Three Baryon Interaction
in the Quark Cluster Model

— 3B Interaction from Determinant Interaction of Quarks as an example —
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Hyperon Puzzle (or Hyperon Crisis)

Demorest et al., Nature 467 (2010) 1081 (Oct.28, 2010).
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Proposed Solutions

s Hyperonic EOS cannot support massive NS (M ~2 M ).
Demorest et al. (2010), Antoniadis et al. (2013)

8 Proposed Solutions

@ Hyperonic Three-Body Force (or density dep. coupling)
Bednarek et al. ('12), Jiang et al. ("'12); Long et al. ('12); Yamamoto et al. ('14);
Lonardoni et al. ('15); Tsubakihara et al. ("13), T. Miyatsu et al. ('13), ...

@ Crossover Transition to Quark Matter
Bonanno et al.("12); Masuda et al. ("'13); Bejger et al.('16), ...

@ Modified Gravity
Astashenok et al. ('14)

# Three-nucleon interaction is known to be necessary.
How can we determine YNN (+YYN, YYY) potential ?
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Massive Neutron Stars with Hyperons
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Baryon-Baryon Force

s Long-range (r>2 fm): t exch.

400
i ~ . (b)
- Inter.medlate (r~11{m): 50 L (o)
multi w exch., boson exch., ... N TN(I=3/2) — — -
300 | LX(l=2) ------
D EX(1=3/2) oo
)

# Short range (r < 0.6 fm):
vector boson exch.,
Pomeron exch.,
quark exclusion + one gluon exch., 150 I\

, EE(I=1
250 £ \v

200 F

V(r) (MeV)

V.G. Neudachin, Yu.F. Smirnov, R. Tamagaki, 100 F
PTP 58 ('77) 1072; M. Oka, K. Yazaki,

PTP ('81)572.

50 + \
®, Pomeron;)-
quark, gluon,\:

-50

Quark model description o - —>

of 3B repulsion should be o 05 rﬁ%}n, Gyeee  ?
a promising approach !

Fujiwara, Suzuki, Nakamoto ('07)
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Three-Baryon force

What makes 3B repulsion at r ~ 0.5 fm ? NN
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Kobayashi-Maskawa-"t Hooft (KMT) interaction

# KMT interaction Kobayashi, Maskawa ('70), 't Hooft ('76)

L_gp (det®+h.c.), D =g (1—5)g

@ Determinant interaction in flavor for three quarks (SU(3))

@ Responsible for U(1) anomaly

n-n' mass diff. >
— g =—9.29 Hatsuda, Kunihiro ('94) VKMT /\

— 12.36 Rehberg, Klevanski, Hufner ('96)

@ KMT interaction should generate
2B and 3B interaction u
when hyperons are involved. d

@ Repulsive in AA system
— Pushes up H particle energy.
Takeuchi, Oka ('91)
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Repulsion in AA int.
Takeuchi, Oka ('91)

Kobayashi-Maskawa-"t Hooft (KMT) interaction

3B force
(AO, Kashiwa, Morita)

quark mass, vac. E.
(Hatsuda, Kunihiro)
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Does anomaly support massive NS ?

YUKAWA INSTITUTE FOR
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Quark Cluster model

s Totally anti-symmetrized wave function of baryons

W) = Alx12B1B2) B
B 2
U) = A|x123B1B283) W \‘&/
# Resonating Group Method B,

/dr’H(r,r’)X(r’) :E/dr’N(r,r’)X(r’) W

h2
gV () = B (Y = N
H(r,»")={(rB1By...|H|A(r'B1Bs...))
N(T‘, ’l"/) — <’I"BlBQ “e ‘A(T/B]_BQ .. )>

# When (wave length of y) >> (baryon size),

V(ir)>AK +(VA)/(A)
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Norm Kernel

s Antisymmetrizer makes the calculation complicated !

A =1 —9(P36 + P39 + FPsg) + 27(Ps69 + Ps396)
+54(Pas P39 + P35 Psg + P3s Pog)| Ap
(al) D [32] BC (a3) BX

— 216 Pa5 P33 Psg
4 Recent work C.-1 et i

A=) (-1)"P'p

P
Toki, Suzuki, Hecht ('82)
Nakamoto, Suzuki ("'16)
— Norm Kkernel

of 3 octet B

A

{b1) 10X {b2) 1QX+BC (b3) 1QX+BX (b4} 1QX+BXs {e} QC+OA

C,=-1/3 C.=-1/3 C.=1/3 Ce=113

(c1) 20X (c2) 2QX+BC (c3) 20X+BX {d1)Qc {d2) QC+BC (d3) QC+BX
C.= 18 C.= 19 C.= -1/ C.= 119 C.=1/8 C.=-1/9

A.Ohnishi @ QH, Nov. 11, 2016 12



Norm Kernel

8 Single baryon w.f. |va)=.4/v3!x cu./v3! x| Flavor )@ | Spin )@ | Spatial w.f.)]
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Norm Kernel

Baryon(s) N4 Ta T Tap(n=2.3)
NyAy N A 1 20/3  20/3 20/3
NiAy, N A 1 10/3  10/3 10/3
(AAN)s—o 1 18/3 18/3 18/3
(;M;M;M}{&leufl1;-_;3] J.D(}/tgl 0 0 0
neng A, prp A 25/27 | 350/27 14 12/3
napr A, nyp Ay 25/27 | 750/27 30 50/3
naprA,nyp Ay 25/27 | 250/27 10 10/3
nap A, nypr A 25/27 | 425/27 17 21/3
NAsA, 45/54 | 1035/54 23 21/3
1.4 s=n-1,22és,-4
AR is=0, -1 2 3 -4 -5, -6
=m0 ?I:Il'i i 3B
1 R — m—-mu: —
£ =4 - -
Not very small 5§08 .o R
< 0.6 Boob, s z s
04 1 11| b et T L
0.2 | = P o sna A £ D
0 - 4a 4 in i L
Channel

AO, Kashiwa, Morita ('16)

A.Ohnishi @ QH, Nov. 11, 2016 14



KMT matrix element

# Reduction of KMT interaction to 3 quark pot.

VkmT =~ — 29, / P eijpul (x)gi(z) d'(2)g;(2) s (2) g ()

Sy fi e, s kel c ..
- sz[:Li‘jh Z I;il'r T{j ! T_? 4’5[_11'.'{1 — '.I‘-L-*jjllffll['.l‘-ﬁ — by
{87}
# Flavor exchanging operator

n]i‘—l*if'-.]’I’ _ Z Ciik Tu i T:ij T'-: ke
{a.B8.7}
Ta=Wa| T [va) T =Ta/Ny

# Subtract the two-body part

Tap(un Ay) =T (nengds) — T (neds) —T(npA4)
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KMT matrix element
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KMT matrix element

Baryon(s) N4 Ta T |Tun=223)
(;Nrin"li'r}{ﬁ'eT]:(D?]_] -{1-_'-.]]' l(}/‘g D D []
NiAs, NA, 1 20/3  20/3 20/3
NiAy, N A 1 10/3  10/3 10/3 Big for np A
(AAN)s—o 1 18/3 18/3 18/3 —
(S=3/2)
(NNN)s1y=(1/2,1/2) 100/81 0 0 0
neng A, prp A 25/27  350/27 14 12/3
napr A, nyp Ay 25/27  750/27 30 50/3
naprA,nyp Ay 26/27  250/27 10 10/3
nap A, npprA 25/27  425/27 17 21/3
_"‘\'Ti"'iTﬂv 15//51 1[135/54 23 glfﬂ LO,| -1, -2, -3, -4, -5, | -
3B
90 [=0r 23] -
o g o
2151 7113
KMT matrix elements @ 10 | ] b -
I— E||:|:| |
strongly depend 5 g EPE .
on the channel 0 b_dehl
-5
Channel
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3B potential from KMT interaction

# 3q int. — 3B potential

V:I),(,];/[T:—ZQDTSB | *’iﬂ-’*fhﬁta (2)¢R, (T)oR_ (T)oR.(T)0R. (T)0R, (T)

KMT , 2v
Vap' ' (R1, Ra, R3) ~ViTap exp —?(Rm + R3; + R3y)

S > A=
T (V3mR)R | (V3mhRA2) 2.20 MeV (b = 0.5562 fm) .

—2q, —2g,A° {1.-—15 MeV (b=0.6 fm) ,
Parameters are taken from

Hatsuda, Kunihiro ('94), Rehberg, Klevanski, Hufner ('96),
Fujiwara, Suzuki, Nakamoto ('07), Oka, Yazaki ('81)
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3B potential from KMT interaction

KMT 3B Potential

60 . .
‘ i { (Il E:\:l;!_ [} fﬂ .‘.Z_:-:.:_:._:_-:._.-;_Z_-.j-.
T i np / ‘.’ 3 Ju" 5 T
E 40 ¢ LQCD (3N) ——
-
— 20 ¢
: A
EE 0 S — - ——
~ Linear config.
2011 . |  b=0.5562-0.6 fm
0 0.2 0.4 0.6 0.8 1

r (fm)

Lattice data: Doi et al. (HAL QCD) ('07)
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KMT-3B Contribution to A potential

KMT 3B cont. to A s.p.e.
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3B potential from KMT: Repulsive enough ?

KMT 3B Potential
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Summary

# Quark model three-baryon (3B) potential may be a promising
method to evaluate the 3B potential at short distances.

s Kobayashi-Maskawa-'t Hooft (KMT) interaction generates 3q
potential among u,d,s quarks, and generates 3B potential only
when hyperons are involved.

s Expectation value of the KMT interaction is evaluated in the
cases where 3B are located at the same spatial point.
Matrix elements strongly depend on the baryon trio.

s 3B potential from KMT interaction is obtained.

@ It is comparable in strength to the lattice 3N potential.

@ More repulsive in npA than in nnA
(Negative contribution to symmetry energy.)

s 3B pot. from KMT is not strong enough to solve the hyperon
puzzle, but contributes to hyperon suppression.
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Three-Baryon force

What makes 3B repulsion atr ~ 0.5 fm ?
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Confinement Potential — 3B Potential ?

chonf — Z 5ab05a’b’c’f(woz7w57 w’Y)
{a,8,7}

Takahashi, Suganuma, Nemoto, Matsufuru ('02)

:_:_,,;Y:T
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Thank you for your attention !

|
m™= m m  YUKAWA INSTITUTE FOR
Eo L ] THEORETICAL PHYSICS

A.Ohnishi @ QH, Nov. 11, 2016 25



Massive Neutron Stars with Hyperons

Tsubakihara, Harada, AO, arXiv:1402.0979
# Ruled-out EOS with hyperons = GM3

Glendenning & Moszkowski (1991)
s We did NOTHING special and find 2 Mg NS can be supported.

@ “Typical” RMF for nucl. matter
NL1, NL-SH, TM1

Reinhardt et al. ('86); Sharma, 3 NS mass J.mm A hg'mm: NL1
Nagarajan, Ring ('93); 15 | e D pre NLSH -
Sugahara, Toki ('94). . .
g ( . ) =3 v} —f%pgfﬁq _Red: TMI
@ ss mesons are introduced = o 00p
= 15 :
@ Hypernuclear data ; b
A, AA hypernuclei -1 p o 49
¥ atomic shifts 05 | npA o0 WS _
SU(3) relation to isoscalar 0 npAZ(AS fit) g
-vector couplings | | |
pinS 0 12 14 16 18

Radims (km)
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What is necessary to solve the massive NS puzzle ?

# There are many “model” solutions.
8 Ab initio calculation including three-baryon force (3BF)

@ Bare 2NF+Phen. 3NF(UIX, IL2-7) + many-body theory
(verified in light nuclei).

@ Chiral EFT 2NF+3NF) + many-body theory

@ Dirac-Bruckner-HF  -20f 1 i
LT P :__ - T2 = 4 .

(nO 3NF) 30 —0 — __:_ - 51 -é_; 7= ?: B
[ 4 e S, Wiy .z .

40+ Ll i 1 2- =0 = = = 52 _ 512 2+ =

C 32 T3 1 T . .

- T - 1% r - 3/ 7 e ]

5 'Li U= 73501 2R 5 ]

z °F ) OLi b= o A 0
= S 5 e I i W .
= 60F Argonne v —¢ —12- =0 L5 3
gﬁ R O 18 SB'E' ST ) r=_: >+ —]
i - . . . P o = -
2 o with Illinois-7 12 2 L]
= - — ) . 7
- GFMC Calculations 9Be 10Be y LI

-80F- B E

- — .

oof AVIg — ]
e AVIS __ T o]

- L7 Expt 0"

-100L 12¢_1

J. Carlson et al. ("'14)
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3BF including Hyperons

8 3BF incl. YNN, YYN and YYY
should exist and contribute to EOS.
Nishizaki, Takatsuka, Yamamoto ('02)

@ Chiral EFT, Multi-Pomeron exch.,

Quark Pauli, Lattice 3BF, SJ, ..
Kohno('10); Heidenbauer+('13);
Yamamoto+('14); Nakamoto, Suzuki;
Doi+(HALQCD,'12); Tamagaki('08); ...

@ Quant. MC study Lonardoni et al.('14)

AA scattering parameters

@ Quark Meson Coupling

Miyatsu et al.; Thomas (HHIQCD) 15 ?Jf;.';';.‘.:fa fr:"’-.j L reon |
3 ree A
@ AAN K. Movita, T. Furumoto, AO, :é:m ""'-.3._"--_ ;’“ :}
PRC91('15)024916 T ng 1
T 5 L’
LL {,-;{ga':.ra?}?) . T*'Er
‘ Caveat: Missing data I 0 =
5 4 -3 -2 1 0 1

1/ag (fm™)

ND

NF -

NSC89
NSC97
ESC08c
Ehime
fsg2

HKMYY
STAR
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Fitting “Ab initio” EOS via RMF

RMF EOS with Multi-Body Coupling

350 .
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o509 | RMF fit Yy
4
5‘200 - ﬁ E:l ._
E s /S S S
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Symmetry Energy

120 —
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Neutron Star Matter EOS

Neutron Star Matter EOS

P (MeV/fm')
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A. W. Steiner, M. Hempel,
T. Fischer,

ApJ 774 (2013) 17
(TMA+NSE w/ excl. vol.)
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NS matter in “ab initio”-fit + A

s A potential in nuclear matter at py ~-30 MeV

@ Scheme 1: Ux(p) = a Un( p)
@ Scheme 2: U,(p) = 2/3 Un=2x( p) + B Un>2x(p)

1400
1350 | Ua(Sch. 1) —

1300 | |JA(SCh 2)———
1250 | Hp -
1200
1150 7

1100 ~==. ___— ===
1050 | T 1
1000 | et 1
o00 [ ~_ APRHit’

0010203040506§?08
Baryon Density (fm ™)

I-l'n I Uﬁh (MEV)
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M-R curve of Neutron Stars

APR-fit —
2 DBE;-I“ - A ﬁ:; PSR J1614-2230
- It - 3
: PSR J1903+0327
- +Y = *
a . " PSRB1913+16
v -
= &
- g -
E 1 & :ﬁ’
:;v <&
Simply Parametrized EOS
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0
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