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https://www.kyushu-u.ac.jp/ja/researches/view/1123
https://news.mynavi.jp/techplus/article/20240726-2993366/
https://phys.org/news/2025-01-overlooked-nuclear-stable-reveals.html

2-nucleon force

Target

3-nucleon force

Mechanism?
How strong? How contributes?

Rank 3

Rank 2

(tensor)

Rank 1

(vector)

Rank O

(scalar)

Main finding

Our finding:
Dominant in SO splitting

Fukui +, PLB 855, 138839 (2024)
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Fundamentals of 3NF

d + p scattering

E=250 MeV

] .
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E=250 MeV
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Witala +, PRC 105, 054004 (2022)
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Many-body (my interest)
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Major playground of 3NF

Nuclear matter saturation
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Sammarruca & Millerson, Front. Phys. 7, 00213 (2019)



Our question | INF & shell-structure manifestation

How 3NF contributes to
shell-structure manifestation”? e



Shell structure | Pedagogical review

Nuclear shell structure

Magic numbers

O Stable nuclei: 2, 8, 20, 28, 50, 82, 126, ...
O Waiting points in nucleosynthesis

Phenomenologically explained
by jj-coupling shell model

O One-body spin-orbit potential

The Colourful Nuclide Chart

O I OO
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i
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nobelprize.org/prizes/physics/1963
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https://people.physics.anu.edu.au/~ecs103/chart-beta/
https://www.nobelprize.org/prizes/physics/1963/summary/

Spin-orbit splitting
= Emergence of energy gap between spin-orbit partners of single-particle levels

% :j(j +1) =40+ 1) — Z (Vso)

{§<Vso> (J'=€+1}2)

(Vso(£-s))

L (Vso) (j=€-1/2)

(—1/2 A .

Energy loss

Viso : 1-body spin-orbit pot.
(attractive)

— Originates from nuclear force

Energy gain




Courtesy: Tomohiro Uesaka (RIKEN)  vooremesiaocoo

Scheerbaum, Nucl. Phys. A 257 (1976) 77.

Ando and Bando, Prog. Theor. Phys. 66 (1981) 227.
Pieper and Pandharipande, Phys. Rev. Lett. 70 (1993) 2541.

3N force

“Spin-orbit coupling in heavy nuclei”
Fujita and Miyazawa, PTP 17 (1957) 366.

Tensor force

Wigner & Feingold, PR 79 (1950) 221.
Terasawa, PTP 23 (1960) 87.
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NN LS interaction
o and ® exchange

isoscaler in nature

"“\\q cf. Fujita & Miyazawa, PTP 17, 366 (1957)
“01 o© d Microscopic origin Andd & Bando, PTP 66, 227 (1981)
e(s\ — Par’ucularly SNF Kohno, PRC 86, 061301(R) (2012)


https://agenda.infn.it/event/8712/contributions/74980/attachments/54587/64382/ExoticNuclei-Uesaka.pdf

“the circle of history is closing”

Yukawa:
Machleidt & Entem, PR 503, 1 (2011) Meson the ory
1935
EFT . .
1990’s and beyond 1950’s

1-boson exchange

1980’s 1960’s

Diverse 2-pion
exchange

1970’s



Chiral EFT

3N Force 4N Force

2N Force
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O Hierarchical structure

O Realistic force (y* ~ 1)
O Consistent many-body forces

Weinberg, PA 96, 327 (1979)
Epelbaum +, RMP 81, 1773 (2009)
Machleidt & Entem, PR 503, 1 (2011)
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Chiral EFT

2N Force 3N Force 4N Force

LO
eny X

O Hierarchical structure

O Realistic force (y> ~ 1)

O Consistent many-body forces

Weinberg, PA 96, 327 (1979)
Epelbaum +, RMP 81, 1773 (2009)
Machleidt & Entem, PR 503, 1 (2011)
Entem +, PRC 96, 024004 (2017)

Future

Lattice QCD

Ishii +, PRL 99, 022001 (2007)

Only a few parameters,
but low precision currently



Effective Single-Particle Energy (MeV)

3NF & SO splitting | Shell-model studies

e.g.) Oxygen isotopes

w/0 3NF w/ 3NF

14 16
N

Ma +, PLB 802, 135257 (2020)

Similar results

B p-shell nuclel
Fukui +, PRC 98, 044305 (2018)

B Oxygen isotopes
Otsuka +, PRL 105, 032501 (2010)

B pf-shell nuclei
Holt +, JPG 39 085111 (2012)
Ma +, PRC 100, 034324 (2019)

3NF enhances
the SO splitting

13



Our approach:
Irreducible-tensor decomposition of chiral SNF

3NF enhances
the SO splitting



Theoretical framework



Rank A\

Studied less

Rank 3

Studied well Rank 2 \
(tensor) 5

Rank 1
(vector)

Rank O
(central) k = i aNF ANF

17 (long range)
o Many-nucleon force
O 2 (Mid range)

O (short range)



Rank 3

Rank 2

(tensor)

Rank 1

(vector)

Rank O

(central)

Fukui +, PLB 855, 138839 (2024)



Fukui +, PLB 855, 138839 (2024)

Rank 3

Rank 2

(tensor)

Our finding:
Dominant in SO splitting
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Rank 1
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2). Rank 2 (tensor)

Generalized tensor operator

Tia(@:d) =5 [(01@) (02-4) + (02-@) (01 @)] ~ (04 02) (@)

T12(q,q) = S12(q) Fujiwara +, PTP 97, 587 (1997)

Fukui +, PLB 855, 138839 (2024)




Entem +, PRC 96, 024004 (2017)

Realistic Hamiltonian

2N Force ~ 3N Force

Lo §
H = Hig + Hop + H3p QA" §
QN § {14
Single-particle  Chiral 2NF  Chiral 3NF g 1
energy at N3LO at N2LO o §
+ Coulomb @/ §

. |
N'LO §
(Q/Ax)4 L :
b I - \

Realistic shell model

Eff. Hamiltonian H g

Eigenvalues

Eigenvectors

(Hog + Hsp)

Many-body
perturbation theory

Coraggio +, AP 327, 2125 (2012)

Diagonalization



Shell model | Effective Hamiltonian .

Entem +, PRC 96, 024004 (2017)

Realistic Hamiltonian

2N Forc
LO ‘ -‘- S e 2 aas g e oo .

H = Hip + Hzp @m0 §

\ \ NLO ’
(Q/A)" § IR

Single-particle  Chiral 2NF § ool

energy at N3LO . 7

+ Coulomb ___ @/ §

| 3N Force

|

| ¢J12 N%LO g VL AN
b/ CISE NI
b : 1+ '

at b \  c

Normal-ordering approx. ™ r N AN

g —o—

o

g AN A
Excluded

> @
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—O0-0—

0 contractions

3 contractions | 2 contractions | |

1 contraction
(core state) NE——



Results



Shell-model results l Spectra of BN and 13C

F.. (MeV)

6.0
5.0
4.0
3.0
2.0
1.0
0.0

No 3BNF A =0

(a) 13N

|w|oo
|

DO [

Exp

DO QO
|

DO [ —

No 3NF A =0

2 3/2~ energies: Enhanced by noncentral 3NF

2 Rank-1: Dominant contribution

(b) 13@

2 Experimental 3/27: Not perfectly consistent w/ calc.

Iwm
|

DD [ —

Exp

23

3x N3LO 2NF
Entem & Machleidt, PRC 68, 041001(R) (2003)

x N2LO 3NF

Navratil +, PRL 99, 042501 (2007)

955 Numerical detall
Fukui +, PLB 855, 138839 (2024)

Ajzenberg-Selove (ENSDF), NPA 523, 1 (1991)



Fukui +, PLB 855, 138839 (2024)

L

10.0+ (a) Proton SPE T (b) Neutron SP:

6.0L Opl/%/ T 1 0]?1/2/,/T/ |
4.8 4.9
_ o 45 | | 5.3 54 -

5.1
20L Opz/2 Y Y Y

0193/2
No3NF A=0 A=0,1 A=02 A=0-3 No3NF A=0 A=0,1 A=02 A=0-3

0.0L 1 )

e; (MeV)
=

2 ~40—60% increase by whole 3NF

2 Rnak-1: > 90% contribution



Shell-model results | Effective single-particle energies

Evolution of ESPEs (N = Z nuclei)

12.0

10.0

e (MeV)
@)
-

A
-

0.0

25

Fukui +, PLB 855, 138839 (2024)

| @ No3NF o \A=0

A=02 —a— \N=0-3

- =01

(a) Proton

T

O

1+ (b) Neutron

0P/

0p3/o

—
il

)

‘He

*Be

12C

Whole 3NF: ~Doubling SO splitting (12C)

‘He

Consistent

*Be

12@

(Urbana-VIl 3NF)

Pieper & Pandharipande

15N-SO splitting: Half from 3NF

Pieper & Pandharipande, PRL 70, 2541 (1993)
Schiavilla +, NPA 449, 219 (1986)



Shell-model results | Effective single-particle energies
Evolution of ESPEs (N = Z nuclei)

26

Fukui +, PLB 855, 138839 (2024)

12.0 | | | |
| @ No3NF -6 A=0 - A=0,1 (b) Neutron
10.0F A=0-2 -a \A=0-3 hln ]
_ \ N/
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= - 1l
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;i 6.0 1L )
' A 1L B
40 i :// - 1 —
i 1 0p1/2 i
2.0k 1L | i
i 0p3/0 1
OO | | | | | | N\
4He 8Be 12C 4He 8Be 12@ /3/
2 Whole 3NF: ~Doubling SO splitting (12C) Pieper & Pandharipande
Consistent 15N-SO splitting: Half from 3NF

2 Rnak-1: ~75% contribution (8Be, 120)

4 ~20% contribution (8Be, 12C)

(Urbana-VIl 3NF)

Pieper & Pandharipande, PRL 70, 2541 (1993)
Schiavilla +, NPA 449, 219 (1986)



Rank 3

a1s0 for S Rank 2

(tensor)

Our finding:
Dominant in SO splitting

Rank T

(vector)

Rank O

(scalar)

| | | l>< >1<
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T ct
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n—N LECs:
Well constrained
by Roy-Steiner equation analysis

Hoferichter +, PRL 115, 192301 (2015)

Our conclusions:
Probably independent of contact LECs

Rank 3

Rank 2

(tensor)

Rank T

(vector)

Rank O

(scalar)

Our finding:
Dominant in SO splitting




A-full-chiral 3NFs

Lower-order contribution

Additional in A-full

Good approx. of chiral 3NF

b Mg isotopes

Fujita-Miyazawa B Fujita-Miyazawa (present case)
e ARSI mm Gazit et al.

B Hebeler et al.

BN Hebeler et al.-0.5N

16 18 20 22 24 26 28
Neutron Number

Fujita & Miyazawa, PTP 17, 360 (1957)

_|_
Machleidt & Entem, PR 503, 1 (2011) Tsunoda +, Nature 587, 66 (2020)

30 32



Spin-orbit splitting and 3NF | Mechanism
One-body SO potential from rank-1 SNF

2
(c3;A=1) gaC3 1
v T = > (ri-T)) (oi xo;)-(a; xq;) (g, - q;)

Andd & Bando, PTP 66, 227 (1981)

Mie(a) =< da|Bpo(¥)(1/7)(do(7)/dr)l-Cldad

One-body SO potential from rank-1 3NF

Ando & Bando

Rank-1 3NF solely
(Fujita— Miyazawa 3NF/Tucson—Melbourne 3NF)

Fujita & Miyazawa, PTP 17, 360 (1957)
Coon, NPA 317, 242 (1979)

30



Rank-1 3NF
and
Its antisymmetric property



2
(csA=1) _ JAC3 . 1 o) -(a.xa)(a - a
USN o Sf# Z;k (TZ T]) (qz2 _I_ m%) (qJQ _I_ m%—) (0.7/ X GJ) (qz X qg) (qz q])

Antisymmetric-SO 3NF!

Spin-singlet NN Spin-triplet NN
Mixing

S,

3 2n correlation?

3 Entanglement/disentanglement?



2
(cd=1) _ JACS N~ (o 1 o) -(a xa)(a -a.
W 2 T e (g ) @) e d) (a0 4))

Antisymmetric-SO 3NF!

Dzyaloshinsky, JPCS 4, 241 (1958)

Analogy Moriya, PRL 4, 228 (1960)
Spin canting of magnetic ions by Moriya, PR 120, 91 (1960)
Dzyaloshinsky— Moriya interaction
00—y
Maximally attractive 50 | Classical limit

Heisenberg —Js1 - 82 DM —D - (81 X 89)

or




Chiral EFT + Shell model

Main finding Future

Rank 3

Rank 2

(tensor)

§g< Heavier nuclei:
Rank 1 Our finding: Rank-2 3NF becomes relevant?

(vector) Dominant in SO splitting

Rank O .
soalar 3 2n correlation, entanglement,

and 3NF




Ongoing projects, future perspective,
and daydream



Ongoing researches supported by ERATo

ASO 3NF within Skyrme DFT

3%

New term

v(ry, T2, m3) = Wi (01 x 02) - (V] + V1) x (V3 + Vy)]
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Beyond 3N¥F...

Orthrus (2 flavors)

Cerberus (3 flavors)
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Beyond 3NF... | SU@) chiral 3-baryon force

PHYSICAL REVIEW C 93, 014001 (2016)

Leading three-baryon forces from SU(3) chiral effective field theory

Stefan Petschauer,!>” Norbert Kaiser,! Johann Haidenbauer,” UlIf-G. MeiBner,>> and Wolfram Weise"*
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