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2R NITBENEIERENARKIICEASND,

INFETHDIRANEETATRRAAIFE (1970 FRD Skyrme D KIGEE
KEAENEEEREREMICITELLIEN, )

KN DINGA—EF—TREDIERN + SEKNDEBETENLIK A (KEE
EHITRAETH)
RFZOERNEEIBTRINDS
faFE (=R E D EIFIEER) : B.E., incompressibility, momentum-
dependence of s.p. potential isoscalar EO, E2 GR
— R FHa18 - 78 1E D BAL ( spin-orbit 73)
{5, neutron (proton) drip line MEIF (240) [ZH T4 tensor D% E
WD ab initio BZFEEFZE ( CCM, no-core shell model, Monte-

Carlo, ...) TI& ChEfrT IZEDRTUUYILAZEMIZHWLWG NS

AV18, CD-Bonn, Nijmegen Z M modern NN potential [Z{X1 5 FTLLY
HA DK DEER




¥ H ik & (R. Machleidt, Phys. Rep. 503, 1 (2011) [Z#E1 )

1935
1950’s

1960’s

1970’s

1980’s

1990’s
2000’s

iz )| P i@
pion exchange potential PT.P. Suppl. 3 (1956)
Fujita-Miyazawa (1957), Hamada-Johnston (1962)

One-Boson-Exchange-Potential (OBEP) PT.P. Suppl. 39 (1967)
Reid potential (1968)

SEIFL OBEP &£ HY StonyBrook, Paris,
[QCD D HEIL] Bonn, Nijmegen
QCD-inspired quark models Oka-Yazaki (1981)

Faessler et al. (1983)
modern NN potentials (EfgE): AV18, CD-Bonn, Nijmegen
Effective Field Theory of QCD (chiral symmetry) Weinberg (1979)
ChEFT M ¥E%1E NLO, N2LO, N3LO, ... V... » SRG DFE

= ChEFTZRAW:EFREOE1REMER, SR TDFENDE=H
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(QCD D) AAZILFMEZE = —MRRIES T S OT oMb H
L T. power counting IC&AHIEFRA (BT RILX—FZNER)
RTv)LDREE (pion DiEHE. HABULVE Feynman diagram 51 &)
e EBIIEEL T —2— (GE) MLIRE
E. Epelbaum, H.-W. Hammer and U.-G. Meissner, Rev. Mod. Phys.81 1773 (2009)
R. Machleid and D.R. Entem, Phys. Rep. 503,1 (2011)

INDAEEL - RABIRRE ZEEI TR ALY Lippmann-Schwinger eq.
Feynman diagram D FEFIDYZH &L LS eq. D regularization

LS eq. @ regulator function f(A) = exp(—(p’4 +p*)/A*)
cutoff scale A = 400 — 600 MeV

NLO # 1A 7% . (m, K, n exchange in SU(3) )
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symmetric nuclear matter E/A [MeV]

LOBT calculations with NN+”3NF” of ChEFT

Calculated saturation curves with three choices of cutoff A.

Results of cp = 0and ¢z = 0.
Pauli effects are sizable.
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Bonn-Julich N°LO

A=600 MeV
— A=550 MeV
—— A=450 MeV

Cp=C=0

w/o 3NF

with 3NF]

o
o)

symmetric nuclear matter E/A [MeV]

Tune ¢p and cg.

Cp

O [ T

- Bonn-Julich N’LO K :
- A=600 MeV // |
-5 —— A=550 MeV / .
- —— A=450 MeV // 1
_10_ :
: v\\ // _
- . K=193 Me\H
-15} : .
—201 w/o 3NF
_25 1 | 1 1 1 1 1 1 |

0.8 1 1.2 1.4 1.6



BT IE

EoS of neutron matter: basic to theoretical studies of neutron star.
EoS of APR, including phenomenological 3NFs, has been standard.
Necessity of the repulsive contributions from 3NF.

- " APR. A18'+U|x*;-,~_'_%/_ Depender\ce on o.liffer.ent two-

2 ‘0l APR, A18+8v+UF|;< = 7 body NN interactions is small,

< CheEFT S 7 because of the absence of

L; With Vi) ,fjf"“‘,«/ | tensor effects in the 3E state.

o A (MeV) /V _ The contribution of ChEFT 3NFs

}j ool === 550 7 /f":?/ | (no cp and cg terms) is similar

S 2oy to the standard

S phenomenological one by APR.

2 , ChEFT is not applicable to
00, — 0 o3 the high-density region of

o [fm™] p > 2pp.

APR: Akmal, Pandharipande, and Ravenhall, PRC58, 1804 (1998)
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Lowest order:

g5 E R

[Z&5 YN B H {E]

N N N N N N

Polinder et al., Nucl. Phys. A779, 244 (2006)

/\05)(_9_[; fNNn = % & a=—— j:DJ:U\

F+D

5ONEIRILX—FEH

AA
ClSO' CSSl' ClSO' CSSl' CSSl

Next-to-Leading order

Haidenbauer et al., Nucl. Phys. A915, 24 (2013)

Leading three-baryon forces

Petschauer et al., Phys. Rev. C93, 014001 (2016)




G-matrix calculations only with ChEFT two-body YN

%9 . ChEFTNLO D2{A YN HEMERDAZRALT. A DEMERN
s.p. potential M G 1THIETEZ TN HEERDHFEZRAND
cutoff scale 400~600 MeV (X HF TRA T . BN2AEREZZEE T 5
WNELHD BE DEIEXR Brueckner iR TR
WRDRTUOV IR EILERL S, ChEFTRTUOvIL D
AN-IN 5B (2&K D5 AMIEREITEL
NAROVDEFRD CSB DA%
S% EfEEI T, As.p. potential HVELLESELY

RIZ. ANN 3IENZEZMET2KIEL G 1THERICRYANS

SIENDRF AL, 2N T HHEEZNR (Pauli blocking) EL TD IR
ERZERED

BFDIZE LRk, 5% EHEBTHROVFS
Contact terms MoDE| AT EIZKY . FAET



U, and Uy in SNM [MeV]

A s.p. potential [MeV]

STIMZE B D A and I s.p. potential D G {THIETE

100 T T T T T T 100 .-...,....l T T T T T
: ] ~Z T 1 AN-2ZN coupling @
| | ."‘ ~....... 1 ——
| Wlthout AN EN i l;! _,....------1.\. ....... ".‘ - LI %5-
o without AN-2N :
. coupling e {2 coupling . N\ potential D5\ A
i = i — . e
500 /| % s %0 [Z1& coupling 1R
______________ 0 NEE
=) ¥5(Z ChEFT IZk5
o =
. 5 4 | =Dk TlX3&L
< NG
including 3BF =) including 3BF NNLO tensor A\
-1 -1 .
ke=1.35 fm ' - ke=1.60 fm coupling 5865 ?
0 4 . 6 0 4 . 6
k [fm ] k [fm "]
T T T T T 100 100 T T
symmetric nuclear matter - " without AN-ZN
oF k'=1.35fm" T T == - - coupling
- L without AN-ZN . L
without AN-XN 7 >" | coupling ) > i
- COUp“ng —)‘,/ g 50_ ......... % 50_
7 = 9ovr N e = I
20 | z | s
e 2 7
- no Pauli 7 EN i EN
exclusion -3 . - ok= -] 0
a0k % with AN-ZN coupling 'cgs - % I
P < 4 :)< 4
________ TG > Nijmegen NSC97 | Nijmegen NSC97 |
ke=1.35 fm | ke=1.60 fm = -
~60-—— - -50 S -50 T
0 2 4 1. 6 0 2 4 1. 6 0 2 4 -1. 6
k [fm ] k [fm™] k [fm ]



3R HDZEFESE: 2-pion exchange ANN interaction

5 4 6

21 X ANN 34K 73 VAN N| Alk’ N
2
9a (03 q63)(02 " q52)
—= (1° T —AmZ + Bqgs -
315 (72" 72) (qés + m2)(qz, + m%){ T3 " ds2) g T
Petschauer MEL{M{E: A =0, B = —3.0GeV~!

NI Alk N

XTI E TOD2{K1k 2 1 3

(k'ay,’, —k’a’r’|VAN(N) |kaA, —kot)

- Z (kIO_II\’ —k,O',T,; khr Op, Th|VAN(N)|kO-A’ —kO'T, kh, Oh, Th)A

kn.onth Ak’ N
2 EA{KTE central, LS, ALS A%, tensor B [ZIR ALY T
2R NIIZBIIZIE, HEHEF - £8#T5 Pz |h

(hEFHETOFLSEHNED ;) Ak N

Pauli blocking 21 7D &HFETHY . R84
oy RBEZEITLN., 2K HIZIA G 1THIEHE
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Petschauer et al., “Leading three-baryon force from SU(3) chiral
effective filed theory”, Phys. Rev. C93, 014001 (2016)

2-pion ZHA(ZKSH ANN KA (a) 7. BMME T2/K1E (c,d,e) LT
(normal ordering) . Z¥EH D A s.p. potential ~N\DHFES5ZF5TEH

Pauli blocking 247 M (c) Y. free space THDE| HHIFESZEHNHI (L=
M>TRKRA)

A(E) IN 5| N N  A[(s) N| s N| s N
n .. b h.
..... md.m . O HE SO O
"""""""" Tt TT T
Tt
A\ N 2 N N A\ N 2 N 2 N




ANN- NN coupling DB h2/K 71k

N 2 N 2 N N 2 N 2 N 2 N
n h
........ h
...... T.e..T. SELLINS G L ¢ h Q SRR $
........... T I
It
N Al N Al N N A N Al N A N
(a) (b) (c) (d) (e)
“%FDEHEE

(c) DEHEE [ tensor A 53 % enhance
(d) & (e) DFEIX. [FZFvotIL

KX ETOTSLFVIDERE
FliEst&ETIX. F5IEXTNITEXREAN



2-11 3ZH2 ANN F10) A s.p. potential ~NDEF 5 (Born IE)

80 ||||||||| | L L | L L
NLO Ch-EFT 2-r exchange
ANN Born contribution
to A s.p. energy
60_ 3b0+bD:O -1
i~ 2b,+3b,=-3.0 GeV
> NI N
@) N,=0.01 fm“MeV .
S /
=) /
o 40r /
5 y
4
<*  pure neutron matte/v
< 2n—exchange P
oot —(1n—exchange e
7
k—dependence 7
is very weak.
O T = e sl A TN TN N N T T N N T T I T T TR T T T N |
0 1 2

p/py [Py=0.166 fm ]

3

2
9a (03" q43)(02 " q55)
VANN — == (7, - 13)
e 3fo4 23 (qgg + m%)(‘l%g +mz)
X {=(3by + bp)mz + (2by + 3b4)qe3 * G52}

1
AUA(kp) =5 (kAkzk3|V7{\1%N|kAk2k3>A
2,3
2 k 2
gs 1 fF , , 64m 5
= k- —
3pieme ), 7473 (kr—q)
4q°
X (2kp +q)

(49% + mz)?
X {_(Bbo + bD)m%- + (sz + 3b4)q2 }

BFDIHE . contact termsD/NTA—R—% 5| ARIIZERE T NIL. ZFDEaF]

MHZIFITBIRIT HEMEENTL

nad

AL O R A3 —THEHRIZ, contact terms 5| ARIIZT BT EIZKY 2-1
RHANN HDOFHZEBHLHEMNEFELLY



8soO——m— 7
NLO Ch- EFT T exchange ANN
- contribution to A s.p. energy
3byt+bp=0
60f 2b2+3b4 —3 0 GeV
N;=0.01 fm ’MeV™"
40¢
- 2m—exchange
G—matrix calculation
20¢
k—dependence 7
is very weak.
O ||||||||||||||||| [T T T T T T B B
0 1 2

GITHETEIZ LD 2-n XL ANN HDEFE

p/py [Py=0.166 fm ]

JANN _ ( ) (03 q63)(02 * q57)
rPE 3fo 27t (qgg + m%)(‘l%3 +mz)
X {=(3bgy + bp)mz + (2b; + 3b4)qe3 " q52}

JANN _ 1 (02°9qs2)
o 2f (a3 +mp)
X {N103 * qs52 + Nyi(01 X 03) - 45}

G T ARKICKLEEZIYANSZEIZKY . SERANBRDOF I DHERE

Ik !

contact term M5 NHFEZTIMYANL L ZEZFELUTTIISAKANDT EE
INELY (contact term DFEE E T natural size)



A potential energy in symmetric NM [MeV]

NDIRTIvILDRS (FES) DEEIREFHR

T T T T I T T T T T LIPS T T 10 T T T T I T T T T T T T T T
—— with A-Z coupling /7 > —_ 2BF+3BF
f———w/0 A-X coupling s = e 2BF only " e
5ol Ch-EFT (NLO) s/ S | s
s =z O LA I
7 = A A S e
7/ o 3 3 1 3
7 total g P, °P, 'P, Test °p,
. =
7 &
//’ 3P1 3Po 1F’1 rest 3|:’2 £
NEENENE -
0 f————— 2
L 1 e
________ SO g
’\ ______________ E ~
I 's S _30 T
0 =30 Tt .
total o e ChEFT (NLO)
1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1
0.5 1 15 2 0.5 1 15 2
0/po [pe=0.166 fm ] p/po [pe=0.166 fm ]

\3

ChEFT O A potential A& % E TELGHRERA L 35, DHFESDEEKRF
SHIZ.3EAD p R EEBZETORNEL-6T



NDRTULYIVDFRSDEERFME: NSC ED HER

A potential energy in symmetric NM [MeV]

T T T T I T T T T T LIPS T T T T T T I T T T T T T T T T I ¥ T id
—— with A—Z coupling /7 251 solid: with A—X coupling ///l .
"———w/o A-X coupling y; | dash: w/o A-X coupling “total -
5oL Ch—EFT (NLO) il . NSC97 Pl
e
/
Ve
7 total
7’
”
//
/// 3|:>1 3|:>0 1|:>1 rest 3p2

A potential energy in symmetric NM [MeV]

=25
L 180
total
1 1 1 1 | 1 1 1 1 1 1 1 1 1 —_ 1 1 1 1 | 1 1 1 1 1 1 1 1 1 | 1 1 1
0.5 1 1.5 2 58.5 1 1.5 2
0/po [po=0.166 fm ] p/py [0,=0.166 fm ]

ChEFT & NSCO97F MER R DEFE (L. EERIZLITLNS
¥ : NSCO7f Tl : DARTUI¥ILIEE 184
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A naive condition for the A hyperon to appear in pure neutron matter.

h
Up(0) < o=

2

n

[MeV]

O_
_50_
=100

-150r

[ U(0)

—2r
=

~. p%&kﬁong
¥+€.9., fss™~-_,
or Jutich04 =

use Uy (kg ) of
NLO Ch-EFT

by 4 a;ssume Un(kF")=E):

P/po

X kg * + +Up(kg,)

NLO YN RTUIvILAEZ 5 As.p.
potential X
U,(0) = —25~ — 30 MeV
ChEFT TIX 2K A 1Zxt9 %pion
RELANILTHOEE R (Pauli
blocking) M3AKHELTEES
nd
NETHOIRAIIRR A
31K 12L& S ANN-ZNN coupling
[XFRFZEY AN TULIVELY

2
Up(0) & —— X kg, ” + +Un(kp,) [&.

NLO ChEFT Tl cross LZE0Y
hyperon puzzle DE LA UNATBES

GE: MM EDRRERAVRIEEE)
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NAZIVENGERICEKYINTA—FIEEINDHANL DR A EH52—D NLO #H
H {EF (Bonn-Julich-Munchen) D 4% . &KX Brueckner G {13t EZ 1T
T BEPMEFDONARAVKRT OOV ILERDDZEICIYBR
WRDRTU OV IIVRR E SR HHHE
AN-3N $EE M IEE(Z5RLY
S EERYE TD As.p. potential [, FREDALY
ANN SANZRME T2AMELEFEZRET: B FDIGZE LRk, & Z KB
TRUL\VF A SR EXFBETO As.p. potential BAEB(ZELES
Hyperon puzzle Z Bl CTE 5 RIRETE
SED(ZLD)FHE
ChEFT higher-order diagram D& &
BETEHDLRERZNKTD  FHLLINAN—EZERT—I—DDLE
ANN-2ZNN coupling DZIRZEY AN (Efgdh. LOFBERITEMERMICEDHLLELY)
NAIR—RBELUVEHEFEMEDERIRAD ChEFT RTU v )LD EIKHE A



