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Weakly bound nuclear systems

Experiment: rich phenomena & impressive progress
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FIG. 1 (color online). Ground-state energy of *H as a function
of the SRG evolution parameter, A. See Table I for the nomen-
clature of the curves.
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FIG. 1 (color online). Ground-state energy of third-order level compared to NN-only results for two representative
of the SRG evolution parameter, A. See Table ]| NN cutoffs and a fixed 3N cutoff.
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Chiral 3NF *

Weakly bound
nuclear systems

Chiral 3NF: origin, derivation, calculation & benchmark, implement (RSM or MBPT)

Continuum effect: Berggren basis, inclusion of 3NF, implement (GSM)

Weakly bound nuclear system:
1.neutron rich Oxygen isotopes
2.Borromean ”"Ne

3.Mirror symmetry breaking partners (5 Rz =)
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Nuclear Force is not the fundamental forces
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3NF from Chiral EFT

QCD and nuclear physics can be linked by Chiral EFT
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3NF from Chiral EFT

QCD and nuclear physics can be linked by Chiral EFT

2N Force
[ ] ] LO _______
Effective Lagrangians (for nuclear forces) (a/ay)° Three-nucleon force
and
N LN >< 5 low-energy constant
e N I eD & cE appear first time
Infinitely many terms (=0 t ’
_- i 3N Force
A scheme to make the theory }
manageable and calculable NNLO_ l{ Pl
Chiral perturbation theory (ChPT) | A e
N3LO S }L I ><| ,‘[
(Q/ Ax)*
® Degree of freedom : nucleons and pions l:;:l LS N N
® Chiral symmetry and breaking (explicit/spontaneous) I A )

® n for n | footin
Ma y bOdy orces on equal tooting Weinberg; van Kolck; R. Machleidt; D. Entem et al.

From N2LO, three-nucleon force (3NF) appears
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Purpose & Procedure

Purpose

Including SNF based on EFT in nuclear many body calculations
by means of the harmonic-oscillator basis.

Investigating 3NF effects and the dependence of cut off (regulator), LECs,
model space, etc.
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Purpose

Including SNF based on EFT in nuclear many body calculations
by means of the harmonic-oscillator basis.

Investigating 3NF effects and the dependence of cut off (regulator), LECs,
model space, etc.

Procedure

a([[oo]®] ; [Vsn|[[00]0] /)4

2m—exch lm+contact contact
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Purpose & Procedure

Purpose

e |Including 3NF based on EFT in nuclear many body calculations
by means of the harmonic-oscillator basis.

e Investigating 3NF effects and the dependence of cut off (regulator), LECs,
model space, etc.

Procedure
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Generating 3NF matrix element
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s (@8 T JT, T Van|abé; Jap J T T g ; ) 0T, Ty, 07", T!,
N12,N3,« NoLo 1,1/
N{Q,Né,o/

. _ ¥ a'v'e' g, J abéJyp J
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V27T exch V17T—|—contact Vcontact
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Generating 3NF matrix element
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Calculation of TPE is complex V2Ar- exch V1w+contact Vcontact
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Computation challenge
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el e Others Sparse Matrix, Partical storage ......
S0 /\1 83 2 a) Ll 88 1
XZ { 51}264(_1) {)\2 S3 .94}

/\,5 /\4 S92
X Z AzkAar § A A Az 2 (A30A£0|A3£0f (A10A;0[A4;0)
A3k Aar A3 Ay Sy

More Resources

. o 1 . -
XY G1ga(—1)% A2 (0100120]910) (i200120]g20) (Ai0g1 0] 50) (A;0g20]1120)
g i2 i1 ho

e Hybrid OpenMP&MPI

11 OpenMP - parallel by threads
Ai AN 2 lh2 t

22 to J{‘Z 3 J “‘2 f1 /\l S0 S3 l o 7 1/2 ’

csacr {5 dsacrfy e o (s s ) MPI - parallel by nodes

. 3 qq |
X quqg;(—l)q" {(712 (le [— } <130130|qu0> <l401;0|(140)()\y\0(130|l%0) (A110¢40|130)

1/12 lis t Ji.z Jia  to
5 1 & A3k A4l $4 l:/j I3 t4
X Zlﬁ(—l)f«l { l. } q3 q4 l %— % 1 6[’12{25[121,36[:’3t5613t(;-
7 to ts I It i oa f
4 '3 '3 U4 Jz3 13 lo

(190)
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Chiral 3NF

Computation Challenge

~17/~I. T/
s (@0 T IT! T\ Van|abé; Jap JTapT) o Z Y S‘ 0T, 1207, T1,
N12,N3,Oé N()LO 7 ’L
Ni5, N5 o'
. _ . a'v'ée g, J abéd pJ
T coefficients: Jacobi -> (abc)JT state LNt NiorNo Lo L N1s NsaNo Lo
M coefficients: Antisymmetry x My Néa,M N1y Nac
: : : !,/ ] : )
3BME in Jacobi basis X (N'i" Ji2 3T, NoLo; J|Van|NiJi2 3T, NoLo; J)
T—exc 9j Q’ ap, o
VE?'ZN h 8f2 Z Q2+M2 Q';+M2 XFJQT Tﬂ
2018~2020: E3max <=8 (~300Mb) FER7Ef = Gapl—desm + 20 - 4] + cacapnor - (6 X 1)

Calculation of TPE is complex

2021~2022: E3max <=14 (~67Gb)
Worked by Shuang Zhang in PKU

e add a J_cut of Jacobi basis
e some parallel on T and M

V27T exch Vlﬂ'—i-contact Vcontact

3 Jul 2022


https://arxiv.org/abs/1806.01573

Chiral 3NF

Contribution from 3NF

Hamiltonian with SNF

1 p? Di - Dj
Hint:(1_2)22m+2(%§yN_m—;)+.Z Vik a a b
) 1<J 1<jg<k
hi T ho ()
Contributions from three-body forces @O
A A
1. one body
. . 2 . . . a c d
(jallbsn|ja) = ) ﬁq(]hl]hg)hga]a]J|V3N|[(]hljhg)leaja]J>
s
2. two body A2 Normal ordering
J/
((Jage) 71263 | (Jeja)s) =D §<[(jajb)J,jh]J'\V3N\[(jcjd)J,jh]J/>

hJ'
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Chiral 3NF

Realistic Shell Model

A many-body Hamiltonian H defined in the full Hilbert space: SP Num: 230 (j-scheme)
p = 3542(m-scheme)

H=Ho+H =) (G+U)+) (V5" -U)+ >, Vi 8 23
i=1 i<j i<j<k C'3000 ~ 1.6X10°!
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Chiral 3NF

Realistic Shell Model

A many-body Hamiltonian H defined in the full Hilbert space: SP Num: 230 (j-scheme)

P = 3542(m-scheme)

H=Ho+Hi=) (G+U)+) (Vi" -U)+ > Vi

1=1 1<J 1<g<k

C80 ~ 1.6x10%° 1

Then, introducing a similarity transformation X :

3 Jul 2022

(PHP PHQ\ H=X"HX PHP | PHQ
QHP | QHQ I 0 | QHQ
\ ) anwr—o |\

Suzuki & Lee: X = ¥ with w = (QSP 8) '
H?Hwy:PHﬂ1+PH¢%E¢;ﬂfyﬁp+JnﬁQe_QHQwa”@»
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Chiral 3NF

Realistic Shell Model

A many-body Hamiltonian H defined in the full Hilbert space: SP Num: 230 (j-scheme)
p = 3542(m-scheme)

H=Ho+H =) (G+U)+) (V5" -U)+ >, Vi 8 23
i=1 i<j i<j<k C'3000 ~ 1.6X10°!

Then, introducing a similarity transformation X :
2 d H.; = PHP

/PHP PHQ\ H=X'HX /- PHQ\

QHP | QHQ I 0 | QHE

\ ) aur=o | /

0 0

: _ T i
Suzuki & Lee: X — % with w (pr O) '

1
HY (w) = PHLP + PH:Q

—qug*™” )

QH.P+ PH.Q

1
e— QHQ
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Chiral 3NF

Realistic Shell Model

This recursive equation for Hess may be solved using iterative techniques
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo ..

Ha=Q-@ [Q+@ [ofo-a [afa /Q

with Q-box vertex function:
A 1
= PH,P+ PH H,P
Q(e) 14+ 1Q€—QHQQ 1
For a many-body system, exact calculation of the Q-box is prohibitive,
then we perform a perturbative expansion:

L. Coraggio et al., Annals of Physics 327 (2012)
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Chiral 3NF

Realistic Shell Model

This recursive equation for Hess may be solved using iterative techniques
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo ..

Ha=Q-@ [Q+@ [ofo-a [afa /Q

with O-box vertex function:
R 1
— PH P+ PH H+ P
Q(G) 1 ‘|‘ 1Q€_®Q 1

For a many-body system, exact calculation of the Q-box is prohibitive,
then we perform a perturbative expansion:

L. Coraggio et al., Annals of Physics 327 (2012)
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Chiral 3NF

Realistic Shell Model

This recursive equation for Hess may be solved using iterative techniques
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo ..

Ha=Q-@ [Q+@ [ofo-a [afa /Q

with O-box vertex function:
R 1
— PH P+ PH H+ P
Q(G) 1 ‘|‘ 1Q€_®Q 1

For a many-body system, exact calculation of the Q-box is prohibitive,
then we perform a perturbative expansion: 1

€ - QHQ

— (QH.Q)"
B Z e — QHyQ) 1

L. Coraggio et al., Annals of Physics 327 (2012)
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Chiral 3NF

Realistic Shell Model

This recursive equation for Hess may be solved using iterative techniques
(Krenciglowa-Kuo, Lee-Suzuki, Extended Krenciglowa-Kuo ..

Ha=Q-@ [Q+@ [ofo-a [afa /Q

with Q-box vertex function:
N 1
= PH P+ PH H{P
Q(e) 15+ 1Q€ n @Q 1

For a many-body system, exact calculation of the Q-box is prohibitive,

then we perform a perturbative expansion: 1 (QH,Q)"
e — QHQ Z ERE@IEL Ot
j A J \‘ J ‘ a b b b a a b
T . . |1st- & 2nd-ordrder | | il l N N
T T T o | 1 T t ~h k |
L4 hd oL
/ 2 3 4 5
Two body K v Y ‘ : b
i ) (09 | | | A ’ J R
by One body | ] l g | [N | ‘
c . d ¢ . d ¢ . d ¢ 3 d

3rd-ordrder: 126 diagrams
L. Coraggio et al., Annals of Physics 327 (2012)
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Chiral 3NF

RSM for p-shell nuclel

Benchmark with NCSM . D = 228
Z=20 “N=50
Cp —
I=8_,
1 TN=28
P. Navratil, V. G. Gueorguiev, X =
J. P. Vary et al., PRL 99, 042501 (2007) N=5
e —

8L 8L ;! ®Be
3+ 3} 3 12 d—u 5 4
A s 3+ //_
< L — gt ’, & o

P P ~2F
> > > 5 8+

(3} 5] D Q
2 2 2 2

NN + 3N a ) - IF T S | =
4-2— -
ol 1 o} 2 ofF 2
RSM Exp NCSM RSM Exp NCSM RSM Exp NCSM 0 o*

RSM: T. Fukui, L. De Angelis, Y. Z.Ma et al., PRC 98, 044305 (2018)
NCSM.: J. P. Vary, P. Navratil, et al., PRC 87,014327 (2013); PRL 99, 042501 (2007)
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Chiral 3NF

RSM calculation for p-shell nucleli

B g
4 -
Benchmark with NCSM —, 1
3 =
/ \
\
g 2 - At III ,,_\\ \\ 9 //_\\
§ O+_////' \\\\— ﬁ 7/2- / ) . \\
— + q > /
NN potential only = F— — M4m0 ,i?_“\\\
of 3 / % 5/0——— :
Il \ i
1+. /I \\ // \\
1 RSM Exp NCSM 0 _1/2-__/ \
3/2 RSM Exp NCSM

NN + 3N

RSM: T. Fukui, L. De Angelis, Y. Z. Ma et al., PRC 98, 044305 (2018)
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RSM calculation for p-shell nucleli

Chiral 3NF

Benchmark with NCSM

NN potential only

NN + 3N

3 Jul 2022

B
/ \
9 / \
/ \
/ \
| —\
D 4 A
0___~
d + / \ B3
13 # \
/ \
+ / \
H 1 / \
\RSM Exp NCSM

RSM: T. Fukui, L. De Angelis, Y. Z. Ma et al., PRC 98, 044305 (2018)

E MeV)

7/2'_//

11

/ \

/ \
\
\

4 \

3/2° i )

5/0—

A /
12—

/ \

3/2 RSM

Exp
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O Utl i n e Continuum effects

Chiral 3NF

]

Chiral 3NF: origin, derivation, calculation & benchmark, implement (RSM or MBPT)

Continuum effect: Berggren basis, inclusion of 3NF, implement (GSM)
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O Utl i n e Continuum effects

Chiral 3NF

]

Chiral 3NF: origin, derivation, calculation & benchmark, implement (RSM or MBPT)

Continuum effect: Berggren basis, inclusion of 3NF, implement (GSM)
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Gamow-Berggren basis (one-body) Continuum effects

Z=const

E
Neutron number =——p

N Michel, W Nazarewicz, et al., J. Phys. G 36 (2009) 013101
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Gamow-Berggren basis (one-body) Continuum effects

Z=const

E
Neutron number =——p

N Michel, W Nazarewicz, et al., J. Phys. G 36 (2009) 013101

h - - - J
Closed quantum system Open quantum system

e scattering continuum

HO basis
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Gamow-Berggren basis (one-body) Continuum effects

d*u(k,r I(l+1 2m ]
% — [ ( 2 ) + 72 U(r) — k‘2]u(k’,7’) in complex-k space
h? k> n Different wavefunction behavior of:
e = =€, —i— )
2m " 2 bound, resonance, continuum states
o Ilm(k) 0.5 ) " = = 0s1/2 bound
g oal '/\ = 1p3/2 resonance
Zg@@@g{f o narrow resonance ' 1o\ —=-=:5p3/2 scattering
T e /I~ I
= 3 /K, k,
Neutron number —p - | >
g ¢ 7 Re(k)
=
N Michel, W Nazarewicz, et al., J. Phys. G 36 (2009) 013101 § ? K, .
Q. °
% ¢ decaying states
®
R | ®
@ &
| | Z.H.Sun et al., PLB 769 (2017) 227-232

h___d

Closed quantum system Open quantum system Z un (,r,)un (,r,/) _|_ / 'U;(kf, T)U(k, T/)dk' — 5(r . ,r/)
n LT T Berggren, Nucl. Phys. A109 (1968) 265

S T scattering continuum

HO basis
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Gamow-Berggren basis (one-body)

Continuum effects

Z=const

E
Neutron number =——p

N Michel, W Nazarewicz, et al., J. Phys. G 36 (2009) 013101

Closed quantum system

well bound

HO basis

G-

h - - - ‘
Open quantum system

<

scattering continuum

d?u(k,r) . [l(l +1)  2m

2 2 U () — k‘z]u(k, r) in complex-k space

Different wavefunction behavior of:
bound, resonance, continuum states

= = 0s1/2 bound

'/\ = 1p3/2 resonance
===-5p3/2 scattering

S9)e)s punoq
-}
Q
=
(@]
=
-
o
wn
(o]
2
O]
3
(9]
)

o
N
—y

o decaying states

QO
>
=
(o8
o
5
a ®
[
—_
Q
—_
[0}
()

Z.H.Sun et al., PLB 769 (2017) 227-232

Zun Yy (r') + /L+ u(k,

ru(k,r")dk = 6(r —r’)
T. Berggren, Nucl. Phys. A109 (1968) 265

Methods based on Berggren basis:

GSM: N. Michel, W. Nazarewicz, M. Ploszajczak, R. J. Liotta, ...
GSM with realistic force: Z.H. Sun, B.S. Hu, Y. Z. M, F. R. Xu...
no-core GSM: G. Papadimitriou, N. Michel, ...

Gamow CC: G. Hagen, D.J. Dean, M. Hjorth-densen, T. Papenbrock, ...

3 Jul 2022
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Effective Hamiltonian (many-body) Continuum effects
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Effective Hamiltonian (many-body) Continuum effects

1. Add 3N contribution to Hamiltonian
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Effective Hamiltonian (many-body) Continuum effects

1. Add 3N contribution to Hamiltonian

2. Transfer to Berggren basis

nnnnnnnnnnnnnnn (ab|Ved) = > " (ablaB)(aB|V|y8) (y8ed)

——————— a<fy<o

Saje]s punoqiue S$9]eJS puno

Z.H. Sunetal., PLB 769 (2017) 227-232
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Continuum effects

Effective Hamiltonian (many-body)

1. Add 3N contribution to Hamiltonian Model space

Continuum( gg /3 - -
1191/27 2291/2 i
(ab|Vl]ed) = (ablaB){(aB|V |[76)(vd|cd) .
%;;;; VAl /52
Ip3/2,2p3/2 - -

2. Transfer to Berggren basis
ds3 /2 channel

lds /o, 2d3/o - - -

frra--

Z.H. Sunetal., PLB 769 (2017) 227-232

3. Calculate Q-box folded diagrams
In complex-k space
0p1/2 -------

A 1
EF)=PVP+ PV VP

Bound 081/2 "-EmEmEm==

Example: neutron rich Oxygen isotopes

19
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Continuum effects

Effective Hamiltonian (many-body)

1. Add 3N contribution to Hamiltonian Model space

Continuum( gg/s - - -
1191/27 2291/2 i
(ab|Vl]ed) = (ablaB){(aB|V |[76)(vd|cd) .
%;;;; VAl /52
Ip3/2,2p3/2 - -

2. Transfer to Berggren basis
ds3 /2 channel

lds /o, 2d3/o - - -

h I 0ok

Z.H. Sunetal., PLB 769 (2017) 227-232

3. Calculate Q-box folded diagrams
In complex-k space
0]?1/2 C O N

. 1
FE)=PVP+ PV VP

4. Diagonalization in complex-k space by B°UNd [ 051/ s s == ===

Jacobi-Davidson method
(cooperation with Nicolas Michel) Example: neutron rich Oxygen isotopes

19

3 Jul 2022


https://arxiv.org/abs/1806.01573

Outline

Chiral 3NF
Weakly bound
nuclear systems

Chiral SNF: origin, derivation, calculation & benchmark, implement (RSM or MBPT)

Continuum effect: Berggren basis, inclusion of 3
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Outline

Chiral SNF p=

Weakly bound systems

Weakly bound
nuclear systems

Chiral SNF: origin, derivation, calculation & benchmark, implement (RSM or MBPT)

Continuum effect: Berggren basis, inclusion

Weakly bound nuclear system:
1.neutron rich Oxygen isotopes
2.Borromean "Ne

3.Mirror symmetry breaking partners (5 Rz =)
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1) neutron rich Oxygen isotopes

Weakly bound systems

NN: N3LO two-body forces

—10F ] 3N: N2LO three-body forces
=& Continuum CC: NN+3N(eff) [31] (CD='1 0 CE='0-34)
_15} % SM(HO): NN+3N [3] . ’
A -6~ GSM: NN+3N (this work)
—20t > SMWS): NN (this work) 1 San(MeV) NN NN+3N Expt.
—25} o ey : 240 | 9110 6924  6.925
xpt.
E -30¢ . : 250 | 6254 3259  3.453
W —35T - 260 3.362 | -0.648 -0.018
_40 o -
AO : . :
45} 1 * 3NF & Continuum is crucial to
reproduce Oxygen drip line, especially
—30r 7 for the ground state of 260.
1I8 1I9 2IO 2I1 2I2 2I3 2I4 2I5 2I6 2I7 2I8 * 3NF behaves repulsive effects
A
— N °

3NF effects increase rapidly

as the increasing of neutron number
NN + 3N: T. Otsuka et al., PRL 105, 032501 (2010) 9

NN + 3N(Effective) + Continuum: G. Hagen et al., PRL 108, 242501 (2012)
Y.Z.Ma, F. R. Xu et al.,, PLB 802 (2020) 135257
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1) neutron rich Oxygen isotopes

Weakly bound systems

Contributions from different components (2-1t, 1-t and contact term) of 3NF

—10F . $oe
=& Continuum CC: NN+3N(eff) [31]
—15 ~%- SM(HO): NN+3N [3] - SR
A So =&~ GSM: NN+3N (this work) F—
—20 SM(WS): NN (this work) | =« Besides long-range 2-t exchange
_o5 ':' gf;\t’[: NN (this work) i term,1-1t exchange & contact term also
< A have a significant contribution.
> —30f O i -
> A
— _35 { ¢ 2-mt exchange & contact term have
- —40} —— repulsive effects, while 1-t exchange
—40T-a2f ¢ Ii_ ] term has an attractive contribution.
—45 —44T i
~46T mon | * 1-t exchange + contact term has a
—50 48] T tact @ without 3N : small contribution.
. 2:4 I2.5 . 2.6 . . . . . . .
18 19 20 21 22 23 24 25 26 27 28 * 2-it exchange term increases faster
A than the other two terms with the

increasing of neutron number.
Y.Z.Ma, F. R. Xu et al., PLB 802 (2020) 135257
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

19Mg | 20Mg | 21Mg

“N=50

I TN=28
“N=20

Borromean Ring
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

3NF is essential for the
Borromean structure of 17Ne

19Mg | 20Mg | 21Mg

3_
. — 3= 1~
- — T 5/2— 0—
H=50 0.5 -" 1— 3/2_
~~ 3/2— E— 16F
> 5/2-
N=28 o L 0~
TN=20 2 OF------ — e —— -
N=8 e . 0- 16F
ey IGF
b
17
ﬁ -0.5 Ne
| 1/2—
e 1TNe
17N e 1/2—
T oNF ONF+3NF Expt.

. - ——
Borromean Ring

Y. Z.Ma, F. R. Xu et al., PLB 802 (2020) 135673
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

Continuum is more crucial for
the Halo structure of 17Ne

10-2 me GSM: 2NF+3NF+continuum 7
— == GSM: 2NF+continuum '
SM(WS): 2NF+3NF
10.3 : === SM(WS): 2NF 3
o .
E [ ].7
=107 F Ne
> C
()] -5 E "‘.
=5 10
) >
“‘ N\
15 /7 . 'S
10 6 E O \‘\
A3
\
-
10-7 1 1 1 I 1 1 1 s 1 1 1 1 N\ 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Borromean Ring
Y. Z. Ma, F. R. Xu et al., PLB 802 (2020) 135673
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

Continuum is more crucial for
the Halo structure of 17Ne

1072 ;\:\ e GSM: 2NF+3NF+continuum
e, T = == GSM: 2NF+continuum
- SM(WS): 2NF+3NF
1073 \ == SM(WS): 2NF
C?A : \“ \\\
- ' w0\ _‘ 17
= 10 F A W Ne
? : “"‘ \‘\ \~\~\
n \‘ . S
- ’ ~
O 10 S 3 ", \‘ \~\~
© ‘\‘ \\ \~\.
\\
15 * $
108 F O \\
5
S, Halo structure
\Q
10-7 1 1 1 1 1 1 1 ‘s 1 i 1 1 \ 1 1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
r (fm)

Borromean Ring
Y. Z. Ma, F. R. Xu et al., PLB 802 (2020) 135673
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

Continuum is more crucial for

Correlation densit
the Halo structure of 17Ne v

1
- Proton-Proton

me GSM: 2NF+3NF+continuum 7

= == GSM: 2NF+continuum :
SM(WS): 2NF+3NF

= ==SM(WS): 2NF E|

m’-\
- 17
= 107 IJe """"
> F
i et [
(7)) X >
= \
_5r

L " .
10-7 1 1 1 I 1 1 1 . 1 1 1 L S,
10 11 12 13 14 15

Borromean Ring

Y. Z. Ma, F. R. Xu et al., PLB 802 (2020) 135673
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2) Borromean '7"Ne (3NF & continuum)

Weakly bound systems

Continuum is more crucial for

Correlation densit
the Halo structure of 17Ne v

1
- Proton-Proton

m GSM: 2NF+3NF+continuum § ? ' A\ —— Proton-Neutron § .

= ==GSM: 2NF+continuum ' |
SM(WS): 2NF+3NF

= ==SM(WS): 2NF 3

(V)A 1 ) \‘ - .

- ' 17PI ' : \ N,
107 F € ir ...~ 1 £ N T
=> : 1 )

n X >

- \

-5
310 ] W\

Halo structure

L " .
10-7 1 1 1 I 1 1 1 . 1 1 1 L S,
10 11 12 13 14 15

Borromean Ring

Y. Z. Ma, F. R. Xu et al., PLB 802 (2020) 135673
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Summary (1-5): zhas
=20 j _N=SID

1. Success to derive & calculate 3N matrix element
from chiral NNLO

2. p-shell: test the reliability of our 3NF
3 4

Gamow Basis
(continuum effects)

RSM: 48Ca -> 56N CGSM: 180 -> 260

Challenge:

* Including high order contribution from 3N force.
* To adopt 3N force to heavier nuclei we need calculate 3N matrix element in a much larger model
space which means the demand of huge computation resource and highly optimized program.

3 Jul 2022


https://arxiv.org/abs/1806.01573

1515 |




