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Abstract. The derivative coupling of massless pseudoscalar neutral particles with a
charged spinor field in two-dimensional space-time is reduced to a self-interacting spinor
field and a free pseudoscalar field.

More generally, it is shown that any given local field theory with a conserved vector
current and without massless particles can be extended to a local theory with an additional
pseudoscalar field and with a U; x U; symmetry.

I. Introduction

Our interest in the two-dimensional models to be considered arose
from a desire to clarify in a simple case the structure of a quantum field
theory with a conserved current which does not lead to an ordinary
symmetry. We have in mind such objects as the axial-vector currents
which exist in the SU, x SU, invariant Lagrangian models of the
interaction of nucleons with massless pseudoscalar mesons. These
models are greatly simplified if the Lagrangian contains only neutral
mesons which interact with a charged spinor field. This reduces the
symmetry to a U, x U, structure.

As is well known [1], a typical Lagrangian is then given by

L=piydy+1/20°0dve —mipe 270y
The transformations

p-eély, o0
and ‘
vy, oo +u/f

give rise to a conserved vector
VE=9y'y
and a conserved axial vector

Ar=py>yrp 4+ 1/f .
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Further, the Lagrangian can be transformed to ordinary ps(pv) coupling
by means of

P eif v%w )
This leads to

L=%(y0—myp+1/20"90d,0 + [y’ ydoy.

The axial transformation does not involve the new spinor field, its
only effect is to change the meson field by an additive constant.

We proceed then to study this Lagrangian in two-dimensional
space-time. Actually, we discuss a more general model by adding a

term
c f?

L'=— @y v y)?

which turns out to be a natural generalization. Two-dimensional space-
time has special features which allow a partial solution of these models.
In fact, they will be reduced to a self-interacting Fermifield and effectively
free mesons. This implies that the conserved axial current has a very
simple structure which differs essentially from that in four-dimensional
space-time.

It will be apparent that the class of two-dimensional models with
these general features is considerably larger than has been indicated
so far.

II. Classical Fields

In this section we discuss the Lagrangian

2
el 84 A4 byrd c pyrd v
L=p(iyd—myp+1/20"0 0,0 + [Py’ ydoyp + ]; @Y’y v’ )

as a classical field theory in two-dimensional space-time.
The conserved currents are

VE=Byy, 2
A =py>yp+1/fde. )]

The equations of motion:
0,0"0 = — f0,(Py°y"v) =2imfPy’p, C)

(0 —myw+ fy>y 0y +cf2 @Y’y ¥)y*y,p =0. Q)
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We make use of the antisymmetric tensor

01
By
(1)

Y=y,

and note the relations
and
Wh =Py’ ytyp =V,
The equation ¢* V, = 0 leads to
W' Ww=0.

This suggests
Wt = 0otg .

Formal integration gives

o(x)=1/2fdx"e(x* — x!")VO(x°, x).

Egs. (3) and (10) combine to
At =0"c+1/f*p =1/f "a

where « is a free pseudoscalar field since 0“4, = 0.

0#0,4=0.
It will be shown that
%= Pin= Pout -
Associated with « is a free scalar field B given by
MB=e"0,u.

For the spinor field we obtain, using (12),

(iy0 —m)yp + f95y dap + (¢ — 1) F2 (@7 9) ¥y, p =0,
(0 —myp — fydpyw—(c—1) 2@y y)y,p =0.

Defining a new spinor field y by means of

w=e Py
leads to
5o —m)x =(c—1) 2@V 1) vux -

(6)

™
®

©
(10)

(11)

12)

(13)

(14)

(13)

(16)

(17)

(18)

x is therefore a self-interacting Fermifield. The meson field ¢ can be

defined in terms of y (since p*w = x* x) and the free field o.
@(x) = alx) = f/2 fdxe(x! —x) " x(x° xV),

00,0 =j=2imfry°yx.

(19)
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We show now that (19) implies @, = ¢, = a. For this relation it is
necessary that j(k), the Fourier transform of j(x) vanishes for k*=0.
This follows from (19):

(kOZ _ k12)

7%

j(k) = const -
and, since . .
KVe—kvi=0,

j(k) = const - (k° — k') (V° + V') = const - (k° + k) (V° — P'1).

Hence j(k) = 0 for k? = 0, unless V* in singular there.

To summarize these formal considerations:

We expect that the model given by the Lagrangian (1) implies, as
shown by Eq. (18), non-trivial scattering and production amplitudes for
the spinor particles. The mesons, while described by the non-free field
o(x), are effectively non-interacting (¢;, = @u,)" -

III1. Local Quantum Fields

In the following we construct local quantum fields y(x) and @(x)
which correspond to the solution of our formal Lagrangian (1).

Of course, unless ¢ = 1, we have to assume that an operator solution
%(x) exists for the renormalizable interaction formally given by Eq. (18).
Fromnow on, all operators and constants denote renormalized quantities.

It appears natural to treat the case ¢ =1 first, since it involves free
fields only. ‘

The Case ¢ =1. Let a free spinor field y of mass m, a free pseudo-
scalar field o of mass zero and its associated scalar field § be given. For
the definition of mass zero scalar or pseudoscalar fields we follow
Wightman’s procedure [3].

The connection between a and f in momentum space reads

a(x) = 1 J d—kl {e'”‘"a(kl) +etkxqgt (kl)} ,

@n)'? | 20k
1 dk? . . (20)
ﬁ(x) = (_27;).1/_2J _j_lic_ll_s(_'kl) {e_'kxa(kl) + ek gt (kl)} )
This gives for the equal-time commutator
[o(x), BN ]xo=yo = — i/28(x! — y'). 21

! However, their presence leads to an infraparticle situation as discussed by Schroer
[2]. The quantized theory will not contain single particle states for the spinor particles.
Therefore the scattering matrix cannot be defined as usual.

6 Commun. math. Phys., Vol. 14
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It is known [3] that the axial-vector associated with a free spinor field
is indeed the derivative of a local pseudoscalar field:
WH(x) =: 7()y*y*2(x) : = d*a(x), 22
o(x)=1/2fdx"e(x! —xV): gt x: (x% x1). (23)
This is equivalent to Wightman’s definition. The locality of a(x) follows
from (23). However, as noted by Wightman [3], a(x) is not relatively
local to . In fact, we get for the commutator
[o(x), x()]xo=yo = — 1/2&(x" = y) x(0) - (24
Next, we define
Px)= e VPP y(x) (25)
and
P(x) =a(x)— fo(x). (26)

It is important that v and ¢ are not only local fields but also relatively
local to each other. Namely,

[o(x), p()]so=yo = [2(x),: €™ /PO Ty (3) — fre” VPO [o(x), x(1)]
= —f2e(x* =y )w () + f/2e(x = y) () =0.
We note further that y(x) satisfies the positive definiteness condition [3].

Therefore, through their Wightman functions, p and ¢ generate a
local theory.

It remains to show that v and ¢ satisfy field equations which corre-
spond to the classical relations (4) and (5). Clearly a limiting procedure
is necessary to define the operator products which will occur in these
equations.

As a consequence of Egs. (22) and (26)

0,0 =j=2imf :qy°x:
The definition of j(x) in terms of y is simplified by the fact that
T () =7 () x(x) = lim {X(x+2)y°x(x) + XXy’ x(x+e)}. (27

£2<0
According to (25)
P+ 8)7°p(0) = 0900 7(x 471 ()
= if?D*(®) :eif[li(xﬂ)—ﬁ(x)]:‘i(x + E)VSX(X)
= 182|-f2/41r i/ Blx+e)=B(x)]. 7(x + 8)?5X(X) .
This leads to
j6) = im Hry el (x4 97 p () + B w(x+ 0} . @8)

* We use the notation of Gelfand-Schilow [4].
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To obtain an equation of motion for y(x), we note that (25) implies
(iyd —m)p(x) = g(x) = f :1y0P(x) e™ P®: y(x) (29)

and we use the identity
:0,B(p) e P x(x) = 3, w(¥) ~ f3,D* (Y =) w(x).  (30)

Adding the two expressions with y = x+¢ and y = x —¢ we obtain in
the limit

g(x) = f/21im {y0B(x + &) p(x) +70B(x — &) p(x)}
and with
yOp = —y>yda= —y>yoe + fyV,

gx)=—1/2 yg(l) {Y’y0o(x+e)— fyV(x+e)+ (e~ —e)} p(x). (31

The vector current V* = :yy*y: which occurs in (31) can again be defined
in terms of the interacting fields by an analogous procedure. The result is

{{easrim-rim ]

(32
amr— _ "9,
ST +0) () + ) Taple + )] — 2 ewae<p(x>}.

V* = lim
-0
82<0

1
201+ f2/m)

The General Case. If ¢+ 1, we make the following assumptions.

1. A local spinor field ¥ and a local conserved vector current V*{y},

which correspond to the renormalized solution of the formal field
equation

(iy0 —mo) x = Ao (V" 2) VuXt (18)

exist as operator-valued tempered distributions acting in a Hilbert
space H equipped with a unique, cyclic vacuum state @,. The charge Q,
which is associated with V*, satisfies

[0 2] = —x(x),  [QV°()]=0.

2. In the charge zero sector, the energy-momentum spectrum
has a lowest mass > 0.

We may then define an operator o(f), f € S* as follows:

Let B be a quasilocal operator and

®=Bd,,

o(f)®=1/2fdx"e(x)[V°x £(0,x"), B] D,

—B[d*x'D * f(x)8,e" Vy(x) Do . (33)

6*
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To show that ||o(f) @| <o, we note first that
§d2x' D f(x') 36" V,(x) o = [ d*X' f(x') 06" V,(x) By = C, &,

with f (x) € S, and C[ therefore a quasilocal operator. In fact, due to the
form of the spectrum,

F[D = f1(k) = 1/k* f (k)
can be replaced by
f) = (k) 1/ (k)
where g(h?)e C* is real and
gk =1, Kk*>2/3,%,
gk?) =0, Kk2<1/342.

Hence i _
f(x)=F '[g(k*)F[D* f]]eS.

Secondly, we note that the integral
j‘dxlls(xll) [VO *f(O’ xll), B] 450

is strongly convergent. This follows by observing that
(Do, B[V * £(0,x'"), B] @) C*

and the norm
1LV * £(0, x'"), B] ||

decreases fast for |x!'|— oo due to the quasilocality of B.

It can be shown in a straightforward manner that ¢ has the following
properties:

a) For each test function fe S, a(f) is defined on a domain D(o)
of vectors, dense in H. D(o) is a linear set containing the domain D
formed by all finite linear combinations of vectors obtained by applying
polynomials in the smeared y, ¥ and V*{y, ¥} fields to the vacuum state.

Furthermore, D(o) satisfies

U(a, A)D(6)CD(o), O;(f)D(6)CD(o), O; (f)D(o)CD(o)

where O; denotes any one of the fields x, V¥, 0. The Wightman functions
of x, %, V* and ¢ are tempered distributions.

b) 0x)/pis a hermitian field.

) 0(x)/p) is a pseudoscalar field.

d) d*a(x) = WH(x) =" V,(x) on D(o).

e) [o(x), x(»)] = —1/2&(x' — y")x(y) on D(o) for (x—y)*<O0.

) [o(x), V*(3)] =0 on D(¢) for (x —y)*><O.

g) [6(x),a(y)] =0 on D(o) for (x—y)* <O.
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It follows then that ¢ and ¢ as defined by Egs. (25) and (26) are local
and relatively local fields.
If the assumption 2 is strengthened to:
2'. The energy-momentum spectrum of the operator field y has
the structure
{p/p=0; p>*=m’p°>0; p’>2m}>m?p°>0},

it can be proved that D(c) contains the set D§* of “non-overlapping”
asymptotic states formed from y,

D(o)> Dy (ex =in, out),
and that for any two ¥, ¥’ € Dg*
(¥, a(f)¥)

is a tempered distribution, regarded as a functional of f.
Further, it will be shown in an appendix that for vectors

pex ek pexinDy({k| k% < m?}),
tZL{(gﬂout, &(k) qyou(‘)e—it(koikl) ; Tl&(k) (lP/out, Q [I/out)} }T-t:.o_) 0 ,
MR, 5 (K) o) e 00k T g(0) 5(k) (P17, Q P} =0,
tZN{(qj/in, (k) Tin) e~ itkok) 4y 5(jo) (Prin, Q¥in)} — 0

t— — o0

for arbitrary non-negative integers L, M and N.
Finally we add to the assumptions 1 and 2’ yet another assumption
concerning asymptotic completeness:
3. The set of all asymptotic states formed from y is dense in H.
It follows then that the pseudoscalar particles are effectively free, i.c.

Din = Pouy = %

in the sense of Schroer [2].

We do not attempt to give a precise form of field equations for the
w- and ¢@-fields. By formal manipulations we can of course obtain
equations which correspond to (4) and (5). Also, we do not discuss the
correct mathematical description of the substitution ¢ — ¢ + const.

We note finally that the definition of o(f) given in Eq. (33) and the
subsequent introduction of  and ¢ by means of (25), (20) and (26) can
be carried through in cases more general than the self-interacting spinor
field (e.g. x(x) could be a charged scalar field) which we have studied.

IV. Conclusions

Our results are summarized in the following statement, valid in
two-dimensional space-time:
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If a local field y with a conserved vector current V*{y} is given whose
energy-momentum spectrum does not contain massless particles, a local
pseudoscalar field ¢ can be defined by Eq. (33) such that

oMo =¢e""V,.

Then, taking the tensor product [3] of y with a free pseudoscalar mass-
zero field o, we may define local and relatively local fields v and ¢ by
means of Egs. (20). (25) and (26). This leads to a local theory which
contains a conserved axial vector. The ps(pv) theory is a simple example
of this situation.

Another local extension of the y-theory is of course given by a free
scalar field f and y as defined by Eq. (25). If x is a free spinor field, this
is the well-known derivative coupling of a scalar field [2]. In contrast
to the pseudoscalar case, the scalar extension is not restricted to mass-
zero particles or to two-dimensional space time.
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Appendix

We want to prove that for any non-negative integer L and for ¥°*,
q//out e D?)m
tZL{(‘I”‘“", &(k) Tout) e—it(k0+k1) _ 7725(]() (Tlout’ Q 'I/oul)}
in D'({k|k*<m?}).
Without loss of generality we may assume that ¥°* describes i outgoing
particles and i antiparticles while ¥'°*' describes i’ outgoing particles
and i’ antiparticles.

We take a test function feS whose support is contained in
{k/h* <m?} and form

t—+o0 0 (Al)

2L{fdk f(K) [(®'°™, 6 (k) Pot) e~ it kot k) _ (k) (P, Q P°)]}
= 2L {fdx f(x; 1, 8) (P, 0 (x) P°) — (i — ) 7 f(0) (P, o)}

where

(A2)

1 . o
S5, = [ dk e ~ithoisks fjg

is for any fixed, finite ¢t and s a test function € S whose support is con-
centrated around the point x° =t¢, x! =s. For t>0

H{fdx f(x; 8, 8) (P, 0 () ¥°) — (i = D f(0) (P, ¥**}
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can be replaced by

“U Py Ty dxd?y APy, T 61 (38 0)

XY, Vit t) <<D0, H1 X, V() nl %B’Q(ﬂg)) a(x)
n= e= (A.3)

i i
X Hl 7(;;+ O 1-0) 1_11 X;+1_,(y(i+1 -2) q50>
o= =

~(i=DnfOPe W"“‘)}
with an error of 0(|t|™®) [S]. Here y,, 5y, ¥; ¢, s) is defined by

i Z Py +i Z 5o

1
Vs )05 V5 t,S)=WJd2' d*pe == =5

X exp{—itl: Y P+ Y 17‘0"’]
=1 c=1

vis| $YRTEGIT + X VT 60T |00,
=1 =1
P(p, p')€S(G'™Y)
non-overlapping,
G={p/po>0, |p*—m? <c<Min{m? m?<m?}.
2r{fdx f (x ) (P, o(x) PO) — (i — i_)nf 0) (F'ou, peuyy}
= 2L {[d*y d*7y d*x dz‘ydz‘y ViV 730.0 f(x;0,1)

X e, 750, t>|:2(‘po’ H X, Vim) H X5, 00) 25:006) -
x'[a(x), 5(;.,(%)] 5(;1 (:V-(l) n X;+ 1-,(Y(i+ 1 —z)) d’o) (A4)
+ Z(‘pm [T 2 Wiwy) H %5 V) H Totar-e Tt 1-0) 4 O) -

n=0

x [o(x), X:,(J’(t))] X:i (}’(1 )) ‘Do)

—(i—)n SO (P, Y’°‘")} +0(|t™%).

This is a simple consequence of translation invariance and the spectrum
condition.
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Moreover, we commit only an error of 0(|¢|” ) if we replace the
commutators h .
. [o(x), %5,0p] and [0(x), Xz, (V)]
y
—1/2¢(x! — y(la)) Z;,(y(a)) and 1/2&(x' — ,V(lr)) X:;(y(z))

respectively. This is so because the main contributions in x and y,,
and in x and y,, separate by a space-like distance that increases linearly
in t and because of (¢). We observe that the main contributions in x
come from points which lie to the right of the main constributions of all
other variables. Hence

J'dk f"(k){IZL[(qIﬂout, 5'(k) lpout)e—it(hoﬂu)_ na(k)(lplout’ Q lpoul)]}
=M= D125y PTY Pxd Yy iy (0, T3 1:1)

’

13

X f(x, 07 t) w;';);(ﬂ)(ya ya ta t)(d)O’ 1—[ Xa;.;(y;n)) ]__[ Zﬂe(y;gg)) (AS)
=1

n=1

X [T Ggr1-0) T tors 1o .Gt 1-0) ¢o)
o=1 =1
— (= )m SO (P, ¥**) + 0(] ™).
According to Hepp [5], the curled bracket itself is of the type

n-(i—1)f(0o) Ot ™)
Hence we obtain
jdkf(k){tZL[(WIOUl, 6’(’() q/oul) e—-it(k0+k1)_ né(k)(llﬂou\’ Q upout)]} = 0
ie.
tZL[(.I/rout’ &(k) g/out)e—it(ko+k1)_ né(k)(q’[loul, leout)} = 0
in D'({k/k*<m?}).

The other assertions follow in an analogous manner.
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