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Introduction



What binds protons and neutrons inside a nuclei ?

gravity: too weak

Coulomb: repulsive between pp
no force between nn, np

New force (nuclear force) ?

1935 H. Yukawa

introduced virtual particles (mesons) to explain the nuclear force

Yukawa potential
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A current understanding of the nuclear potential
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Bonn: Machleidt, Phys.Rev. C63(‘01)024001
Reid93: Stoks et al., Phys. Rev. C49('94)2950.
AV18: Wiringa et al., Phys.Rev. C51('95) 38.
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C——O
I Long range part

one pion exchange potential
(OPEP)

II Medium range part

o, p, w exchange
21 exchange

I TII  Short range part

repulsive core (RC)

. R. Jastrow(1951)
quark “




Importance of repulsive core
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Origin of RC: “The most fundamental problem in Nuclear physics.”

Note: Pauli principle is not essential for the "RC”. p
L

QCD based explanation is needed.




An “answer” by lattice QCD simulations
N. Ishii S. Aoki and T. Hatsuda, Phys.Rev.Lett. 90(2007)0022001

NN (effective) central potentials Quenched QCD
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Our strategy
Wave function op(x) = (0|N(x,0)N(0,0)|NN; E)

* Schrodinger equation

(equal-time BS amplitude) 2N state with energy E

Potential V(xX)op(x) = (E + %) 0E(X)

Some questions

1. V(x) may depend on energy F.
2. V(x) may depend on nucleon fields N (x).

This talk: focus on energy dependences.

A. V(x) from an integrable model in 2 dimensions.
B. NN potential at E = 0 in quenched QCD.
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Sasaki-Ishizuka, arXiv
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Potentials
from
an Integrable model

Ref. S. Aoki, J. Balog and P. Weisz, arXiv:0805.3098[hep-th]




Ising Field Theory in 2 dimensions

Bethe-Salpeter wave function

M: mass, 0: rapidity

U(r,0) = i{0|o(z,0)0(0,0)|0, —0)"  p= M(cosh(6),sinh(6))
r=Mx

spin fields

Result by P. Fonseca and A. Zamolodchikov, hep-th/0309228.

ox(r)/2

U(r,0) = — [CI)+(T, 0)2 cosh (90(27") - 9) —®_(r,0)2 cosh ( :

1
L (r,0) = Ssh(p(r) + 0) 2= (r, ) 55h(26(r)

5 [1— ch(2p(r))]

Solve these equations numerically with appropriate boundary conditions by Mathematica.




Bethe-Salpeter wave function




U(r,0) ~ Cr3/*sinh(0) + O(r™/4)

OPE o(x,0)0(0,0) ~ G(r)1 + cr3/45(0) 4

(Operator Product Expansion) mass operator of dim=1

normalized BS wave function ¥(r,0)/sinh(6




BS Potentials

W, 0) +sinh?00(r,9) TV 31
N U(r,§) 16 12

Universal(f-independent) at small r

OPE

V9 (’I“)

Energy dependence is small
up to 6 ~ 0.6

---| |potentials are almost identical
| |betweeen 6 = 0 and 0.3

Energy dependence is
weak at low energy !




Nucleon-Nucleon
Potential

at non-zero Energy
in Quenched QCD

K. Murano, S. Aoki, T. Hatsuda, N. Ishii, H. Nemura
Work in progress




Set-up of numerical simulations

quenched QCD on 323 x 48 lattice
plaquette gauge at 8 = 5.7: a ~ 0.137 tm

Wilson quark with anti-periodic BC
my =~ 530 MeV, my ~ 1334 MeV

s

(1,1,1) 1P| = 240 MeV

pmin — L




Wave function with APBC f— 8
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un-normalized

NN wave function ¢(r)

Nconf = 439

PBC(normalized)

T T

®

Wave functions are different
between APBC and PBC.




Potentials with APBC Neont = 700
' ' t =

NOT errors.

50 |

~50 |

-100 W

Free theory on the finite box With difference operator V%

(v2 i kz)G(X; k2) — 0 (V% + k2)G(X; ]{2) 7& 0
= V(x)=0 = 1. (x) # 0

Correct (Lattice) Artifact




Ve(r;'Sg):PBC v.s. APBC
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Potentials are almost identical between APBC and PBC !




Fit of the wave function at large distance

(V2 4+ k) G(x; k2) —61,(x) Green’s function
z(27r/L)n X

L3 Z (27 /L)?n? — k?

G(x; k%) =

F'={(ny+1/2,n, +1/2,n, 4+ 1/2)|ny,ny,n, € Z}

1S0 NN Wave Function

I I
1S0 wave function ——+—
fit X

16a < |x| < 13a ]

2
dof ~ 1.6
X/ do k2 = 0.0340(22)




Discussions



Vc(r) [MeV]

r[fm]

Energy dependence of NN potentials seems small at £ < 50 MeV




Non-local potential 0 Energy dependent potential

m) pr(x) = /d?’y U(x,y)pr(y)

U(x,y) contains ”off-shell” informations

Derivative expansion Ux,y) =V(x,V)ix—y)

spins

V(x,V)=Vy(r)+ Vy(r)(o1-o2) + Vp(r)Sis + O(V)

3 r = |x|
tensor operator S0 = —2(01 - X)(02 - X) — (01 - 02)
T

Our result * Non-locality is very weak. Why ?

Universality of potentials at short distance might be understood by OPE.

* Repulsive core is energy/operator independent ?




Alternative: Construct energy-independent local potential

The inverse scattering theory suggests that there exist an unique energy independent
local potential, which gives the correct phase shift at all energies.

“only on-shell information”

. v<a:>) (Ap(@)pp(@) = E(Ap(x)pp()

“correct wave function”

Ex. 1-dimension

local potential

d2

Vie(z)pp(r) = (E - @> pE(T)

V(2)Ap(z) = Ve(2)Ap(z) + A (x) + 20 () (log pp(x))’

This equation can easily be solved for Ag(x), if V(x) is given.

4 )

How can we obtain V(x) ?

&




A proposal

2T

Consider a finite box with size L. by ——, n=0,1,2,-

E =k? is given,@)E(x) = @at Q, =Axp, 1, ,Tn}

\

@) = Vi(@)pp(e)Ap(x) + AEHea@] + 245 (@)ps(o)
* Ve(z)pp(z) = <E + %) ve(r) = Kg(v)

@ = Kg(x;))Ag(x;) + 2A§E($Z)¢E(xz)j r, €,

n — 0o, {1, becomes dense in [0, L]




V(z) = lim {Vg(z) - 2XE(z)(log(¢r())) — Xp(z)' + Xp(x)*}

FEF—oc

E—o0

lim exp|— /OxdyXE(y)]

_ Kg(z)
2¢0p(z)

-, or a interpolation of

If this limit exists, the energy-independent local potential is obtained.




Works In progress
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1. full QCD with lighter quark mass

2. tensor force

~N

—

[3. hyperon-nucleon potential

) >

4. OPE and universality of repulsive core

Talk by N. Ishii
This session at 3:50

Talk by H. Nemura
This session at 4:10
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