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Current Status of low-energy nuclear physics

Composite system of interacting fermions
Blnd/ng and limits ofstability programs

Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB
Self-organization and emerging phenomena
EOS of neutron star matter
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Unstable nuclei
neutrons

— ~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-energy nuclear physics

Composite system of interacting fermions

Blnd/ng and limits ofstabi/ity programs
Coexistence of individual and collective behaviors RIKEN, FAIR, FRIB
Self-organization and emerging phenomena
EOS of neutron star matter

o

SEREN ‘\
N
Ay Y

IT) Nuclear correlations

[
S e B° Fully known for stable isotopes
g I:Ie [C. Barbieri and W. H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
. Neutron-rich nuclei; Shell evolution (far from stability)
heutrons

ITI) Interdisciplinary character
Astrophysics

I) Understanding the nuclear force

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

Tests of the standard model
Other fermionic systems:
ultracold gasses; molecules;
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Ab-Initio SCGF approaches




The FRPA Method in Two Words

Particle vibration coupling is the main cause driving the distribution of

particle strength—on both sides of the Fermi surface...

o WM

”Extended"
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

CBetal.,

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

A = particle Y = hole
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Self-Consistent Green's Function Approach

S(r,w)
pp/hh-RPA; two-nucleon transfer ingle-

7

particle

v d
IT/) optical potential motion
9" () pical p

~

2 ph-RPA; response, giant resonances

* Global picture of nuclear dynamics
* Reciprocal correlations among effective modes
* Guaranties macroscopic conservation laws
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Self-Consistent Green's Function Approach
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Self-Consistent Green's Function Approach

160(e,e'pn)*“N @ MAINZ

(q,(D) /
“p
1
[C. B., C. Giusti, et al.
Phys Rev. €70, 014606 (2004)
N D. Middelton, et al.
LI arXiv:0907.1758; EPJA in print]
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Self-Consistent Green's Function Approach

160(e,e'pn)*N @ MAINZ
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Phys Rev. €70, 014606 (2004)
’ N D. Middelton, et al.
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[C. B., K. Langanke, et al., Phys Rev. C77, 024304 (2008)]
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Self-Consistent Green's Function Approach

160(e,e'pn)*N @ MAINZ
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Self-Consistent Green's Function Approach

160(e,e'pn)*“N @ MAINZ
(e.epn) (q,m) _— Tonization energies/
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r [CB, D. Van Neck,
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Self-Consistent Green's Function Approach

Binding energy [cs.

160(e,e'pn)*N @ MAINZ
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[C. B., C. Giusti, et al.

Phys Rev. €70, 014606 (2004)
D. Middelton, et al.
arXiv:0907.1758; EPJA in print]
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One-nucleon spectral function

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

6N f7/0

B Pz
1.5 S

// P1/2:f5/2

810 -30 20 \ - 0
\ scatterm
® [MeV] Er — g 5

\
< neutron \ neutron __5
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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Gorkov and its implementation




Gorkov and symmetry breaking approaches

V. Soma, CB, T. Duguet, , Phys. Rev. C 89, 024323 (2014)
V. Soma, CB, T. Duguet, Phys. Rev. C 87, 011303R (2013)
V. Soma, T. Duguet, CB, Phys. Rev. C 84, 064317 (2011)

» Ansatz (...%Eév+2—EN%EéV—EéV_2%...%2u)

even

> Auxiliary many-body state  |Vo) = Z CN Wév>
N

~—, Mixes various particle numbers
——. Introduce a “grand-canonical” potential () = H—uN

== |Up) minimizes Qo = (¥o|Q¥g) under the constraint N — (Uo|N W)

» This approach leads to the following Feynman diagrams:

a e
a C
b d
b_
g------ d
12(1)
Eab( = U
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Espressions for 1st & 2nd order diagrams

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]
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Espressions for 1st & 2nd order diagrams

Gliw) = Tw . (BSa)
b
a
412 — -
Gailw) = Tw . (B5b)
b
a
) = fw . (B5)
b
a
Giiw) = tw . (BSQ)
b

Diagrammatic rules to compute irreducible self-cnergies are
the same as for reducible ones, with the only difference
that dressed propagators (BS) have to be used instead of
unperturbed ones.

2. Self-energies
The present section addresses the derivation of first- and
second-order self-encrgy diagrams.

a. First order
The first normal contribution corresponds to the standard
Haruree-Fock self-energy. It is depicted as

. c
S = '.’___-Oluf . (B6)
b d

and reads
) . de’ ,
£ V) = —i fr o Ll Cl@). @D
where the energy integral is to be performed in the upper

half of the complex energy plane, according to the convention
introduced in Rule 8. Inserting the Lehmann form (38a) of the

N de’ ‘V
—x];.‘ Eg}p‘“”aﬂw—n—ivl
=2Vawv:'vf‘ [

i Y
V. Soma, T
where the residue theorem has been used, i.c., the first u:[ o Om a’ L

with +iy in the denominator, contains no pole in the upper
plane and thus cancels out. As in the standard case the Hartree-
Fock self-cnergy is energy independent.

Similarly, one computes the other normal self-energy term

which reads
22 f de o
£20@) = —i j: = ;v,w Giile)
L[ de Vipt
=i [ Dy

wrat

de’ :
_if A9y, MM
‘];J Z‘§ - o + ey —in

= —EVM:.EV;V:.

ik
N
ik

1

=-Iy
=[5 (B10)
The anomalous contributions to the self-cnergy at first order

are
a
2120100y
X (W) v JP
£y = . ( ! PR (B12)
alb--———- b

and are written, respectively, as
i de

== ) o

3 Vs Gl
od

i de Ut v
=—c — Vg ——tt
2];, 2 g; oo oy — en +in
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Espressions for 1st & 2nd order diagrams
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b
a
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b

Diagrammatic rules to compute irreducible self-cnergies are
the same as for reducible ones, with the only difference
that dressed propagators (BS) have to be used instead of
unperturbed ones.

2. Self-energies
The present section addresses the derivation of first- and
second-order self-encrgy diagrams.

a. First order
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for what concerns the first contribution, which reads
dol do?

|‘\. _
@ = 2% 2%

odefgh

b VE 'Iljﬁ u::- Do Ph

[V. Soma, T. Duguet, CB, Pys. Rev. C84, 046317 (2011) ]

PHYSICAL REVIEW C 84, 064317 (2011)
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Espressions for 1st & 2nd order diagrams

V1l \ - .
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Fock self-cnergy is energy inc
3 Similarly, one computes th Ab INITIO SELF-CONSISTENT GORKOV-GREEN's .. PHYSICAL REVIEW C 84, 064317 (2011)
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b dof do’
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P 2
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Diagrammatic rules to compute irreducible self-cnergies are E 7 b h
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Espressions for 1st & 2nd order diagrams
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. Block-diagonal structure of self-energies DIP I s Al [rerompr s w i ) B
a. First order
The goal of this subsection is to discuss how the block-di; | form of the and i matrix el
refiects in the various self-energy contributions, starting with the first-order normal self-cnergy 714, Subsnmung Egs. (C27a) @ N
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where the block-diagonal normal density matrix is introduced Lhmugh Pub = 8ep b m, p,ZL. such that .
2w = 29
P'l:n = Z s ] .., -zJ' (C30) 29
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Lanczos reduction of self-energy
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-D ct 0 -E

= Conserves moments of spectral functions

- Equivalent to exact diagonalization
for NL = dim(E)

Spectral strength

12 —— N=10

40T;

1r
08}

06f

SP

04f

02f

0 E— ! ! ! ! !
-200 -100 0 100 200 300 400
w [MeV]
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Testing Krylov projection

V. Soma, CB, T. Duguet, , Phys. Rev. C 89, 024323 (2014)

- Energy and spectra independent of the projection 7%} “ca
) -784 ;JfF&\\\&D-hﬂ e Emaxz7
- Same behavior for all model spaces s | il
S 86 —— Ny =13
=
790 |
Favourable scaling e
NI
Spectral strength Deinsity of states
ey S O (R T —
_____ =50 [ ---—- N=
1F (v s1/2) —— N=100 100 | vsi2) — N=100
: max = 13 Nmax =13
0.8 — 8
7 06} a
04F
02f

0
200 -100 0 100 200 300 400
w [MeV]
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Approaches in GF theor

Truncation Dyson formulation Gorkov formulation
scheme: (closed shells) (semi-/doubly-magic)
1s* order: Hartree-Fock HF-Bogolioubov
2nd order: 2nd order 2d order (w/ pairing)
3rd and all-orders ADC(3) G-ADC(3)
sums, FRPA | ..work in progress
P-V coupling: etc...
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broaches in 6F theor

Truncation Dyson formulation Gorkov formulation
scheme: (closed shells) (semi-/doubly-magic)

1s* order: artree-Fock

org

|
! L]
1 Il

- -l r HE i
eSS IJYU ) EpEEEEEEEdEEEEEEEEEEE
: '!'"'"':""""'"i*
1 Ll

s o

1 1 1
1 L] L] 1
[ R - p = H L
1

umv:stnTv OF pics. credits: V. Soma
b SURRE



Inclusion of NNN forces

A. Carbone, CB, et al., Phys. Rev. €88, 054326 (2013)
- Second order PT and F. Raimondi, CB, in preparation (2016).

diagrams with 3BFs: - Third order PT diagrams with 3BFs:

4 ) P
00 L RE SR AN o

WO D
Too o L

= Use of irreducible 2-body M O M O { M
intferactions
=>» Need to correct the Koltun : : : : : :
sum rule (for energy) R N A

(0) (®) (a)

FIG. 5. 1PI, skeleton and intemctzon zrred ible self-energy diagrams appearing at 3"%-order in perturbative expansion (7),
UNIVERSITY OF making use of the effective hamiltonian of Eq. (9).
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Ab-initio Nuclear Computation & BcDor code

BoccaDorata code: - Provides a C++ class library for handling many-body

(C. Barbieri 2006-16 propagators (240,000 lines, MPI&OpenMP based).

V.Soma  2010-15

A. Cipollone 2011-14) - Allows to solve for 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
vgv shell model chargesé&interactions (lowest order)

new Gorkov formalism for
2010 open-shell nuclei (at 2" order)

2012 Coupled clusters equations
Three-nucleon forces (#60 cores,
2013 35 Gb but on the rise.. )
2014 Gor'kov at 374 order (will become
massively parallel...)
2016

SURREY .. applications ..



Ab-initio Nuclear Computation & BcDor code

http://personal.ph.surrey.ac.uk/~cb0023/bcdor/
Computational Many-Body Physics

"

1. 1080

n

“E o fr __PenPisies Welcome
"g 1 : From here you can download a public version of my self-consistent Green’s function (SCGF) code for
3 05 nuclear physics. This is a code in J-coupled scheme that allows the calculation of the single particle
;? 0 ‘ W, propagators (a.k.a. one-body Green'’s functions) and other many-body properties of spherical nuclei.
- \. " . This version allows to:
> o 2 N 0o 10 - Perform Hartree-Fock calculations.
©[MeV] - Calculate the the correlation energy at second order in perturbation theory (MBPT2).
- Solve the Dyson equation for propagators (self consistently) up to second order in the self-energy.
Download - Solve coupled cluster CCD (doubles only!) equations.
. 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.

Relevant references (which can also help in using this code) are:
Prog. Part. Nucl. Phys. 52, p. 377 (2004),
Phys. Rev. A76, 052503 (2007),

Phys. Rev. C79, 064313 (2009),
Phva Reav (CRO N242217 (2014)
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Chiral interactions
for mid-mass isotopes




Chiral Nuclear forces - SRG evolved

| ONforces | 3Nforces | 4N forces N3LO (/\ = 5OOMeV/C) N2LO (/\ = 4OOM6V/C)
B N chiral NN interaction chiral 3N interaction

' 4
7’
1-W4 0'2=Y 04 UOILN|0A2 S

_____ "

H X induced full ¥

(3NFs arise naturally at NZLO) “induéed" “full” /
[Jurgenson, Navratil, Furnstahl, Hamilfoninan HamilToninGn

Phys. Rev. Lett. 103, 082501 (2009);
Hebeler, Phys. Rev. C 85, 021002 (2012)]



Benchmark of ab-initio methods in

the oxygen isotopic chain

L L L L
130 | - ; obtained in large many-body spaces -
. -140 — '! Calculations based on —
% B — chiral NN and 3NF forces. .
- Continuum not taken into 7
% -150 '_ g account _—
> [ g .
5 -160 = © MRIM-SRG § ~
5 - B IT-NCSM :.*500;
-170 = ¢ SCGF w - —
- ¥ Lattice EFT -
180 F A cCC = AME 2012 —
I T AT T NI N B B

16 18 20 22 24 26 28

nivEl Mass Number A

SUIF_ __ Hebeler, Holt, Menendez, Schwenk, Ann. Rev. Nucl. Part. Sci. in press (2015)



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 I

—60 1 1 1 1 1 1
I hw=24 MeV ] 80 —== 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)
100k —== Dys-ADC(3), NN+3N(ind) ] [ \" - Exp ]
% i —e— Dys-ADC(3), NN+3N(full) | > 120 F i . ]
= 1ol == Gorkov-2nd, NN+3N(full) ] = [ o= o P ]
4 | - Exp 1 <-140F o == ]
Lo - ‘N 1 S0 -—
140 2y 1~ [ 3
[ o -\\.N ] 160 - =3 . y
6ol s [ ho=24 MeV TN Tm ]
ad = o= ] i - 1 S ]
_ = 1 -180F  Asre=20fm \33._.__&______;_ _
-180 [y [ ] ] ] ] ] ] ]
140 160 180 200 220 240 260 280 lSF 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).]

university oF  N3LO (A = 500Mev/c) chiral NN interaction evolved to 2N + 3N forces (2.0fm™)

3 SURREY " N2Lo (A = 400Mev/c) chiral 3N interaction evolved (2.0fm1)



Inversion Of d3/2_$1/2 at N:ZB

FIG. 1. (color online) Experimental energies for 1/2% and

A - -12'] 3/27 states in odd-A K isotopes. Inversion of the nuclear spin
J— is obtained in *"*°K and reinversion back in 51K:_ Results are
S J. Papuga, et al., Phys. Rev. Lett. 110, 172503 (2013);
% 137 J. Papuga, CB, et al., Phys. Rev. C 90, 034321 (2014)
E: o 980 .
. T e AK isotopes
- = — 359
T = Laser spectroscopy @ ISOLDE
37K 39K 41K 43K 45K 47K 49K 51K

Change in separation described by chiral NNEmE00)1+3NFN2Lo400)::

N
24 26 28 30 32

-12 4 ' ' ' ' "y 6F . 7]
] - e 32 X —— Experiment ]
144 ° -e- 12 [ —=— Lowest peak ]
] = 5F —o— ESPE .
164 é) : ]
] ~e E
_ 8] e = :
3 1 N N . ]
2 20 ° - Q .
= | o ]
W 22 e R ' 1
o ~ e .
a ] .~ +, 1

W -24 4 e =
-261 Tl - R
| ~e ]
.28 7
43 45 47 49 51 53

A

ESPE: "centroid” energies
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(Gorkov calculations at 2M order)




., Sc, and ' chains

V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)

Two-neutron separation energies predicted by chiral NNemoo)+3NF[N2Lo400)):

S,, [MeV]

- First ab-initio calculation over a contiguous portion of the nuclear
chart—open shells are now possible through the Gorkov-GF formalism
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., Sc, and ' chains

V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)

Two-neutron separation energies predicted by chiral NNemoo)+3NF[N2Lo400)):

Works well in
the pf shell

| B

S,, [MeV]

- First ab-initio calculation over a contiguous portion of the nuclear
chart—open shells are now possible through the Gorkov-GF formalism
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., Sc, and ' chains

V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)

Two-neutron separation energies predicted by chiral NNemoo)+3NF[N2Lo400)):

S,, [MeV]

Over estimated
N=20 and Z=20 gaps

18 20 22 26 28 30 32

- First ab-initio calculation over a contiguous portion of the nuclear
chart—open shells are now possible through the Gorkov-GF formalism
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., Sc, and ' chains

V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)

Two-neutron separation energies predicted by chiral NNemoo)+3NF[N2Lo400)):

Lack of deformation due
to quenched cross-shell
quadrupole excitations

S,, [MeV]

- First ab-initio calculation over a contiguous portion of the nuclear
chart—open shells are now possible through the Gorkov-GF formalism

UNIVERSITY OF
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Two-neutron separation energies

20 ¢
18 F
16 |
14 F
12
10}

Two-neutron separation energy (MeV)

for neutron rich K isotopes

M. Rosenbusch, CB, et al., PRL114, 202501 (2015)

SLy4 SLy5

.
..

F ISOLTRAP, Wienholtz et al. —a&—
ISOLTRAP, present data —@—
AME2012 ———

HFB calculations

Nt e —— 1150 MeV fm?
L — 2200 MeV fm? ]

20 F
18}
16}
14F
12F
10}

- Gorkov-Green function theory, Ca 24— ™

Gorkov-Green function theory, K —&—

26 28 30 32
Neutron number
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34

118

16
14

Measurements
@ ISOLTRAP

Theory tend to overestimate the
gap at N=34, but overall good

> _Error bar in predictions are
from extrapolating the many-
body expansion to convergence
of the model space.




NNLO-sat : a global fit up to A=24

A. Ekstrom et al. Phys. Rev. C91, 051301(R) (2015)

S
@ —oF
> —O6f
~ —7F
S -8t
5 _of

: —— 1 - Constrain NN phase shifts

S IR o .
| ;"ﬁ';l’ & & 1 - Constrain radii and energies

—0.2}

0.0k 40| == = 14— 4 i

_. V8 W wi uptoA«4

. | . . ¢ 1 = Provides saturation up to
40 = § .1 large masses/

Ar,, (fm)

-0.4 ¢ NNLO,, | | &

LVl ! ]
K A A
v v -

—0.6

From SCGF:
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_4I—IIe:8I—IIe: 14'C : 16'0 I405a:48(|3a:56i\ﬁ-

=

NNLOsat (V2 + W3) -- Grkv 2nd ord.

[ V2-N3LO(500) + W3-NNLO(400MeV/c) w/ SRG at 2.0 fm™!
A. Cipollone, CB, P. Navratil, Phys. Rev. Lett. 111, 062501 (2013)
V. Soma, CB et al. Phys. Rev. C89, 061301R (2014)




PRL 117, 052501 (2016)

RERESIRET TR ENVIT EWSSEEITNTFER 'S

week ending
29 JULY 2016

S

Radii and Binding Energies in Oxygen Isotopes: A Challenge for Nuclear Forces

1 V. Lapoux,l’* V. Somé,1 C. Barbieri,2 H. Hergert,3 J.D. Holt,4 and S. R. Stroberg4

3.1
- New fits of chiral interactions (NNLOsat) :
. . . 2.9
highly improve comparison to data
2.8
£ 27
- Deficiencies remain for neutron rich = 26
isotopes 25
20 2.4
R Binding Energies of Oxygen isotopes 23
_90;— e * GGF :
_100E- X = EXP NNLO,,, |A DGF g 22
= 77 IMSRG ol
—110g —— =3 3.4
- Y GGF o ’
5\—120;
e g % EM |ADGF ®
5@—130? — % ¥ IMSRG 8 3.2
=140 — — 1, 9
—150F- =% e 3
~160f- - %%
= — % =
~170E" =28
E ! ! ‘ ! ! ‘ ! E
—1807 16 EYNED 2 24
2.6
FIG. 1. Oxygen binding energies. Results from SCGF
and IMSRG calculations performed with EM [20-22] and 2.4
NNLOsat [26] interactions are displayed along with available
experimental data. 55
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charge radii in the pf shell

- —— Exp.

3.95 [ ® NNLOsat - =
Size of radii not _3OF - °
prefect but remains E 3ss5F + v
overall correct 5 ssk i - 1
throughout the pf shell T
with NNLO-sat. T
37 48 50 52 54 56 58 60 62 64 66 68 70 72 74 76 7&.
. A

This suggests that - N1
saturation is indeed | Exp./NNLOs

i 0 4 Ar ¢
under control. 37E o e cn . o

L A ¢ T . ¢ .

: ¢ °
= Improvements of = 39 RERINR D e N o A
many-body truncations = [+ * . RN Caay .
beyond 2" order Gorkov 5350, - o a4
will also be relevant. } X A
(work in progress!) sl

33 : | | | | | | | | | | | | | |

14 16 18 20 22 24 26 28 30 32 34 36 38 40
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Proton spectral strength in Oxygen

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

EM- N3LO(500)/3NF NNLO(400) NNLO-sat (in preparation)

10- - - . 10 T T =
- 2 F : ] - 1= 15 o | B
__— L E— [ ‘ i ‘ ] - K oy | ;_ 520 99/2 E‘— 972, Jo :-
- L o E 9/2+ 1 140 1 = 1 B i :— | =
T { L 3 ] = = S12 ] B | = B
o — D E of - i o
E_ L ._ 7/2_ ;‘ | d5/2, L— | :- f7/2 :E
- i 3 0 | — . . F e
- | 1 -~ S ¥ ek
—10-0 = m - S @ a0k g-m-— P1/2 40+ s Ao b2 o=
— — 4 Cc = 4 - — L
— - - [0} \ b2} -
O —— 32" E T B , —
E. L + 8 - g | P32 | -
= =20 — — 12" ;--20 —,_ ;}-20-— 201 204 S
H o= I 2 : o | .
v i = 5/2" . o | g = -
3 o | IR S e
e o 0 -
—30+; L 9(-30 - 31 R p— o At
, = = ' 1/27- -. | - —
[0 [ [Pol FF [Fol AR R
—40¢ 4 — 3/27- ole L= ol ol ol |
I- ‘ — ‘ ‘ ‘ = ‘ - 0 .- 140 40t :_ 160 40j :- 22040j l: 24040-,: 280
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Proton spectral strength in Oxygen

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

and in preparation

More in detail:
10

1 = Lo o s and and ast ia a | = |
0 3 s R
—— Ay = | I
e — 1 B E B
. — S12 = | E oL
0 —— T (an 3 i I = [
s - ! . i
~10 Rl _ Tl == =
i — s
§ - P32 E. — f
I:h -20 T 207 + t" —20 - “T
4 ‘ -
) = = —_—
~30 | “ -0 - b
L : ':_ 25| ¢ ' [
= —40 t 3 Fe 40
—40 T 16 A0 | = 220 L
- ‘ - 0 B ‘ |: Lol b bt
05 | i 05 1 T
ST SF [%] F*/(2j+1) %]
|\ J/ \ J
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Bubble nuclei... 3?Si prediction

[Simon Lecluse, V. Soma, T. Duguet, CB, P. Navratil]

01k ®  S36 charge (exp.) |

B --- Si34 proton
— Si34 charge
--- S36 proton
— S36 charge

0.08 !
[ - 34Si is unstable, charge distribution still unknown

0.06

o [fm3]

- Suggested central depletion from mean-field
simulations

0.04

0.02

- Ab-initio theory confirms predictions

0 1 2 3 4 5
r [fm]

Validated by charge distributions and

. . 0.16 = Exp. ]
neutron quasiparticle spectra: : S NLoow
0.14 — EM srgl.88 4
[ — EM srg2.23 ]
34q: 36 i — NNLOsat ADC(2) |
4L i 4+ 3%s Exp 012} —— NNLOsat ADC(3) ]
— SCGF i ]
) . = 01k y
= =,
C 5 008
s of 32 Q I
= — 0.06
I | E— 1 004 f
oy ,
4F S 1 0.02¢
0 20 40 60 80 100 O 20 40 60 80 100 0 6 1 L . L :
F
UNIVERSITY OF SE [%] SE [%] r [fm]
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Study of nuclear interactions
from Lattice QCD

Other paths in LQCD, see:

0 T T T
s= 10 N s=—1 =-2
—oof O
—40 &
—60
= —80 i
s
= —100F
3 -
—120
140k
—160
2-body
—180 3-body
4-body
7200 1 1 1 1 ‘A - 1 . 1 L L A'_\ L
d m  3He *‘He nX 3{H 3He $He 4He H-dib nZ ,,'He

NPLQCD, PRD87, 034506 (2013)

UNIVERSITY OF

SURREY

LIULILl, LIV ULULLLIVULL allU UV ULHCULLVIL 1L £ 1 1 11avul YL
with m, = 0.51 GeV and my = 1.32 GeV. The bound
states are distinguished from the attractive scattering states
by investigating the spatial volume dependence of the
energy shift AE;. In the infinite spatial volume limit we
obtain

43(12)(8) MeV for“He,
20.3(4.0)(2.0) MeV for>He,

—AE, = (17)
11.5(1.1)(0.6) MeV for?S,,

7.4(1.3)(0.6) MeV for'S,,.

PACS-CS PRD 86, 074514 (2012)




Study of nuclear interactions
from Lattice QCD

Hadrons to Atomic nuclei

H A

In collaboration with:

from Lattice QCD
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Lattice QCD

1 a uv — Wi . a a —
L:_ZGqua T qy (lau_gt Au q—mqq
quarks q gluons U = e‘@4 _
on the sites  on the links Vacuum expectation value
® . d
o] (0la,q,U)) path integral
. =[dudetD(U)e Y 0(9‘1(U))
| ; 7
I— ) 5 AR TABALE | N quark propagator
L | [ AL = lim }VZ o(D™'(U)))
Easis rae ZdaE N o0 i=1
‘L= 7 N e  aa = o { Ui } : ensemble of gauge conf. U
Bl 8 e R R generated w/ probability det D(U) e~Su(W)

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

E SURREY 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:
) + AU ) = B
for the Nambu-Bethe-Salpeter (NBS) wave function,
() = (0|Bi(Z + 7,1)B;(%,1)|B = 2,k)
Operationally, measure the 4-pt function on the QCD Lattice

Y(7,t) = Y (0| Bi(@ + 7, 8)Bj (T, 1) J(t)[0) = > Apepp(e” WElimto) 4.

— —

z k

and extract U(r,r) from: v2
{ZM 5 }w(ff’,t) —I—/dF’U(F,'F’)w(F’,t) =5 (7, 1)
v

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)) =8(F—F)V(F V) =6(F—7){V(@)+ ONV)+ OV +...}
1 V3R t)  5y(Ft)

V — — — 2Mp Spin-orbit
> V) = 20 (7)) Y(r,t) Tensor/Yukawa force, P waves
B & UNIVERSITY OF force in S-D
SURREY Prog. Theor. Phys. 123 89 (2010); Phys. Lett. B712, 437 (2012); Prog. Theor. Exp. Phys. 01A105 (2012)



Two-Nucleon HAL potentials

V(27)' oo [T Quark mass dependence of V(r) for NN
2000 | s rtial 1§ 3. 3S..3D
! ?F i S partial wave ('S, °S;, °S;~°D,)
1500 f o 1 => Potentials become stronger m_
= ' as decreases.
%1000- 0 IIII|IIII|IIII|IIII|IIII|IIIIIIIIIII
= J
; 50 T 80 — M, =1171 [MeV] ]
el 4 g0 05 1) ie PO oE M, =1015 [MeV] .
& L=4 [fm]  K,0=0.13760 —s M, =837 [MeV] .
" 60

——a M, =672 [MeV]

OW‘H—

—e MPS:469 [MCV]

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 dashed lines T=5 MeV

>
(]
=
r [fm] E 40
T T T T g
Mps = 1171 [MeV] ++ 3
4 E 1 Ps 3]
R Mps = 1015 [MeV] o =
150 ; NN 'S, Mps = 837 [MeV] s Z 20
¥ Mps = 672 [MeV] +-a Eﬁ
pom Mps = 469 [MeV] —=— =
_ 10fF 5 TTmsessao_
> T 0
[) 3 E L Miaa s, | S
= X I ]
—~ 50| f
S | L ]
< el
1 | 20 —
oy L |
0 _lD,. IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
0 0.5 1 1.5 2 2.5 3 35 4
Fenninunnenunn,pF[ﬁnJ]
_50 I
: : : T. Inoue et al.,
0.0 0.5 1.0 15 2.0 2.5

r [fm] Phys. Rev. Lett. 111 112503 (2013).

UNIVERDIL I U

' SURREY Prog. Theor. Exp. Phys. 01A105 (2012) (Finite-T results by A. Carbone, priv. comm.)



Analysis of Brueckner HF

Scattering of two nucleon in free space:

1
w—k2/2m — k2 /2m + in

T(w) =V + / dkodkyV T(w)

aokksrdor2 3 4 €

~3 SURREY



Analysis of Brueckner HF

Scattering of two nucleons outside the Fermi sea (=BHF):

Glw) =V + / dladkyV

continuum

vs gap
approximations

aokksrdor2 3 4 €

~3 SURREY



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): Q”

o = dk,dk
Glw)=V+ / bvw —e(kq) —e(ky) +in

QII .___©+ A

+

ankksdor2 3 4 €

~3 SURREY



Benchmark on ‘He

Can benchmark the Gmtx+ADC(3)

! N Nmax=7
\\\\\\ —————— Nmax = 9 ) 4
o AN N Nmax =11 method on light “He, where exact
W\ e Hf (G"-mtx) ] . G
NN N "BHE g solutions are possible:
1 NN \\ Full ADC(3)
\\ \\ \\ /////’ G(w) +
-] ADC(3) Exact

4.7(2) MeV  5.09 MeV?

HALQCD @

m_=469MeV
1H. Nemura et al., Int. J. Mod. Phys. E 23, 1461006 (2014)

Eg.s. [MeV]

e
b_HO [fm]
=>» Can expect accuracy on binding energies at about 10%

Q//
i — dkadk "
Glw)=V+ / bvw —e(kq) —e(ky) + inG w)

/G(w)

+
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Results for binding

E A
D 4He
...unbound... -5.09 MeV
-2.2 MeV
-28.2 MeV

NB: All calculations assuming
spherical wave functions...

UNIVERSITY OF

160

-15/-17 MeV

20 (204)

 A-o(1125)

-127 MeV I

"
w
<
D
<

NN ST~

40CG
10-a(-50.9) ~ | HALQCD @
& | my=469 MeV
~_70(-80) MeV} =
<
10-a(-282
. experiment
S
<
Q)
<
~-340 MeV
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C. Mcllroy, CB, et al., in preparation



HF and BHF s.p. energies [MeV]

HF and BHF s.p. energies [MeV]

Spectral strength in
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a0 b
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20f BHF
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of —
-10 S —_
-20
-30 _— —_—
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% SUKKEY

ADC(3) g.p. fragments [MeV]

ADC(3) g.p. fragments [MeV]
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3 b b J  Particle-hole gaps
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Thank you for your attention!l!
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Mid-masses and chiral interactions:

—> Leading order 3NF are crucial to predict many important features that
are observed experimentally (drip lines, saturation, orbit evolution, etc...)

> Experimental binding is predicted accurately up to the lower sd shell
(A#30) but deteriorates for medium mass isotopes (Ca and above) with
roughly 1 MeV/A over binding.

—> New fits of chiral interaction are promising for low-enerqy observables
=> Comparison of spectroscopic strength with experiment is much improved...

= Nuclear forces from Lattice-QCD approaching physical pion mass

L NNLO,, |* GGF |
- 7= IMSRG
L E

"t
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Spectroscopic factors




Ruenching of SF in stable nuclei

Nucl. Phys. A553 (1993) 297c¢
NIKHEF: A common misconception about SRC:

T “The quenching is constant over all
Mean Field Theory | stable nuclei, so it must be a short-
range effect”

1.0F

0.8

0.6

S/(2j+1) —»

04+

Actually, NO!

02| : All calculations show that SRC have
- VALENGE PROTONS : Jjust a small effect at the Fermi
T AT 2 surface. And the correlation to the
farget mass ——= experimental p-h gap is much more
important.

[W. Dickhoff, CB, Prog. Part. Nucl. Phys. 52, 377 (2004)]
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Ruenching of SF in stable

NIKHEF: Sp1r2 Sp3n
Nucl. Phys. A553 (1993) 297¢
1 e Short-range correlations

10} e —— oriented methods:
- VMC [Argonne, '94] 090
0.8 160) 31P48Ca 907, - - GF(SRC) [St.Louis-Tlbingen ‘95] 091 0.89
s 1 — FHNC/SOC pisaoo] 0.90
= o6 .
* 7 40 : ;
) - Ca  2ppt e |ncluding particle-phonon
D oat c . couplings:
— GF(FRPA) st.Louis ‘01] 0.77 0.72
02 7 [CB et al., Phys. Rev. C65, (02)]
VALENCE PROTONS
oot st 1o Experiment: 0.63 0.67 +£0.07
target mass — (estimated
uncertainty)

SRC are present and verified experimentally

BUT the are NOT the dominant mechanism for quenching SF//
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Dependence of Spect. Fact. from p-h gap

N3LO needs a monopole

T T T
correction to fix the p-h AVy, — AVy —(=1) «u,

F'=P3/ P12 f5/2
f = f7/2

gap: AV — AV — 1.5 — T)xy,
I I .
Experimental Eph
is found for k,,=0,57
0-8_""|""|""I""I"',l""l""|""I""I""_0-75
& )
Y vf
3 Ps3/2 s 72 . 3
‘,é — /8/’;,/ 1T //// - (fé
20.75 Y. Vi 07 @
Z ' d A Z
B "f &
=07+ / + H0.65 =
-iu B //,” T ,// T -i\
\N/ //// T j \N_/
“x o [e—-o N, =7.hQ=10MeV|T /'/ ¢
N + |e--eN__ =7hQ=18MeV|T /j// | N
0.65F |4-—4 N, =9 ho=10Mev “// 106
[ | %--x N, =9hQ=18MeV|]g/ i
4
ol b by by gy g IY Y RN NN NN N
5 6 7 8 9 10 6 7 8 9 10 ky=04-0.7MeV
AEp_h [MeV] AEp_h [MeV]
small ky, € - large k,
i uNIVERSITNZHO interaction + monopole corr. [CB, M.Hjorth-Jensen, Pys.Rev.C79, 064313 (2009)LNIVERSITY OF
s Kf"?hg Ab Initio No-Core Shell Model TRIUMF, February 23 -- 25t 2012 REY




Quenching of absolute spectroscopic factors

Overall quenching of spectroscopic
factors is driven by:

[CB, Phys. Rev. Lett. 103, 202520 (2009)]
..with analogous conclusions for %6Ca

10 osc. shells Exp. [30] 1p0f space

o FRPA full FRPA FRPA SM AZ,
SRC ) . 9 ]OA (SRC) FRPA +AZ,
part-vibr. coupling - dominant N
" _ " ’ 57N); v1ipi2 0.96 0.63 0.61 0.79 0.77 -0.02
shell-model = in open shell  Ni { " D os 09 055 e 0k oo
vlps) 0.95 0.65 0.62 0.58(11) 0.82 0.79 -0.03
55N)i SSNi:
v0 f7/2 0.95 0.89 0.86 -0.03
5 L @ \_'_’ \_'51
s | F}:>,/2,p1/2,f5/2
i 3 overlap 2 _ 1
— ow W=E&y
>
Q)
£ | W -
) 810 -30 20 \ 10
< (D[MeV]
z \ J J @SHORTRANGE
W SHELL ORRELATIONS
ODEL
@ARTlCLE -VIBRATION
COUPLING
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Z/N asymmetry dependence of SFs - Theory

Ab-initio calculations explain (a very weak) the Z/N dependence but the
effect is much lower than suggested by direct knockout

Rather the quenching is high correlated to the gap at the Femi surface.

100
[ A @ protons
_17F 170 ¢ B neutrons
N
. i l 169 169 4F
S| %o 28
; i //2‘5 F 2 40
T 80 Al O %
L0 =om -{io 2 0
E |
“ - 2
70+ 0
Dys-ADC(3)
b eV dae2om
0 10 20 30
Sp,n [MeV]

A. Cipollone, CB, P Navratil
Phys. Rev. C92, 014306 (201

UNIVERSITY OF

5)

40

Spectroscopic factor are strongly
correlated to p-h gaps:

0.8 T T T T 0.75
f7/2 o P32 p
o »
»,}#’ »
- P ,}*,///"
4 0,75 Y - 07
< Y
8 X 74
— [/ T 7 |
— 0.7 7 -+ b4 -0.65
sk 4 4 _,gf/ |
':x 4o [e——o N =7.ha=10MeV]T  // 1
# |e--eN =7hQ=18MeV|T // ]
0.85 |4 4N, -9ha=10MeV[T // 56N/ -0.6
| [*%-—-x N, =9,hQ=18MeV||g’ i
....I....I....I....I....-:Y...I....I....I....I....-
5 6 7 8 9 10 6 7 8 9 10
AE_, [MeV] AE,, [MeV]

CB, M. Hjorth-densen,
Phys. Rev. C 79, 064313 (2009)
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Z/N asymmetry dependence of SFs

1 1 1 1
*0(d,1)10 and *O(d,*He)"*N AO(p,2p)*IN at 6SI (RBB LAND)
transfer r'eac‘rlons @ SPIRAL Lk bound | __strongly bound
~ L | | (a) WS+SM I. o datal 1E Kpl/2 _i
§ 0,8 B O(Tﬂ " Z ‘Bg ::: - 0‘9;_ *p3/2 _;
= i ? 1 0.8— —
¢ T |%| i i W E 140 ¥ e "o 3
x’ 04 "o(d, 1) 0.7= JF °0 ¥ =
0,2 I —t 0.6 3
- (b) SCGF . = =
s 1 + — 0.5:— Y —
L el i 045 m\“&r —
e B : - — poll fit va \ g
e or + % E| ] 0'35 — polO fit P 3
o 04l . 02—
ool L o0y 30 '-2|0' -10 .(|)....1|0....20
' -20 -10 0 10 20 S, - S, [MeV]
AS=¢(S,-S,) (MeV) 100
[F. Flavigny et al, I A e protons
PRL110, 122503 (2013)] 901_ = neutrons
e, o NNLO-sat
) ! 20 2
] S 80F o3 ® =0 155 16 29 14
Calculated spectroscopic factorsare: | <= | ° NS L,
- independent of asymmetry Toop  oe h
- correlated to p-h gaps o ’
60
: SCGF/Dys-ADC(3)
UNIVERSITY OF st b

0 5 10 15 20 25 30
S u RREY Sp,n [MeV]



Concept of correlations

Spectral function: distribution of
momentum (py,) and energies (Ep)

independent
particle picture

A
S

; : ; 6.32
I Particle-vibration (3727

coupling (PV)

9.s-

09
Configuration __ 100-150
interaction T \o\
(shell model) 50 @4
i N
Q@
i ' - ' - 200-250 ‘
0 20 &0 60 80

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

Understood for a few stable closed shells:

[CB.@ud W H. Dickhoff, Prog. Part. Nucl. Phys 52, 377 (2004)]
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