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The pion is important in nuclear physics!!

* Yukawa predicted the pion as the
mediator of nuclear force to form a
nucleus (1934)

» Mayer-Jansen introduced the shell
model (1949)--phenomenological

 Nambu found the origin of mass and the
pion due to spontaneous breaking of
chiral symmetry (1960)
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QCD Lagrangian and chiral symmetry

_ 1 )
Locp = W(iy,0" = ey, A" = my = F, F"

T

Quark(6) Gluon(8)

Quark and gluon confinement
(difficult--monopole condensation??)
Chiral symmetry breaking (u and d quark sector)
m,=m, =5MeV <<1GeV
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Dynamical Model of Elementary Particles Based on an Analogy
with Superconductivity. I*
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He was motivated by the BCS theory(1958).

El- — (glz + A2)1/2 <:> Ep — (p2 4+ m2)1/2

gil//i_I_Al//; =Ly, 6'l_§l//R+ml//L:Epl//R
—y; +Ay, = Ey. G- py, +my, =E )y,

A is the order parameter n is the order parameter

Particle number Chiral symmetry
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Nambu-Jona-Lasinio Lagrangian (phenomenological)

Ly, = iWy,0"v + Gl@w)* + Wiysy)’]
Ly =YY, 0" W+ myy
Mean field approximation; Hartree approximation
liv,0" +2G(py)|w(0)=0
m=-2G{yy) Fermion gets mass.

The chiral symmetry is spontaneously broken.

Pion appears as a Nambu-Goldstone boson.

RPAtreats (Wiyy)” —— Pion K><
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Chiral linear sigma model

Y. Ogawa et al. PTP (2004)

Pion 1s the Nambu boson of chiral symmetry

g /i
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Linear Sigma Model Lagrangian
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+ Ly, Ly, = ¢o, where g, = ng,.

Polar coordinate
o+1T-m = pU, U=¢eTT N:\/U_g,\If
o+ivsT-m = pUs, Uy = 7T

10.10.14 Nucleon should get a pion cloud




Non-linear sigma model @N

Lagrangian P=IT¢
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where 5
M =gt M*=M+g; ¢

mZ =W +Af, mSIZ=u+3Af

m(D - gO)fE m(l)*:m(l)—'_ gO)(P
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Free parameters are "; and 8, (Two parameters)
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Energy (MeV)
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The pion plays an important
role for formation of nucleus

« 80% of attractive interaction originates
from the pion

* In particular the tensor interaction
contributes about 50% of attraction.

1

qzslz@) + 561 ' 62q2 S1,(q) = v24775[Y2(@)[61(72]2]0

Pion Tensor  spin-spin
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2p-2h excitation is essential to treat tensor interaction

(TOSM) Myo, lkeda, Toki
<OZ[Y2(’§j)'[GiGj]2]OO>:O

l l ‘{’=CO‘O>+2Ci‘2p_2h:i>T
Sl low ¥}eo

Tensor operator is
“““ the order parameter

il G.S.
— i B

Spin-saturated Tensor condensation

<q,
------------ [6162]2 . Yz(r)

Relativistic Brueckner Hartree-Fock theory is successful




Relativistic chiral mean field model

Energy minimization with respect to
meson and nucleon fields
S 6 _y o8
<‘P“P> 00 )
(Mean field equation)

¥ =C,l0)+ ) C,

2p—2h: i>T
OF -0 5_E:()
oy (x) oC,

Numerical calculation is done self-consistently.
The HF equation contains the contribution of the tensor term.




Relativistic chiral mean field model Ogawa Toki (2010)
E = (0[H[0)+ ) CiCs(2p— 2ha|H|2p — 2hg)’
N
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Brueckner theory is naturally expressed in the variational
Method. --- beautiful theory

Approximate 2p-2h matrix element is diagonal.

(2p — 2ho|H |2p — 2hg)' ~ E3, 91008 = (ek + €1 — €i — €5)0ap
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G matrix

G matrix is expressed in the variational method




X ERAY A T )L 15 15 0T 4L

Ogawa-TokKi
+ ==
AL DBES B2 D2p—2hFEDES
0 0 ] 0.0/
2L Pion energy (2p-2h) per particle
s —+ %0 1 oS
(3] 12 S\
= -6- —— C % 1ol
o i v
2 g & °C
10 w -1.5-
-12F Qn energy (2p-2h) per particle
2.0k from each pionic quantum number _
o N A s o o o
- Pionic quantum number J Pionic quantum number J°
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U ., The difference comes from low pion spin states (J<2).
This is the Pauli blocking effect.

P
S1/2

Pion energy Pion provides larger attraction for '2C than O




Nuclear structure caused by pion

« 2p—2h excitation is 20%
* High momentum components
 Low momentum components

by 20%
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Conclusion and perspective

* We have a (plausible) path to relate
QCD with nuclear physics.

 We can formulate the relativistic chiral
mean field model for finite nuclei.

« The TOSM framework is essential for
the treatment of pion in nuclear physics.

* We should calculate many nuclei and
many observables.
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