtual 3
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Future application for Ys in nuclei now possible

« AV4’ + UIX requires very large with phenomenological hypernuclear forces requires large ANN 3-baryon force
* Physical mass now under reach (m,= 145 MeV) for hyperons

 HALQCD AN 3-baryon force is already very close to experiment

30 b 238 At omulsion Table 1: A separation energies (in MeV) for different hypernuclei with the hy-
89 - peron in different single-particle states. Second column reports the AFDMC
o5 [0 §§¢ ié oK) | results using the original HALQCD96 AN potential. Third column shows the
: "5 - (n K) results for the modified HALQCD96 AN potential (see text for details). In the
o0l K 3 i Zf v (e, 0K ) | last column, the available experimental data [] are reported.
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i e " i | 1‘ | 2* (p) ~1.3(2) 0.5(1) 2.5(2)
“‘ \“ '~._‘--~
N _‘_?_,_!. ____________________ 3 ‘i WCa 2% (s) 21.0(5) 26.8(5) 19.3(1.1)
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vplications to structure and reactions in medium-mass nucler:

i
X

N w
T

Eg.s. [MeV]
B

MeV]

> Description of nuclear g.s. in the pf shell is improved-especially in the
trends w.r.t. iso-sopin asymmeftry.

tate energy

—> Higher accuracy, density of scattering states and absorption(for optical poten
tials), efc.... all require new formalisms and automatic generation of diagrams.

Ground s
N A D M 4 o

e

- k=

TALQCD Nuclear forces: L, [fm]

> Strong short range behavior calls for new ideas in ab initio many-body methods.

—> The analysis of IR convergence tell us that short-range D.O.F. can be removed effectively.
Diagram resummation through G-matrix is good starting point (to be extended).

2> At m,=469MeV, closed shell 4He, 160 and 40Ca are bound. But oxygen is unstable toward 4-a break up,

calcium stays bound. Underestimation of radii increases with A do tfo large saturation density (as for
EM(500)+NLO3NF).

Thank you for your attention

> Preliminary forces for Lambda-nucleon are now available near the physical pion mass (m, = 145 Mel//c?).
Preliminary studies are very promising!
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