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1. Introduction

Why non-local fields?

Early Papers:
> M. A. Markov (1940), > P. A. M. Dirac (1942)
> H.S. Snyder (1947), > C.N. Yang (1947)

Possible Types of Nonlocalizable Fields (Yukawa,1948)

“Firstly, characteristic properties of elementary par-
ticles are to be described from their internal struc-
ture. It may be too much to hope that all properties
of all kinds of particles are to be ascribed to their
internal structure.”

“Secondly, the theory which we endeavor to attain
IS to be such that the interaction between particles
SO not gives rise to any kind of divergence difficulty,
which is inherent in the usual local field theory with
local interaction. ”

(Y. Katayama and H. Yukawa, Field Theory of Ele-
mentary Domain and particles I, 1968)




Influence of Yukawa's attempt

e \Who's paper 7

Having in mind relativistic invariance, we shall write instead

Qulx

a Klein-Gordon equation

J d >
- !H") olx) 0
oz, Oz#

This follows from the equation of motion at the U-operator

[pp, [P, U m?c*U

theory of a spinless particle of mass m and zero size.
cation of (2) to read
4, U] #0

As a consequence of (11) we can no longer extract a 6 (x
we shall have

Yukawa identifies thus ¢(x) as the local c-number field which t
the usual second quantization procedure. ¢(x) satisfies a wave eq

Equations (2) and (10) hence characterize, in Yukawa's scheme

Non-local field theories are then introduced by Yukawa thr

At this point, in order to restrict the possible choices of NLFT, Yukawa took
inspiration from Born reciprocity principle and specified (11) to read:

[gu [g", U] ] = AU, (19)
where X\ has obviously dimensions of a length. Notice the close similarity with

(10). Notice that, as a consequence of (10) and (19),

4
[p. [p. U]}, (20)

= S i A)
UNURYUN — [p, [p, U] 5
m2c¢? h?

where A = (A\2h% m~2¢-2)Y/4 has also dimensions of a length. Hence, [q, [q, )
and [p. [p,U]] are proportional with an assigned constant of proportionality.
An immediate consequence of (19) is

(2 = N2)U(z,r) = 0= U(z,r) = 8(r2 — N?) ¢(z,7), (21)

Non-local Field Theory Suggested by

Dual Models, (1973)

Zero Slope Limit
y Ap ™
. Ap
Smeared Fields

e Study in Japan of Theory of Elementary Particle

Extended in Space-Time

- Katayama, Umemura, Tanaka, Sogami - - -
- Takabayashi, Ohnuki, Morita - - -
- Hara, Goto, Ishida, Naka, Mamiki, ---
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32 Yukawa's Bi-Local Field Theory

e In 1947, Yukawa suggested that if the material particles have a
space-like extension, then force fields {A,} are not necessarily func-
tions of x#* alone, but may depend on p# also.

- Ay #F Avzy  (zpwy # wywy, Noncommutativity 7).

e In 1948, Yukawa introduced bi-local fields:

[p'ua [pua U]] o mQU =0
[2H, [xu]] + X% = 0O
[p'ua [:C/M U]] — O

e x representation

Born's reciprocity
p < x Ssymmetry

2\ —
(PP —m )P =01 o(X,3) = (z/|U]2")
(33 le,u‘l')\ )CD—O X:a:’—l—a:” — / 17

L =x —x




ritical comments

e [ he masses of all spin states are degenerate to m.

e [he A\ can be removed by a canonical transformation.
(Hara-Shimazu,1950)

In answer to these claims

“This is certainly not true, whenever we take into account the interaction between
two non-local fields ". Yukawa extended the master wave equation to the form

(P*Py, — M?*(P,p,2))® = 0
((z° 4+ A\2)d = 0 — discarded /)
In 1953, Yukawa proposed the following form of M?2:

M?(P,p,z) = a(p'py + 2T Z )

>  — linear J o« m? relation

> non-local fields as four-dimensional oscillator
model for the elementary particles.
(i.e., relativistic potential approach to the two-
particle bound systems )




Physical state conditions

P.S.C.

7\

N\

Yukawa (1953) Takabayasi(1964)
P“aLICthy) =0 Pﬂaﬂmfhy) =0

ground state ground state
a}|0) = a;/0) = 0 2[0) = [0) = 0
|

definite metric indefinite metric

[a’lln a,/T] — —Guv

prototype of bi-local field equation

(o/P2 + %{aL,a“} — w) W) =0
P-a|®)=0

string like 7




Interaction of Bi-Local Fields (1950~1985)

e Interaction Lagrangian (- convergent unitary S-matrix)

Sint = g/d4xd4yd4z1$(x)<b(a:,y, 2)u(y)yw(z) - - - Bloch, kristensen-Moaller

(St = /d4xd4yd4z\/(w, y)*U(y, 2)V(z,z) --- Yukawa-Katayama)

©.@)

> Y-F method — Hamiltonian: H(z/o) = »  ¢"Hn(z/c)--- Hayashi
n=0

> second quantization --- Sogami, Capri-Chang

> Regge pole behavior --- Bando, Inoue, Takeda, Tanaka

® Form factor
® [ hree vertex

> definite metric --- pole type Nk
(Namiki, Ishida,Kim,---)
> definite metric --- Gaussian type 1 /O.\\lb

(Goto-Kamimura,Naka,- - - ) > GOtO-Naka
(— string: Kaku-Kikkawa)

7




33 Field Theory of Elementary Domains

Y. Katayama, I. Umemura and H. Yukawa (1968)

o W(D) — W(X,LMI,LLl/y-[,U,Vp7

V/d“mu, (V= /d4a:)

T = /D dr(z — X)u(z — X), ﬂl

o [W(X, ), W(X' --)]=0 for (X—X")2 < A2

e case : I, = Ze,&x)e&“)(ga)? #0, Lipp=---=0

«

exp (Za )\ae&a)%) W(X, el 0) = UW(X, el €0)

=y,
12 w4\ = e Fw(@) — B, = ’“: el

-differnce equation

) (’I’I/:O,lel,)




34 String model

e dual resonance model — string — Virasoro condition
Nambu,Susskind, Fubini, Veneziano, Virasoro (1969 ~1970)
> detailed wave equation --- Takabayasi(1970)
> o-invariance --- Hara(1971)

e Nambu-Gotd action

e Iio/deO'\/—g

> Nambu, Lecture at the Copenhagen
Summer Symposium (1970)

> Goto,PTP(1971)
I 3-brane

0
S = [ drde®\/=g, (9ap = 5%, 3¢5

> In this stage, the critical dimension is not yet

ds = V12de9,
— L o< dsdl

recognized.




35 Miscellaneous

eRigid body model
. . cosQexp[—i(gb—|—zp)/2]

spinor: & = iy/p (sinéexp[—i(cb — 1) /2]

Bopp-Haag(1950), Hara,Gotd and Yabuki(1967)

e scalar field at end point of the string(VVeneziano,1973)
— . 1 —
G(X) = 5= [T dre(X +20%pr + - -+) } (z/|B(X)|z): form factor

e B D e D e )

Xé # ¢X

X # x

(xx; —x,x, =i6,))

e Timelike string (1-dim. domain ?) ... Naka(1972)

sinh wAD
Dzt (r + 7\) — Dzt (7 — ) = < nhm
TAD

Pais-Uhlenbeck expansion — string-like modes

> . _d
)DxWﬂ—Q(D—Eﬁ
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36 Keywords in Yukawa's non-local field theory

4-dim. Minkowski spacetime

spacetime description of elementary particles
divergence difficulty

timelike extension (difference equation)
non-commutative structure

o Non-Commutative Geometry, A. Connes, 1990

¢ H.S. Snyder, Quantized Space-Time, 1947
Lorentz invariant discrete spacetime

> seed of non-local field theories 7
> flat space limit of quantum gravity 7
k-Minkowski Spacetime/ Doubly Special Relativity

| h
lim — =k 7 (J.Kowalski-Glikman, hep-th/0405273)
Gh—0V G




Bi-Local Fields Based on Non-Commutative Geometry

Wh(z)R

d(x)
Wk(z)L

Higgs fields in NCG (Connes,1990)

(0 ¢\ _. (0 &

— 19 ¢* 0 — 9 d* 0
1 /01 .
":M(l O)’ LIS

1 — . .
L = _ZTrF;rlBFAB + \IJ(fy“zDu -+ 'mDn)\U

/

/ ®(zt, zf?)
ZBL/ L

Higgs-like bi-local field
* * * Naka et.al. 2000

M?2(Z) x 22 = 4 — dim.OM

-- - Kinetic terms for WML/R

.- - kinetic terms for ¢, ¢*
.- - potential terms for ¢, ¢*




ommutative Algebras

e (Caonical structure
[Z¢, 27] = i
-.-quantum mechanics, D-brane, etc.
e Lie structure
[z, 27] = i0)) Z"
. continuous group, doubly relativity, etc.
e Quantum space structure

[z, 27] = 02"z
- quantum group

L
o wa(x)zw(qé)_qlg(lq)m )

ex. quantum phase space

X m— X
bz _ dbx o ihDu(t,x) = Ep(t, x)
{,p2}g=1— Ogx — qrdy =1 time diff.
. ih T B o )
2 2q

domain equation 7




g-deformed bi-local field

deformed bi-local field

1
g-deformation of h.o. (O/PQ + 5{a$m ag} + const-> P =0

[a,al] =1, (a'a = N)

U

aqag — qa(];aq — q_(N+B)

mapping: aq = a\/%

N+8 _ ,~N—3
with [N], = 2 -

sinh[(—a},a* — >a/P? 4 ¢) log q]
sinh[% log q]

1
Sladu, af} =

q—4qg
) on-shell eq.

inh[(N | 2 2 —
ajzaq = [N]q = > s[i(nh—[ll_oﬁg)q]og 4 (PZ—mp)|W) =0 finite for g %= 1

-+ + Naka et. al (2005)




Synder's quantized space

me

Snyder’s Qntized Spacetime

—ng + 17 + 15+ 13 +nz =a”

(8 9
M;; = ih <77za—nj - ”Ja—m)

—— 9 9
Mg; = ih (7103—%. + 77]5—770)

_ ) 9
T; = 10 (?746777; - ”iam)
— 9 9
Ty = 10 (7743770 + ?7037,4)

. 2
[xuaml/] — %MMV

(n|U(x)|n’) bi-local field ?
- S. Tanaka (2000)

k-Minkowski Spacetime
Lie structure: [z;,z;] =0
20, 2;] = —La;
surface in a 5-dim. Minkowski space
(one-forms {dx;,dx4})
(20, dzo] = fdza, [xo,dza] = Ldao,
oz, d:z;j] = 7’523 (da:o d:c4) etc.
d :
k ko
PO = K',Slnh 0 —+ €K
P, = ke /S
k2 ko
P, = /«:cosh— — 5er

—Pg + P2 4 P53 + P53 + P = «?

2 k
Casimir: (2xsinh 52)° — k%e




Summary

In an article in 1979, Yukawa said ‘““Thus, even if such a model turns out to be
essentially a correct one, it should be only be the beginning of the story. The hope
of the author is that it would play in future development of elementary particle
theory a role somehow analogous to that of Rutherford model of the formulation
of quantum theory.”




