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Once the nucleon-nucleon potential (NN potential)
is obtained, various features of nucleus can be studied
via the Schrodinger equation.

T R

high density hyper nucleus,
equation of state nuclear matter exotic nucleus

—> neutron stars
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Recentlyaimethodlis!proposedito
extractithe]NN'potentialifrom!Lattice/ QCD!

. 600 ¢ 100 e
Their method reproduced the short range part o} ' o I ]
_ o ol ° OPEP —— |
of the NN potential ,"repulsive core”. g e t
;6 200 %
The region nucleons are overlapped., ) & ) ; -
Study from the QCD is needed. ‘ 8 00 05 10 15 20

N 05 10 15 20
This approach has following advantages: G i

r <1fm

« Scattering experimental data are not needed:

= hyperon-nucleon, hyperon-hyperon interaction

H. Nemura, N. Ishii, S. Aoki and T. Hatsuda, Phys. Lett. B 673, 136 (2009)
* It is also possible to investigate

three nucleon force systematically. (18 June room1 15:50~ T.Doi)l




pioneering work: N. Ishizuka Phys.Rev.D71:094504,2005.

BS wave function eran
- erivation:
X — By

@ »@ = ¢(x) s.Aoki, H.Hatsuda, N.Ishii, PTP123(2010)89

Effective Scrodinger Equation: ! J d
— - — — Energy independent
(A+K)p(Esk) = m,, | & yUEF)O(:k) 0T

obtain the BS wave function ‘> calculate back to the potential.

O(F;E) = }irgz (01 N(Z+F;1)N(Z;1)NN(t,)10)

For the moment, U is obtained by LO of derivative expansion:

— — — — — — — — — — — — — — — — — — — —

U(%y)= V@ +V, (3)(0,-0,) 0 |
- HEDS ]+ V() L-5+0(V?)] |6( — V)

The purpose of this work:

Check the convergence of the derivative expansion



=m, :VC(r)+VL(r) L +V,, (r) L'+ ...
HV, (1) VIV, (r).V'} +... |9 (F: k)




=m, :VC(r)|+ V.(r) '+V,,(r) L' + ...

/ §> LO +{Vp("),V2}+{Vpp(r),V4}+...]¢S:°(5c’;k)

(A+K£%) 9*=" (%:k) = mVe(r) ¢°~° (%;k)

th’L\g]otential obtained by LO:

S=0,_.. 1.
VCLO(I”,L,E): 1 quzo (raEaL)_l_kZ
my\ ¢ (r;E;L)




=m, :VC(r)|+ V. (r) L +V,, (r) L'+ ...

/ §> LO +{Vp("),V2}+{Vpp(r),V4}+...]¢S:0(5c’;k)

(A+K£%) 9*=" (%:k) = mVe(r) ¢°~° (%;k) v

L=-FxXiV
tHL\glotential obtained by LO: , rt
1 AS:O EL k/mN:E,
VéO(r;L,E) — ( ?;:O (ra ’ ) + kZJ 2 4
my\ ¢ (r;E:L) e
=V .(r)+V, (O +V, (L +-- [V, (r) V3 +{V, (1),V*}+...
L dependent Energy dependent

» Size of the higher order terms can be estimate from

the examination of the E and L dependence of LO potential.
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previous study of energy dependence:

2d Ising  analytical study
(S. Aoki, J. Balog P. Weisz arXiv:0805.3098)

_________________________________________________

0 momentum are discritized in a finite box of size L.

\ ground state

. [2nm 2n,m 2n.m
PBC p—(L,L’L) /E0~0 W&
compare
APBC 5 (znx+1)7z-,(2ny+1)7Z',(2nz+1)7z' Eo~ix(£)2 —/
L L L \_ my  \L

~ 45 MeV in this work.

Y 0N +7,0)N's(%,0)NN(t,)0) around state
— (b(?;Eo)e_EO(t_tO) + ¢(7;E1)6_E1(t_t0) o —2= {¢(7§E0)8_E0(t_t0)]

E




comparison of potentials : 0 MeV and 45 MeV

—11S,Ve  (+-5) /Set up: N
ol 199 | ' | | Lattice size: 3223 x48 ~4.5 [fm]
50 ’ EE==48[MZ¥ : R

%, ] | B=5.7

z 400 X N "H ] 1/a=1.44 GeV (a~0.14[fm])

= . ! K, =0.1665

O 200 . .

>

45MeV and OMeV are consistent
Energy dependence is wealk.

mn=529.0(4) MeV m\=1334 MeV
Heat bath quenched

Plaguette gauge action

boundary condition:
PBC for 0 MeV, APBC for 45 MeV

Blue Gene/L
KEK 2048 PU




comparison of potentials : 0 MeV and 45 MeV

Ve (L E)=Ve(r)+V, (L +V,, (L' + -+ VTV TV, 05V T+ )

Energy dependent part

(A+K) % (%:k) = my, [ 'y U (%:5)9°" (¥:k)

=m, :VC(r)+VL(r) L +V,, (1) L'+ ...

VI _[..\ ThA_

HV,() V3+V, 0.V T +.][¢ G h)

The size of higher
mm) | derivative terms are
significant weak.

45MeV and OMeV are consistent
Energy dependence is wealk.
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'S, J with representation
on the cubic group

symmetry under the rotation is broken => ( cubic group )
L (orbital angular mom.), S (spin), J (total angular mom.)

# The representation of cubic group

Y. 8. /—ALALET,T,

representation with spin
! 2 3
Ay T E+T, A2+ +15 Ay +E+T)+ 15
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0()= LOIN, (E+7.0N NG )I0) N =, (0,C750,)0.

For simplicity, we will restrict this talk to S=0 state.

schematic figure

wall source
B = A
Q=Zq(t,x) " dominant
z J=0 (L=0
/( )
four momentum wall sources
=A +7,
0= q(t,%) cos((*x* y+2)m /L) dominant
: . _ J=2 (L=2)
Break the rotational symmetry with source

and extract L. # () states.




Projection operator R

elements of cubic group

) characters of representation T°

Mo dr o |
P' )¢(r)=£2x( (R1ORF) | 4

dimension of the representation T
r

—

(I'=A,,T, in this work)

P(A1)¢(’—;) P(TZ)(D(I_;)
= s, : (S 0)®(L=0) ®W'D: (S=0)®(L=2)

le-24
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3e-25 . i 5e-20 | Ok \‘:‘\...:F ':":’. N:Z Y, Zm(’_;)
-5e-20 | x
1e-19 |
-1.5e-19

: 2619 1 1D2 wave func
: o - 1S0 wave function e 256-19 . . . , .
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Ndependencelofithelpotential I

(VZ+£%)9"" (% L)
=m,[Ve(r)+V, (r)L* +V,, (r)L' +--10°"(¥; L)

L=0 S=0 : 1S0 BIRICHIEN K INE:
G
A

0 (r)
compare

L=2 S=0 : 1D2 o (% k)= P™ 9 (F3k) /

- V. (r)= [A(pDzm J Ve(r) +V, ()22 + 1) + -
¢ ()

) V. (r) = [ ] Ve(r)

the size of higher order
derivative terms
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400 F >
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L dependence of the S=0 central potential

L dependence is weak
(Noise has to be reduced.)




Vo (r;LE)=V,(r) {V (DL + V (NL +--

L dependent part

(A+K) % (%:k) = my, [ 'y U (%,5)9°" (3:k)

+{V,(r) V21 + {v, (r),Vi+...

=my | Ve + 1.V C+V, (0 L'+ )

—— e e e e e e e e e e e e e e e e

L dependence is weak C>

(Noise has to be reduced.)

+HV,(r) V34V, (). V' +... |9 (T k)

- The size of higher
. L terms are smalll.




SUMMELRY EXk)

Summary of this work:

4 N

We have examined the convergence of derivative expansion of non-local
potential.

In this purpose, we have caclulated 0 MeV, 45 MeV BS wave with using
boundary condition and 1S0,1D2 BS wave with using cubic group.

. /
Vel (r LLEY=V . (r) HV, ()L + V,, (r)L* +- -+ [V, (r) VI +{V ),V } +...
Conclusion:
We conclude that the NN potential from the QCD obtained up to LO is
valid at E=0 ~ (at least) 45 MeV, and L=0 ~ (at least) 2.
Future work:
\

Father check: full QCD, light quark mass, hyperon system...

We are applying the technique to S=1 case,
S- and the calculation of LS force is on going. ]
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The representation matrix, and charactor can be obtained easily.

ex) | 6C,

O o}

%% 0,

40
61
62
| 93

00
¢l

02
03

\

( 60 )
0]

@2

i\ 93 )
charactor of this system
E 6Cy 3C, 8C3; 6C,
Xl 4 0 0 1 2

Q=) q(t,%) cos((+x+y+ )/ L)
0 = Eq(r,)‘e) cos((—x+y+7)m/ L)

Q= iq(t,)_é) cos((+x—y+z)mw/ L)
Q= iq(t,)_c’) cos((—x—y+z)m/L)




charactor of the cubic group

3C, 20°240° 80°
803 L 6C

O [ E 6C; 3C, 8C3 6C,
90°270° 180°
ﬁil)) 1 11 i i 11 charactor of this system
@2 0 2 1 0 = 804 3C; 80, 0%
) 4 0 0 1 2
%(Tl) 3 1 -1 () -1 % R~ 1}
x| 3 -1 -1 0 I ]I irreducible decomposition:

0,

Raw

0,

24
XR) = g (AR F o (ADIRTH | S ()[R 1% /[R)]

o)

\

=0 R, :elements of cubic group

v
=A +T1, <~ | =2 is dominant

ludingdl '_ ' Jand] I_- Istates:




ONE.
Gy pap (X))

= Y OIT| N,ENON,G.ONNG [10)f7 (5, ... %),

X1 5o o5 Xg

N,= Y (4" (x)CY57,a(x))q,(x,)

X0 »X1 X2

hy(x)=cos((+x+y+z)m/ L),
h(xX)=cos((—x+y+z)mw/L),
h,(x)=cos(+x—y+z)m /L),
h,(x)=cos((—x—y+z)mw/L)

Jo (X5 X)) = hy(X)). .. 1y (X,),
fi(X 50X )= h(X)...h (X)),
(XX )= h(X)...h(X,),
(XX ) = hy(X). . hy(X,)



G(nﬁa B (X,y)
= 3 OIT NyRONSG0) Gy By, G (Fr E10)(CYiY), , (CVSY0),

X)X

Projection of J (total angular mom.)

2 (OIT N,(X,t)Nz(y,1) 77(”[%1 (X))...q,, (556)f<">(55],,,,,556)}IO)(C}/SyO)alaz (CYS}/O)%,OM’

X)X

> PO, (), ) () ]10)

X1 5o Xg

= > Y xV(R)|SS®S'S G, (R %)...q,, (R X)f " (,.....%,) |10) >

x1 x6ll

Rx —> X

)3 Z%“)(M[SS ®S'S' Gy, (3G, (F)[ (R 5. R, [10)

xl x6l1




The representation of J we can obtain

(l) ® (spin=0) J
A ® 4 =4

b, ® A 15
E ;"11 E
1} ;"11 1
1 9 A 1 1 2
({) (spin=1) J

11 111 1 ]

15 1 15
E 1 1 15
15 17 1 E 1 15
T, T, 1, E T, T




States we can obtain with S=1

S=1 J=AT

T1 x T1=Af e

(spin) x (L=() / 4 T

] / )

Al s L1 A1 0
T1 / T1 1

E 12| D E T2 | 2

A2 TL/T2 | F A2 T1 T2 | 3

Al E T2 | G Al E T1 T2| 4
E T1 T2 | H E T1 T2/ 5

Al A2 E T1 2T2| | Al A2 E T1 2T2| 6

Orbital Angular momentum L Total Angular momentum J



S=1 J=A2 S=1 J=E

P=+1
T1 x T2=A2 3 3 TTxT1 =k
(spin) x (L)=(J) D, + G3 T1 x[T2 =E 3D2 3G4
(spin) x (D=() A\

L / J L // \ J
Al y/ 1 0 Al % Al \ 0
T1 P/ T1 1 T1 P T1 1
E / E T2 | 2 E D E T2 | 2
A2 1 T2/ F T1 T2 3 A2 T1L Tz | F A2 T1 T2| 3
Al E Tl G| |Al E T1 T2 | 4 Al E T1 T2 | G Al E T1 T2 4
E T1 T2| H E T1 T2| 5 E T1 T2 | H E T1 T2/ 5
Al A2 E T1 272 | Al A2 E T1 2T2| 6 A1l A2 E T1 2712 | Al A2 E T1 2T2| 6

T1 x A1 =T S=1 J=T1 Pz 41 T1 x A2 =T2 S=1 J=T2 P=+1

T1 xT1 =T1 T1xT1=T2

T1 x[T2)=T1 3D3+3G3 3Sl+3D1 T1X[T—2:T2 3D3‘|'3G3 3Dz

T1XE|=T1 TIXME T2
/ﬁ"’”/% J L | 'r// - J
E/ 5 A1 0| Al s |A1 0
L—TP 1 11— S
E 12| D E T2 | 2 [ E sz D E T2 2
A2 TL T2 | F A2 1 T2 3 A2 TL T2 | F A2 1 T2 | 3
Al E T1 T2| G| |A1 E T1 T2| 4 || A1 E T T2|6G | |Al E T1 T2/ 4
E T1 T2 | H E T1 T2| 5 E T1L T2| H E T1 T2/ 5
Al A2 E T1 212| | | |A1 A2 E T1 212| 6 | |Aa1 A2 E T 212l 1 | |Aal A2 E T1 22| 6




