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Abstract. We further develop the quantization of topological solitons in two-
dimensional quantum field theory in terms of Euclidean region functional
integrals. Our approach is nonperturbative and mathematically rigorous. We
apply it to construct physical states with fractional fermion number in models
of interacting bosons and fermions without recurring to a semiclassical
approximation. A related issue discussed in this paper is two-dimensional
chiral bosonization.

1. Introduction

In this paper we reconsider the quantum theory of solitons in quantum field
models in two space-time dimensions. Our purpose is to construct Euclidean
Green functions of local order fields and soliton fields in terms of Euclidean region
functional integrals. We also discuss the algebraic structure defined by the order-
and the soliton fields { 1] and associated monodromy structure of their Euclidean
Green functions. 1t will turn out that those Green functions are simply correlation
functions of products of order- and disorder variables.

A mathematically rigorous approach to soliton quantization within the
Hamiltonian formalism of quantum field theory was first developed in [1]. It
turned out, however, that for purposes of a detailed analysis of concrete models a
Euclidean approach to soliton quantization would be more powerful; (see [2] for
a systematic treatment of soliton quantization in terms of Euclidean region
functional integrals within the context of lattice theory).

The idea that the superselection structure of a large class of quantum field
theories in two and more space-time dimensions is encoded, in a mathematically
precise sense, in the set of correlation functions of general local order- and disorder
variables (especially disorder variables associated with line defects of the
corresponding Euclidean field theory) was first conceived in the first reference
quoted in [3], although of course order-disorder correlation functions had already
been studied earlier, and attempts had been made to extract information about the
field theory from such order-disorder correlation functions [4]. The proposal in
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[3a] was also made, independently, in [3b] and systematized in [2, 3]. In this paper,
we combine results and methods from constructive field theory, [5, 6] with the
ideas in [2, 3] to develop a systematic, non-perturbative and mathematically
rigorous approach to soliton quantization for quantum field models in two space-
time dimensions. Our approach is based on constructing modified Euclidean
region functional integrals in terms of which the soliton Green functions can be
calculated. The modified functional integrals arise by coupling the basic Euclidean
region fields of a field theory to singular external gauge fields whose curvature is
concentrated in a finite set of points in Euclidean space-time where soliton fields
are inserted. The gauge group relevant for our construction is simply the global
symmetry group of the classical action, and the coupling of the basic Euclidean
fields of the theory to the external gauge field is accomplished by “minimal
substitution,” i.e. by replacing derivatives by covariant derivatives. In this way, the
basic Euclidean fields of the theory turn into distributional sections of some vector
bundle over punctured Euclidean space-time, with those space-time points deleted
where a soliton field is inserted. This vector bundle is equipped with a flat
connection with nontrivial holonomy.

One might object that the time for such an analysis of quantum solitons has
passed. However, the ideas and methods that we develop have several applications
to more topical problems of present-day quantum field theory. Here are some
examples: We present a formalism for bosonizing arbitrary Euclidean Green
functions of chiral spin-1/2 Fermi fields and their local currents in two space-time
dimensions. We are able to express such correlation functions in terms of bona fide
Gaussian integrals of products of functionals of a real, free, massless Bose field and
of disorder operators for that field. In principle, our approach extends to arbitrary
Riemann surfaces, but we have not bothered to work out the details. While at the
level of identities between Bose- and Fermi Green functions we have no new results
to report, the fact that Green functions of chiral Fermi fields can be expressed in
terms of bona fide bosonic functional integrals may have escaped attention.

We are also able to express correlation functions of spin fields associated with
two-dimensional Dirac fermions in terms of Gaussian integrals of products of
functionals of a free, massless Bose field. By “taking square roots” a similar result is
obtained for the correlation functions of spin fields associated with a two-
dimensional Majorana fermion. This is of interest in connection with the covariant
quantization of the superstring, in particular with deriving formulas for fermion
emission vertices. But it also yields explicit formulae for the spin correlations of the
scaling limit of the two-dimensional, critical Ising model. This is, of course, not a
new result. But our approach to bosonization could be used to analyze several
other two-dimensional, critical models of statistical mechanics wich can be
“mapped” onto the Gaussian model; (critical X Y- and clock models, Ashkin-Teller
model, ...). It is also of some interest in connection with some monodromy
representations of the braid groups, (the Burau representations). However, in this
paper there is no room for a systematic study of these matters.

Finally, our approach to soliton quantization can be used for a non-
perturbative, mathematically rigorous analysis of kinks and antikinks carrying
fractional fermion numbers in models of interacting bosons and fermions, such as
the pseudo-scalar Yukawa model, in two space-time dimensions. Our analysis
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goes beyond the semiclassical approximation and replaces topological arguments
applied in conjunction with the semiclassical approximation by algebra.

It is worthwhile mentioning that an attempt to evaluate our non-perturbative
formulas for solition Green functions quantitatively, with the help of a semiclas-
sical expansion, leads to some intriguing classical variational problems which we
know how to deal with only in the simplest cases.

The organization of our paper is as follows:

In Sect. 2, we discuss the quantization of solitons in terms of functional
integrals for the simple example of the A¢3 model. We derive non-perturbative
expressions for mixed order field-soliton Euclidean Green functions and recover
the “dual algebra” commutation relations [1] between order fields and soliton
fields. We show how the 4¢3 model can be reformulated as a theory of an
interacting Majorana field. It is worth mentioning here that there is a related,
mathematically rigorous isomorphism between the 2¢* model in three space-time
dimensions and a nontrivial Z,-gauge theory. These isomorphisms extend the
Onsager transformation and Kramers-Wannier duality from the Ising- to the /¢*
models. Finally, we comment on the semiclassical expansion of mixed order ficld-
soliton Green functions and formulate an associated classical variational problem.

In Sect. 3, we review chiral bosonization over the complex plane (isomorphic to
two-dimensional Euclidean space-time) in a form that we believe is somewhat
novel. We express spin fields associated with Dirac fermions as functionals of a
frec, massless Bose field and sketch how one may use this to calculate the
correlation functions of the two-dimensional, critical Ising model in the scaling
limit.

In Sect. 4, we briefly review the Euclidean quantization of solitons in the two-
dimensional sine-Gordon model and show how to reconstruct charged Fermi
fields out of our local soliton fields.

In Sect. 5, we combing the results of Sects. 2 through 4 to carry out a non-
perturbative analysis of fractional fermion numbers in two-dimensional models of
interacting bosons and fermions. We hope that our analysis may clarify some
aspects of this phenomenon which, as is well known, is of interesct in one-
dimensional condensed matter physics.

In an appendix some features of the lattice approximation to the bosonized,
two-dimensional pseudo-scalar Yukawa model are briefly discussed.

Fairly detailed references to previous work on all these problems may be found
in Sects. 2 through 5.

In a companion paper we shall analyze the Euclidean quantization of
“anyons,” 1e. point vortices carrying a fractional electric charge, in three-
dimensional Higgs models with Chern-Simons term in the action. Our analysis
which is completely nonperturbative sheds some light on strange properties of
anyons, like their fractional spin and statistics, their fractional electric charge and
their “extended particle” structure.

2. A Simple Model with Solitons: i¢3 Theory

In this section we describe the construction of soliton-, or kink Euclidean Green
functions in the simple /¢35 model and show that this theory can also be formulated
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as a theory of Majorana fermions. The formalism introduced here will be useful in
our discussion of kinks carrying fractional fermion number in two-dimensional
models of interacting bosons and fermions (Sect. 5) and is therefore developed in
some detail.

To begin with, we briefly recall the kink solutions of the classical 1¢% field
theory. The Hamiltonian of the model is

n A
H= | dx%[n(x)z +(V$)* (x)+ 5 (¢(X)2~5)2] (2.1)
The absolute minima of H in the infinite-dimensional phase space of the system are
¢(x)=+]/¢, nlx)=0, (independent of x). (2.2)
The second functional derivative of H in ¢ at these points is
6*H

5095001 90 =V ER=0=(= 0Tt m)oe ),

where the mass m is given by

20E &>0
2 ]
m ~{_2€, £ <0, (2.3)
Every configuration (n(x), ¢(x)) of finite energy satisfies
lim 7(x)=0, lim ¢(x)=+]/¢, lim ¢x)=+|/¢. (2.4)
x— t o X X—= -

Thus the space of finite-energy configurations consists of four disconnected
components

r, = {(n, $): lim P(x) =1/E},

r = {m, ¢): lim ¢<x>=—1/2}, 2.5
L= {m@): lim ¢(=~ lim gb(x):VE},

and

L= {(n,qﬁ): lim ¢(x)=— lim ¢(x):~1/g},

x—+w X—= —w

The minima of the Hamiltonian H restricted to I, and I; give rise to kink- and
anti-kink solutions, ¢ (x), ¢i(x)= — ¢(x), of the classical ficld equations. Here

¢,(x)=]/¢ tanh (]/32—5 x— a> =—¢(x), (2.6)

for arbitrary real a.
Travelling kinks or anti-kinks are obtained by applying Lorentz boosts to the
solutions (2.6).
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The components Iy, I'_, I', and I are invariant under the Hamiltonian flow.
This permits us to associate a time-independent topological charge Q(¢p) with every
finite-energy solution, ¢(t, x), of the classical field equations,

0f)= [ ¢t x)dx=lim [4(3)~ it )] @)

X0

For (¢, ¢)e T, we find Q(¢)=0, for (¢. ) T}, Q()=2]/%, and for (¢, d)e L,
Q)= —2)/¢.

2.1. Construction of the Vacuum Sector

We now pass to the quantum theory of kinks and anti-kinks in the 1¢$ model. The
Hamiltonian approach to this problem has been investigated rigorously and in
much detail in [1]. Here we briefly review the quantization of kinks and anti-kinks
in terms of Euclidean region functional integrals, as developed in [2]. (For earlier
work in this direction, see also [3].) In the Euclidean description of quantum field
theory, the 4¢3 model is characterized by its Euclidean action

1 A
S(@)= {d*x {EI(V@)ZZ(X)-{- Z:(diz—é)zz(x)}, (2.8)
where &(x)1s a random field whose distribution is given by the probability measure
1
du (P)= > e SPDP, . (2.9)

In (2.8), the double dots indicate normal ordering with respect to the free
propagator (— ¥V +m?) ™!, where m? is given by (2.3). Formula (2.9) is the Euclidean
Gell-Mann-Low formula: D® , is a formal Lebesgue measure on xR, and the
subscript “+” indicates that we impose boundary conditions (b.c.)

<15(x)—>+1/g, as |x|-o0, or @(x)—»—l/g, as |x|—o0, (2.10)

for £>0. (For £ <0 we impose zero Dirichlet b.c., @(x)—0, as |x[— c0.) The precise
mathematical definition of these b.c. is discussed in [5, 6]; [the notation (2.10) is
somewhat symbolic]. The b.c. (2.10) are chosen so as to select pure phases of the
theory.

The factor 1/Z is chosen such that du_ (®) and dp (&) are probability measures
on the function space #'(R?) of tempered distributions on IR?. Formula (2.9) has
been given a rigorous mathematical interpretation; see e.g. [35,6]. For example,
dp., () and dp_(P) can be viewed as limits of measures describing fields over a
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bounded space-(imaginary) time lattice, as the lattice spacing tends to 0 and the
thermodynamic (infinite-volume) limit is taken. It is known that, for ¢ small
enough,

du(P)=du_(P)=d(P), (2.11)
while for ¢> ¢, for some bounded &,
du(P)=du (—P)+du_(P). (2.12)

This is interpreted, physically, as spontaneous symmetry breaking: The action S(®)
defined in (2.8) and the formal Lebesgue measure have a discrete, global Z,
symmetry

P(x)—> —P(x), forall xelRZ.

For ¢ sufficiently large, this symmetry is spontaneously broken, and the boundary
conditions (2.10) select two distinct pure phases characterized by dy, (), du (D),
respectively, [5b]. This is expected on the basis of the classical theory; see (2.2).

The Euclidean Green functions of the 1¢3 model are the moments of du ., i.c.

GOy )= ] T1 Blx)dp= (). (2.13)

i=1

It is known that these Green functions satisfy the Osterwalder-Schrader axioms
[7]; (distribution property, Euclidean invariance, clustering and Osterwalder-
Schrader-, or reflection positivity). The Osterwalder-Schrader reconstruction
theorem then guarantees that the {G'?} uniquely determine real-time Wightman
distributions and Green functions by analytic continuation in the time variables. If

Wexf<.<x?, x=(x%xY,

then
GP(xy, .., x,)=(Q, qﬁ(x})e"xg"?”’gb(x;). el a0, S, (2.14)

where Q, and Q _ are the physical vacua (distinct, for > £, but 2, =Q_=Q,for ¢
small enough), ¢(x?) is the relativistic time-0 quantum field, and H is the Hamil-
ton operator of the A¢3 model.

For £>¢,,

Qi d(x)Q )= =2, p(x)Q_>=D.>0, (2.15)

while, for ¢ small enough, (£, $(x)2>=0.
Let %, be the algebra of functionals of the Euclidean field @ generated by

{D(f): fe SR, supp f S {(x% x"): x">0}}.
We define
fox%xH=f(—x%x"), [ xY)=f(x"—1,x"),
and

Jlx®x) = f(x% x! —a).



Bosonization, Topological Solitons and Fractional Charges 133

Furthermore

D )=D(fo), P(/)=P(f), and D(f)=D(],).
For Fe#,, we define
OF(®)=F(Py), F(@)=F(@), and F(P)=F(P,). (2.16)

The image of #, under 6 is denoted % _. It is the algebra of functionals of @
supported at negative (imaginary) time. For Fe #,,t>0, a real, F, and F, belong
to #,.

Reflection positivity is the property of du. that

(OF Fy, =0, forall Fe#., (2.17)
where
(Fy.= | F@)du(). (2.18)

Reflection positivity permits us to reconstruct the vacuum sectors of the model as
follows: With each Fe %, we associate a vector |F) in a Hilbert space s, with
scalar product given by

(FIGy={0FG), . {2.19)
The energy-momentum operator (H, P) is obtained from the formulae
(Fle |Gy =(F|G)=(FFG,) s, (2.20)
and
(Fle|G) = (F|Goy =<{OFG,) . . (2.21)

Similarly, if the measures du . (®) are Euclidean invariant a unitary representation

of the full quantum-mechanical Poincaré group on the Hilbert spaces #°,, #_ can

be reconstructed from the expectation vaiues of products 0FG, with F and Gin 7,

in the measures du ., du _, respectively. This is explained in detail in [8].
Finally, the quantum field ¢ is obtained from the formulae

(F1(0,x")|Gy=<OF ®(0,x")G) . ,
(F| (0, x e~ (0, y)| G) = COF D0, x ) (L, y) Gy (2.22)

etc.

For the 2¢3 model, it is known that, for |£| sufficiently large, the spectrum of the

mass operator M, where M>=H?—P? consists of {0} {mpy.}o(my,.+ 1, o0),
Miohys > Oand > 0. Here m,,, is the mass gap, and pis the upper gap. See[5a] fora
review and references to the original papers.

The material reviewed between (2.15) and (2.22) is, of course, model-
independent. Similar considerations apply to all other models discussed in
subsequent sections of this paper. See [2,8] for general discussions of
Osterwalder-Schrader reconstruction [7] in a context adequate for the present
paper.

We remark that all results for the 2¢% model reviewed here are well known,
rigorous results. It is quite straightforward to verify them for the lattice model,
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whose Euclidean vacuum functional measure is given by

1
du. (@)= lim —exp[ Y (P—P) } [1 do(®)), (2.23)
AR L4 GiynaF
where A is a finite subset of Z?, Z , is the partition function,
2
do(®)= eXp[ (@2 =) } (2.24)
and
®;=+)/¢, forall jéA. (2.25)

In this context, symmetry breaking for &> £ (&, = ¢ (4)>0) is an easy consequence
of a Peierls argument. See ¢.g. [2, 5a, 6].

The point is now that in the phase of the i¢3 model with a broken ¢— —¢
symmetry the physical state space is much larger than the vacuum sector 4, , or
H#_, [1]. There are physical states, |s) of finite total energy with the property that
the function {s|¢(x°, x*)|s> resembles the soliton solution ¢ (x°, x) of the classical
field equations. In particular,

lim  {s{p(x% x)sd>=+D,, (2.26)

x> +tw

where @, is the vacuum expectation value of ¢ defined in (2.15). Defining the
guantum topological charge Q by

J“ dx! ( 631 ¢> (x%x1), (2.27)
we conclude from (2.25) that
(s1Q)s) =29, (2.28)
while
FIQ1G> =0, (2.29)

for all |[F), |G) e #,, since, by (2.22),

CFIQIG) = lim [(OF®(0,x")G) . —<OF®(0, —x')G) ]

={0FG) . lim [{P0,x"))+ —<PO0, —x")) ]
=0,

by clustering.
Our purpose is now to construct a local field, s(x), carrying a topological charge
of £2¢,, out of which soliton states |s>, |§> of charge +2@, can be constructed.

2.2. Soliton Bundles for the A% Model

In this section we construct a local soliton field, s(x), for the A¢% model and show
that, for £ > £, where the ¢ — — ¢ symmetry is spontancously broken, it couples the
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vacuum sectors to soliton sectors of topological charge + 2&,. Our construction is
purely Euclidean: We directly construct Euclidean Green functions G% for the
soliton field and obtain the soliton sectors 3, #;, a representation of the Poincaré
group on #,, #; and local field operators, s(x), from G*% by a version [2] of the
Osterwalder-Schrader reconstruction theorem [7, 8]. Our construction of G?7 is
inspired by the one in [2, 3] which relies on disorder operators. We just sketch the
main ideas; details may be found in [9].
We choose 2n points {x, ..., Xx,,} in Euclidean space-time R* and define

M=R>\{x,,...,X,,} -

Clearly, M is not simply connected, and there exist, therefore, non-trivial real line
bundles, E, over M with fibre R and structure group Z,. The group action on the
fibres is given by

(ceZy={1,—1},peR)>ed. (2.30)

Such bundles are uniquely characterized by their holonomy: With each point x; we
associate a number ¢;=0, or 1. Let @ be a loop in M. We let n(w, x;) denote the
winding number of «w with respect to the point x;. We set

2n
—‘1 qgin{w. x,)

Ulw)=(—1)- (2.31)

U defines a representation of the fundamental group of M. All line bundles E
specified above may be characterized by such a representation, or, in other words,
by a choice of ¢4, ...,q,,. From now on we choose

ql:"':an:1 .

An explicit choice of a flat connection on E can be made by connecting the points
X1, ..., X5, pairwise by n paths y =(y,,...,7,} and defining parallel transporters
along arbitrary paths = in M by

n .
E; im, ;)

Ulr,y)=(—1y" , (2.32)
where
i(m,y)= # intersections of = with 7.

This permits us to define a covariant derivative, V,, and a covariant Laplacian, 4,,
on sections of E. For our analysis of the field theory, the only important quantity is
the Green function of A, which can be calculated neatly by using Brownian
motion: Let dWXTy(n) be the standard Wiener measure on continuous paths, 7,
parametrized by the interval [0, T} with a(0)=x, n(T)=y, (x,ye M). Then the
Green function, G.(x, ), of 4, is given by

Gyx.y)= [ dT {dWim) Ulr.y). (2.33)

Oe— &

[The meaning of ¥, and 4, can be elucidated by embedding E in a complex line

bundle with structure group U(1) carrying a regular U(1)-connection, 4. One
obtains V,, A, from V,, 4, by studying the limit where the curvature, dA, gets
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2n

concentrated in x,, ..., X,,, (d4)(x)>7r Y £J(x—x,), and the support of 4 shrinks
=1

to y; see also [9].

We now define a covariant action by

| A
S(D,y)= {d*x { H(V,@)%: (x)+ 7 (@2 — &) (x)} . (2.34)
Given x e M, let =, be the path paralle! to the x' axis starting at x and reaching out
to x' = + o0, We introduce gauge-invariant fields

. (x)=D(x) Ulm,.y). (2.35)

X1 i

The full set of Green functions of the A¢% model is then given by

1 } . m

(72'1 m>()V1:- ~:X2n;y15'--7ym):[g j e’S«D”/) H ¢/(V1)Db(p+] b (236)
£ e =1 7 ren

where T(E) is a space of distributional sections of E, and D,®* is the formal

Lebesgue measure on [, (E). The subscripts, =, still refer to b.c.

B(x)—+)/E, as |x]-w,

and [...],., indicates that the functional integral between the square brackets
requires a multiplicative renormalization of the form a(x)*", where a(ic)— o0, as an
ultraviolet regularization x is removed, (e.g. the lattice spacing of a lattice ¢35
model is sent to zero). It is not really hard to give (2.36) a rigorous mathematical
meaning; see [9]. In fact, the main problems to resolve are to define the Gaussian
measure duy(P) with mean 0 and covariance (—4,+m?) "', m*=2.4¢>0) on
I(E) — which is straightforward, using

(— A, +m?) M y)= [ dTe "7 [dWim) Ulr.) (2.37)
, I :

--and to calculate the ratio of normalization factors of the Gaussian measures
duy( yand du®(P)= d,u - (®) (=standard free-field Gaussian measure with mass
m?). This ratio of normalization factors is formally given by

det(— A, 4m?) " V2 /det(— A4 +m?) "2,

but this ratio vanishes. Introducing an ultraviolet regulator «, e.g. a lattice cutoff,
one may choose a function 2(x), diverging to + oc, as k—cc, such that

A0y)= lim ofre)®” det((— AL +m?y(— 404 m*) =12 (2.38)

K= o0

exists, as long as min dist(x;, x;)>0. The function #(¢y) is gauge-invariant and
3] :
therefore only depends on dy={x, ..., x,,}, but not on our choice of 7. It can be

calculated essentially explicitly, and one can show that
A7), ~, exp(const[logd,]?), (2.39)

where d, = min dist(x;, x ).
i*j
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Defining

@)= 2 [ dx (@2 — &) (x) — (2m?/4): @%:(x)]

with 4 or — b.c. at infinity (see [ 5b, 97), we see that the formal expression (2.36) is
really given by

j. d‘u;)(d))e V(D) lj[l q)}(y])
G2 (X1, s Xaps Vv oo Vi) = - {d,ud(}]r?’)eﬂ]/t@) - Ay, (2.40)

The first quotient on the right-hand side of (2.40) can be defined, mathematically
precisely, by using fairly standard methods of constructive field theory { 5a, 6]. It is
finite as long as y; = y,, for i= j, with logarithmic singularities, as |y, —y,;/—0. The
details of these constructions are carried out in [9].

Our notation on the left-hand side of (2.36), (2.40) suggests that the right-hand
side of (2.40) only depends on 0y = {x, ..., x,,}. This is indeed the casc and follows
from gauge-invariance.

It is instructive to compare the expressions (2.36) and (2.40) with the
corresponding expressions for the lattice theory [2]. We set

Z=5exp[ P aﬂﬂd@(

{ijy

and

O(Zn 1 m
GF@,Z,:;"Z)(xla~f~>x2n;yla~~~ Jm feXP[_2<Z>(q§i' 1/ 1 :] Il Yic I]dQ
ij =
(2.41)

where « (=o(x = 1)) is an arbitrary positive number, x;, ..., x,, belong to the dual
lattice (Z*)*, and ¢ is a Z, lattice gauge field given by

{1, it (jpre
Gij:

1, otherwise,

where y=(y,...,7,) are n paths in (Z** joining n disjoint pairs of points in
{X1, .., X5, (sce [2]). By introducing a variable lattice spacing a=x"' and
choosing x=u(k), de=dg, (independent of y and y,,...,y,) in a suitable way as
functions of x, one obtains (2.40) as the fimit of (2.41), as k =a ! —oc. We have
suppressed here the discussion of the thermodynamic limit; sec (2.23). [Its
existence is an casy consequence of FKG correlation inequalities [ 6], as the reader
will check quite easily. ]

The main result, proven in [9], is now that the Green functions
GRE™(X [y oo Xags Y1y o0 V) satisfy the Osterwalder-Schrader axioms. This has
been proven in detail for the lattice theory in {27]. The extension to the continuum
timit is discussed in [9], and the main ideas are sketched below. It is worthwhile to
note that, because of the singular behaviour found in (2.39), the Green functions
G ™(x 1, oo Xgp) V1o -0 Vi) are ot tempered distributions, but belong to a Jaffe
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class of ultradistributions. An extension of Osterwalder-Schrader reconstruction
to this class is known [10]; (see also [8]).

From the Osterwalder-Schrader reconstruction theorem it then follows that
{G1:™} are the Euclidean Green functions of a local soliton field operator s(x) and
the meson field operator ¢(x): For x¥<...<x5,<y9<...<y% we have

G2 (X g o vor Xy V1o ovor V) = (24, 5(0, x 1) e~ 273D (0, x1,)
x e~ ORTEH G0, y1y e =0T G(0, pl). (0, p)QL ) (2.42)
When &> ¢, so that
Qi pQ, >=1,, with &,>0,

the physical Hilbert spaces reconstructed from (2.42) arc

A= H, DA
and phys + s ’} . 2.43
H s = H DA, ( )

H, and A _ are the vacuum sectors which we have already discussed, while 5, and
JF, are a soliton- and an anti-soliton sector. [When ¢ is sufficiently negative, #,
=H_=H=H, Q,=0Q_=Q, and {Q,s(x)Q2)>=+0, while (Q, p(y)Q2>=0. This is
the symmetric phase of the A¢3-model. We shall not discuss it anymore,
henceforth.]

The quantum field theories on 4, and on 4,  are isomorphic, (identical
particle spectra and identical dynamics), and are related to each other by the
symmetry operation ¢— — ¢. It therefore suffices to study the theory on 2, ., and
we shall omit the subscript + henceforth. For &>¢, the Green functions
G ™(X 1, ooy Xams Vis -0 Vy) have exponential cluster decomposition properties,
with

’

2n, .
GO ™(X oo Xy ooy X3 Vs e Vi) =0,

as |a| —» oo, exponentially fast [9]. Therefore, the soliton field has vanishing matrix
elements between states in J#, = ', , or between states in J#,, but non-zero matrix
elements between states in #, and states in #, The spaces #, and #, are
eigenspaces of the topological charge

+ o 6 o . ’
0= _f <6§T (i)) (x% x")dx
with eigenvalues 0, 2&,, respectively.

The mass gap (lowest eigenvalue +0 of the mass operator M) on J#; is My,

>0, the lowest eigenvalue of M on 4, is m;>0, with m, (cc A and msocl/E, for
1
Eoc 7 large enough; see [1c, 9]. [The proofs of these results require a somewhat

nontrivial extension of the methods in [5b].] It follows, in particular, that #; does
not contain any translation invariant states (vacua).

The meson- and soliton fields, ¢ and s, satisfy the “dual algebra,” first
discovered in [1a]: For x and y two space-like separated points in IM?,

P(x)s()=(— 1" Ds(r)(x), (2.44)
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where 6 is the Heavyside step function. [ Note that, in two space-time dimensions,
y!' —x'20 are Lorentz-invariant conditions if x and y are spacelike separated.]
The dual algebra can be used to fermionize the 1¢5 model: We define a real, local
field, yp(x), by

Pix)=p(x)s(x). (2.43)
Then the algebra (2.44) implies

() (y) = P(x)s(x)p(y)s(y) = (— 1" 7 P(x) p(y) s(x)s(y)
= (=1’ 70(y) px)s(y) s(x)
= (=171 T (y) s(p) pl(x) s(x)
= ~yp(yp(x), (2.44)

for x and y space-like separated. [We have used that ¢ and s are local Bose fields
which follows from the symmetry of G*"™(x,, ..., X5,: V1, ..., ,,) under exchanging
x-, 01 y-arguments among themselves [ 7].] Relation (2.44') identifies y as a Fermi
field and, since it is real, i describes a Majorana fermion. It couples the vacuum Q
to soliton states. Hence the soliton can be thought of as being a Majorana fermion.
Another theory which can be described in terms of Majorana fermions is the two-
dimensional Ising model. One might think, therefore, that there must be a
connection between A¢3 and the two-dimensional Ising field theory, with ¢(x)
playing the role of the spin field in the Ising model, and y(x) playing the role of
Onsager’s Majorana fermion in terms of which the Ising model is described as a
free Majorana theory. Indeed, it is generally believed that the long-distance scaling
limit of the Green functions of the 1¢3-model at the critical point (¢ =¢,), i.e. the
infrared fixed point of A¢3, is identical to the critical Ising field theory.

The dual algebra (2.44) has the following consequences pointed out in [11]:

(1) <Q, p(y)s(x)2> =0, hence {Q, pR)> (Q,s2>=0;

(2) (Q, Q5 =<0,s0)=0 implies m,, =0, i.e. a critical theory.

These are model-independent results which follow from cluster properties of
{GE¥™™} and (2.44).

We finally remark that the form factor

(e *M15(0, )R, ¢(0,x") e~ 5(0, 71)2>

resembles the classical kink solution of the A¢%-model quoted in (2.6).

Most of these results have been established for the lattice theory in [2] and in
the continuum limit in [9]; see also [1]. Here we just outline the main formal ideas
of the proofs.

1. Gauge-invariance: G*™™ depends on y only through dy={x,,...,x,,}. To
see this, we define Z,-gauge transformations as follows. Partition IR? into two
disjoint subsets, B and B°. We define ¢; by

‘ _)—9(x), xeB
(&B@) (X)" { ®(x), xe B, (2.46)

egy =yUoB.
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- +
- +
- +
Fig. 2
Then
Veolen®)= eV, P),
(eg®)?? =07, p=12, ...
Hence
S(ep®, 51{/) = S(Q]/) .
Moreover,

D, (x)=(65D,,,,)(x) and D@, =Dy(esP).,

provided B is compact.
Hence

1 _ oom 1 3 - m , ,
[Z wa o~ S@.0) Hl d)y(yj)DE(pi:l - l: [ e S(@'.en7) -H1 (Dm,(y/.)Db@i] ,
7= ren J=

alk) I'alE) ren

which completes the proof.

Gauge invariance permits us to choose the paths y to reach out to infinity.
Consider, for example, the soliton propagator G{¥(x, y), with x° <0< y°. We may
then choose y =7y, Uy, to consist of a path v, starting at x and tending towards
(—o0,0)and of a path y, starting at y and tending towards (+ 20, 0). In this case, we
must, however impose mixed {4+ —) b.c. at infinity, i.e. D@, is replaced by
D@ _,, as shown in Fig. 2.

By performing a “global” Z, gauge transformation labelled by B, the new
definition of G{¥(x, y) involving (+ —) b.c. at infinity, with y =7 Uy, is seen to be
equivalent to the definition of G{?(x, y) given in (2.40) which involves pure + b.c. at
infinity (or pure — b.c.), and with y=7. [ These formal manipulations can be made
precise by introducing a finite-volume cutoff, as shown in Fig. 2, and removing it at
the end of the construction. See {2, 91.] The new definition is more akin to the
Hamiltonian approach developed in [1].

2. Euclidean invariance and clustering: Formally, Euclidean invariance of the
distributions {G*"™} is obvious. It can be proven by using FKG inequalities [6]
or a field-theoretic version of the Peierls argument [5,9] to construct the
thermodynamic limit. The second method also proves exponential clustering. This
is the main result of [9].
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3. Osterwalder-Schrader positivity: For the soliton propagator, G,
Osterwalder-Schrader positivity is the inequality

[ d*xd?>yGP(x, y) fo(x) f() 20, (2.47)

for every test function f, with supp f C{%:X°>0}, where /e(x xH=f(—x%xH. I
in our construction of G{¥(x, y), we choose y= 7.7, as in Fig. 2, then formally

GHAx, y)= [ FYUQFI( D)y, - (D),
where FY(®) is real, singular functional of @ concentrated along 7, with
Fo(®)e s, if y,C{%:X°>0}. Now, for x° <0,
F#(0)=0F% (®), with F¥ =Fy eF,,

Yox

where Ox =(—x%x"), and 0(y,) is the time-reflection of y,. Therefore, inequality
(2.47) follows from

IH-F((I) F((b)dﬂw ~)((p)§0

for all Fe %, which is well known.

A more explicit proof of (2.47) has been given in [2] for the lattice /¢35-model,
and since the lattice approximation converges, (2.47) is true in the continuum limit.
Osterwalder-Schrader positivity for the full set {G*"™} of Euclidean Green
functions can be shown similarly, with more effort in keeping notations straight.

Next, we sketch the construction of the soliton sector J#;; (#; is obtained in the
same way by applying the symmetry operation ¢— —¢). We claim that the
following states form a dense set in

SN = [d*x f(x)e * 50, x1)|F>, Fe#F,, (2.48)

where f is a test function with support in {%:%%>0}. The scalar product of two
states, s(f)|F> and s(g)|G>, of the form (2.48) is given by

<S(f)FI‘S(g)‘G> = [.” dedzyfe(—x)g(y) <(ﬁ)fx0Gv”>y. +]0y:{9x.y) > (249)
where

~V D)
(= 1O ) o,

Using the cluster properties of {G{ (2rmone shows quite easily that
((FIGY=0, ie. HLA,.
and

SUS@IFY = [[d2xd?y fix)g() e Hs(0,x1) e 7 5(0, ') [F

belongs to the vacuum sector 7, (see [2, 9]).

4. The dual algebra (2.44): We consider the Green functions G™™(x,, ..., X,
Vi, .. V) defined in (2.35),(2.40), with x,, = x, y, = y. It is convenient to choose y to
consist of the union of n paths 9" and a path 7, starting at x and tending to (oo, 0), as
discussed in 1) and Fig. 2, above. We now compare the phases of G*"™(x,, ..., x;
Vs . V) fOr two different choices of x and v, with x,, ..., x,,_; and y,, ..., y,, fixed:
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(i) x=xV=(0,x"), y=yT=(z, y");
(i) x=xP=(e,x"), y=y=(0,y"), £>0.
Then it follows from the definition of @ (y),

P(y)=P(y) U(m,,y), see (2.35),
and from the definition, (2.36), (2.40), of G"™ that

Hm GC"™(x,, ..., x O y®, .,y =0 1im G2 ™(x,, ..., x®; y Oy,
N0 O
(2.50)
with
c=1, if y'>x', and o=-1, if pt<x'. (2.51)

This is easy to see for our choice of y.

From (2.50) and the symmetry of G*"™(x,, ..., X5,; V1, ..., V) under exchang-
ing arguments the dual commutation relations (2.45) follow by standard
arguments of axiomatic field theory.

5. Thetopological charge Q: Let F € #,. We claim that e *#s(0, x1)|F >, £>0,1s
an eigenstate of the topological charge Q defined in (2.27) with eigenvalue 2,
while |F) is an cigenstate of Q with eigenvalue 0. [The last statement has been
proven in (2.29).] As mentioned in 2) (Osterwalder-Schrader positivity), states of
the form e~ *¥s(0, x1){F), F e #,, generate a dense set of states in 4, [2, 91. Thus,
we must calculate

(e™"5(0,x")F|Qe ™" M50, y1)|G) (231)

with F, Ge 7, ¢, ¢ >0.
Now, (2.51) can be expressed in terms of functional integrals: By definition
(2.27) of Q and (2.36), we have

2.51)= lim [% [ e SONOF)_ ()G AD) [,(0, w)— D.(0, —w)]DE<I>+] ,

W= TI'a(E) ren

(2.52)
where y is a path joining (¢, y') to (—e¢, x"). By the definition of @, the right-hand
side of (2.52) 1s given by

lim [1 { e‘s(‘b’“’)(BF)_e(cb)Gs,(d?)[@(O,W)—i—di(O,—w)]DEdh} . (2.53)

w0 I'q(E)

By the cluster properties of the measure du (@) introduced in (2.9), and since supp?y
is compact, we see that

~

(2.53){%; e SONT@IGADDP | 2 (@)0). (254

T'a(E) ren

The first factor on the right-hand side of (2.54) is equal to
(e (0, x")Fle “Hs(0, y1|G), (2.55)



Bosonization, Topological Solitons and Fractional Charges 143

by (2.36), (2.40), while the second factor is
224,002, >=22,.
Hence
(2.51)=2@ (e 50, x")F|e “H5(0, y')|G),

which completes our proof of the claim that #, is an eigenspace of O with
gigenvalue 2@,.
6) The form factor: Let F and G be ain #,. We consider the function

glw)=e™"s(0, x")F|$(0, w) e ~* 50,y G ,

with ¢, ¢ >0. By a calculation essentially identical to the one carried out in 3),
above, one shows that
lim gw)=+,.
w— +w
Thus, the form factor g(w) resembles the kink solution of the classical field
equations of the 4¢3 model.

Remark. For the lattice 1¢3 model, we have shown in [2] that the soliton is a
massive, stable particle by showing that the soliton propagators G{?)(x, y) has a
Kallen-Lehmann spectral representation of the form

GA(x, y)= J de(@)(— 4 +a®) (%), (2.56)

where dg i1s a positive measure of the form
do(a)= z6(a—my)da+dg'(a),

(2.57)
#>0, suppdo C[m,+ i, 0),

) 1 . .
with 0 <m, and 0 < g < R My, for Zsmall,and E~ large>. While the methods in
A

[2] do not directly apply to continuum theories, it is likely that one could improve
them to prove (2.56) and (2.57) for continuum A¢%. See also [19] for a general new
approach to particle structure analysis.

One might ask whether the particle structure (soliton mass, soliton-meson
bound states ...) of the theory can be investigated, quantitatively, with the help of
some asymptotic expansion methods, in particular the semi-classical method?
This appears to be possible, indeed, and here is the scheme: As an example, we
consider a two-soliton Green function

1 " )
GP™(X, V3 21y oo Zp) = [ [ e 5@y @V(Zi)DE®+j| , (2.58)
Z ram i=1 ren
see (2.36),(2.40). Here y is a path connecting x to y. In order to evaluate (2.58) within
a semiclassical approximation, we must start by looking for the critical points of
the classical co-variant action

i A
S4.7)= ] d%x {ﬂ,@ﬁ(m g@uw}



144 J. Frohlich and P, Marchetti

on a Sobolev space
(@ §d*x(V,D)*(x) < o0, P(x)>]/E, as |x]—> |

of sections of the soliton bundie. This is a well-posed variational problem. For a
general connection supported on y={yy,...,7,}, n=2, this appears to be a rather
difficult problem, but for n=1, y=7, it is cquivalent to the following simpler
problem: Let v, be the shortest path connccting x to y. We define the function
space

Ty =A@ [ d*x(V 0P (x) < 00, D(x)—/¢, as x|,
and P(x)—0, as x>y} . (2.59)

e

We look for a function ®,e % such that

7o

S{Po)=inf S(&P),
DeF
1 A _ . .
where S(P)= [d°x {i (V) (x)+ 2((b2~é)z(x)} is the ordinary classical action.
The minimizer @, is clearly a section of the soliton bundle E, and it turns out to
minimize S(®,7), for ®eI'(E). Once we have coustructed @,, we expand S(P)
around @, for ¢l (E), ie.

S(®) = S(By+ 5B) = S (o) + 10, (5D) + OGP, (2.60)

where 0@ e [(E), and Q. is a positive quadratic form. Since x, y and 7 are fixed, Q
does not have any zero modes. Moreover, in the limit, where dist(suppd@, y,)— oc,

0,(6B)— [ Px{(V D) (x) + m>*(0B)*(x)} , (2.61)

with m?=24¢. To one-loop order, the problem now reduces to calculating the
quotient

det(Q, ) V?/det(— A+ m?*) "2,

and discussing the Gaussian measure with mean 0 and covariance Q'

This concludes our discussion of soliton quantization in the i¢3 model. We
have presented rather many details, because this example, although simple, is
really quite basic. See [1, 2, 9] for more mathematical details.

It should be emphasized that the theory developed in this section has a fairly
straightforward extension to A¢>P-type theories, with p=2,3,4, ..., where ¢ is a
complex oran N = 3 component scalar field, and the Lagrangian has a discrete (but
not necessarily abelian) internal symmetry group. Examples are the four states
Potts field theory, or theories with internal Z, symmetry, p=3,4,5, .... These are
theories with soliton fields obeying “parastatistics.” Their Euclidean Green
functions of soliton and meson fields have, in general, a more complicated
monodromy structure than those of the 4¢3- or Ising field theories and define quite
interesting representations of the (pure) braid groups (see e.g. [ 20, 217). This will be
discussed in more detail elsewhere.
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3. Some Comments on Chiral Bosonization and Spin Fields

In this section, we briefly review bosonization of massless, free Fermi fields in the
Euclidean formulation of quantum field theory and comment on the construction
of disorder fields and spin fields. We also indicate how the formalism can be
extended to more general Riemann surfaces. We realize that a general understand-
ing of these issues has recently been achieved in [22], but for our arguments in the
fifth section (the main section of this paper) a more down-to-earth and explicit
version of these matters is useful. We thus elaborate on the formulation of the
problem in [15].

Let v be a free, relativistic Dirac field on two-dimensional Minkowski space
M? and 1 = yp*y,, where y* is the adjoint Dirac field. The Feynman propagator is
given by

{Qo, TTy )0 Q0> = (i +m),yD,,(x —y), (3.1)
where D, is the Feynman propagator of the free scalar field of mass m, ¢=7%d,
+vLd,, and v, vk are the two-dimensional 2 x 2 Dirac matrices. It is convenient to
choose a Majorana representation:

V?{:—io—za ’Vll{:o-la (32)

where g, 7, 75 are the usual Pauli matrices. Hence 75 and 74 are real matrices. We
set

TR="RVR=03. (3.3)
When m=0, the Dirac equation splits into equations for left- and right-moving
modes:
We set

" {493 =3
= < L); V= <”2~‘R> V. = <~~2R .
VYr

and the Dirac equation reads

(Oo+ 0w, =0, (=do+0,)ypg=0. (3.4)

Hence we have a Majorana-Weyl representation. By Wick’s theorem, the entire
field theory can be reconstructed from (3.1).

We now pass from the Minkowski to the Euclidean region by performing a
Wick rotation, i —it. We set t=x?, with £=(x°, x!)e [E?, and, accordingly, replace
YR by = —ivS =0, 75 by 7' =yk=0, and y3 by 7° = — %' =¢,. The Buclidean
Dirac operator is then given by

0 i0y+0 0¢
}=720,+7'0, = ¢ =2 3.5
F=7"0,+7'0, <~i(70+81 0 co0 ) (3.5)
_ ¢ ~ 0
where we have set x=ix"+x', X= —ix°+x', 0= -, 0= —.
Ox 0x

The Euclidean two-point function is therefore given by

P R) (D)) = (i -+ m) 3G ,p(X — D), (3.6)
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where G,, is the Green function of — A +m? When m tends to 0, (3.6) yields

GO = 5 (=)
(3.7)

GO = 5 (0!

From now on we shall not distinguish between the point £ e [E* and the complex
number x=ix"+ x', anymore, and we use the notations

149°
Y= ™ p=y,=b,

. (3.8)
(17
Y= ( ) >1P—’PR—C
Then (3.7) reads
B = 5 (57,
] (3.7
(elbly)y = 5 (x=3) ",
and
(bby =@y = (hed = (bé> =0, (3.9)

which follows from {p,p,>=p,pp> = pp» =0.
By applying Wick’s theorem and using the anti-commutation properties of b, c,

b and ¢, We obtain
Inl )_' > - “i nd t -**—1 - 3 10)
ji=1 (Xj ((VJ) B 277(',7 ¢ )Ei ~J7j ( '

<»ﬁ] b(x‘,-)c(yj)> _ <_ 2%) det (;;) 3.11)

Formally, all these Green functions can be derived from the action

SGp, )= [(pdp) (x)d*x= [ [(b0c) (x) +(cob) (x)]d*x (3.12)

and

2n
The theory is invariant under gauge transformations of the first kind

by Berezin integration, <With (0" Hx, = L. (x—y)l,..>.

Ua)yp = eiiw ,  2e{0,2n],
and, for m=0(!), under chiral rotations

e

Vip=e? v, ael0,2n].
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Under these transformations, the chiral fields, b, ¢, b, and ¢ transform as follows:
(3.13)
and

. (3.13)

Viyh=e 25, V(a)(::e""z-'.l

The chiral densities are given by

3 — 3
P <1;/> w=Fbb, <L2l> T (3.14)

[By(3.9), no normal ordering is necessary, since contractions between b and b, or ¢
and ¢, vanish.] Finally, the vector current j* and the axial vector current j% are
given by B
J0=N(py°yp)=iN(bé —cb),
Jt=N(py'p)=N(bc+cb).
](5) = —viN(uijyslp): -N(EE-F Cb) y
Jjs=—iN(ypy'y*yp)=iN(bc —ch),
where N is the usual normal (or Wick) ordering. Hence, setting A=i4°+ A",
A= —iA° + A', we have that

(3.15)

i= — N(bc)=ijs,
and j (be)=1ij }

J=N(b&)=~ijs.

The following simple identities -- which follow quite casily from (3.10), (3.11) -
have played an important role in guiding the way to bosonization.
(A) Using (3.14), (3.9 and then (3.10}, (3.11), we get

<fl1 {(@(1,?/) 1/)) (x;)- (1/3 <1"2/> 1/>> (yi)}> = <if11 {(Bb) (x;)(cc) (yi)}>
no n 2n 1
= <]J] (Xi)5(}’i)> < iIJ1 b(Xi)C(yl-)> = (;ﬂ) det <;_y> .

(B) Let A=(qay), with a;=(x;—x,)" ", for i}, a,;=0, for all i. Then, since
detA=det AT =det(— A)=(—1)*4det 4, det4 vanishes, unless size 4=2n is
even, i.e. A is a 2n x 2n matrix, in which case

2n

detd= 3 signo [] 4= T 11 Gy ey (3.17)
i~

gro()Fi pairings,p j=1

Evaluating <ﬂ N(bc) (xi)> by using Wick’s theorem and these facts, we readily
i=1
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find

<2ﬁ1 N(bc) (xi)> =0, (3.18)

<.ﬁ N(bc)(xi)> . <‘> n( > 519
o pairings. p =1 \Xp2i— 1) " Xp(2p

Similar identities hold if N(bc) is replaced by N(b¢). Moreover, by (3.9),

and

t

<ﬂ N(be)(x) [ N2 y]> <ﬂ (bo) ><n N(ch)(yj>>, (3.20)

j=1

at non-coinciding arguments. At coinciding arguments, there is a contribution from
the anomaly. For example,

N(be) N () = ;f; 5x—). (3.21)

Itis not hard to extend (3.19)~3.21) to find the expressions for the Euclidean Green
functions of arbitrary products of N(bc)- and N(bé)-currents. [ This yields a proof of
Schwinger’s formula

CexplifA,)y =exp[3(dA, 47 'dA}].]

{C) One may also derive, somewhat less easily, from (3.10) and (3.11) that if F is
a monomial in bb and c¢¢ then

i d*y [OF(bb,c
b B = L () D g )

(3.22)
and similarly for (N(b¢)F(bb, cé)).

A proof of (3.22) will emerge from our discussion of bosonization.

The identities derived in (A)—(C) permit us to calculate the Euclidean Green
functions corresponding to arbitrary products of currents, axial-vector currents
and chiral densities. [Identities (B) are the most fundamental ones. They
extend to general Riemann surfaces.]

Next, we review the bosonization of the b—¢ system described above. This is a
well known and much exploited procedure. Since it will turn out to be very useful
for the material in Sects. 4 and 5, it is worthwhile to briefly present our views of
these matters.

We define the zero-mass Gaussian measure, du® with mean 0 and covariance
“4n(—A)" ' (see [12]) in terms of its characteristic functional:

<ei<xyf>>0 = f duo(x) i D = 2r S 47 o , (323)
£

if fis a test function whose Fourier transform, f, vanishes at the origin, and

[ dul(xyer > =0, (3.24)
S
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if f is real and f(0)=0. [In (3.23), (3.24), the sample space & is chosen to be the

space of real, tempered distributions on R?. We shall simplify our notations by
writing simply {, instead of | J
Heuristically 7

1 1
du’(y) = 70 XP [ = % Vs Vx>} Dy, (3.25)

where Dy is the formal Lebesgue measure and the subscript “0” indicates that y has
zero-Dirichlet b.c. [i.e., symbolically, y(x)—0, as {x|]—>o0].
We define the Wick-ordered exponential, :expi{y, f>:, by

0 — ol 62n<f,<~A+mé)"f>, (3.26)

for some m,>0. Then a straightforward calculation shows that, with :**:(x)
— e, 0x).
=.e .

n

0, if Y &+0
1

{du(x) Dl et (x) =14 - 1 (3.27)
i [T clme)s exp[—ZlSizjsnsisj In <|xi_x—j|>:l,

i=1
if 3 ;=0.Here c(m,)1s a finite, positive constant depending on m, >0, and we can
i=1
choose my such that c(m,)=(2m) . These matters are discussed in some detail in
[12].

We define a normal product, N, of Wick-ordered exponentials by settinyg

N(:ei<x’f>: :ei<x,9>:) = A/ (— 4 +md)~1g) U DIEPUC DR
=St (3.28)

where the second equation follows from (3.26).
Next, we define the disorder field. We start by noting that the action

1 ,
S(r)= %I(VX)Z(X)dZX (3.29)
used in (3.25) is invariant under global, real shifts of y, hence, in analogy with
Sect. 2, we define a soliton bundie as follows: We choose k points, w=(w, ..., w,),
in IR? and set

M, =R {w}. (3.30)

A soliton bundle is an R-bundle with non-trivial flat connection in M, with the
additive group action of IR. Note that, since R is not a discrete group, as Z, in
Sect. 2, we also need to specify a connection. Such bundles can be characterized by
representations of the fundamental group of M, with values in R, ie. by the
holonomy of the connection.

With each w; we associate a real flux number @, =&, such that

k
T @,=0.
i=1
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Let w be a loop in M, and set

= i D n(w, w;), (3.31)

where n(w, w;) is the oriented winding number of @ with respect to w; (counter-
clockwise windings are counted positively, clockwise windings negatively). Then
we denote by Eg, the soliton bundle whose connection has holonomy ¢4, given by
(3.31). (Remember that, since R acts additively, the holonomy ug has an additive
action, as well.) The covariant derivative on E, is denoted by Fy. A concrete
representation of the sections of E4 is obtained by considering the universal cover
M, of M. Denote by = the canonical projection: ]\71 —M,,.

~ Asection of E4 may be identified with a function 7 on M w such thatif jisa path
in M projecting to the loop w in M, ie. n()=w, then

A0 7)=0-7)+og(m).

In this representation the covariant derivative V; may be identified with the
ordinary derivative on M, and Vo7 globally projects down to a closed 1-form X on
M,, ie. Vypi=n*X, with VX 0on M,,.

From now on we identify globally prOJectable forms with their projection, so
that we write V7= X.

Since the space of sections of E, is an affine space modelled on the space of real
functions, every section § can be written as the sum of a fixed section, 7, =4, and a
function y. Hence, setting Vyd= 4,4, we have that

Vpi=Ag+ V. (3.32)

The closed 1-form, A4 is a flat connection on E,. If we extend the 1-form A5 on M,
to a 1-current (i.e. a 1-form with coefficients in the distributions) on R?, then 1ts
curvature, Iy is concentrated in the points w. In fact,

k
Fo=VAp= )Y &0 (x—w)dx®rdx". (3.33)
- i=1

From now on we generally omit the subscript @ to simplify our notation.
There is a preferred choice for 4: We define

AX) = a,(X) = Z ry ¢(x wi), (3.34)
where ¢(X, w,) is the angle between the ray emanating from w, and passing through
% and the ray emanating from w; parallel to the positive x'-half axis.

Notice that 4,=V4, can also be written as

Ax)= Y, PLV*A710,,)(x)

1

1 =

3

Z ?; Z <I —— A7 (x, )6 P(w; — y)d? >dx”. (3.35)
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This is a 1-current in R* but a smooth 1-form in M,. Using (3.35), one
immediately verifies that 4, is harmonic on M, ie.

VA,=*V*4,=0 on M,.
For later purposes it is worthwhile to note that if j is a f-current satisfying

Vi=Y 0, dx° ndx', (3.36)

then, by the Hodge-de Rham decomposition
JEVA P H L ¥ PEAT W = V(AT V¥ 4+ 4, 3.37)

in the space of 1-currents.
We remark that, due to Eq. (3.31), every connection 4 obtained by projecting
some V,d satisfies the equation

A—Ay=Vu,, (3.38)

for some globally defined function «,.
To construct the disorder field, we now modify the action (3.29) as follows:

1 . 1
S= g | (Vo) d*x=S(y, A)= — | (Vx+A4)*d’x. (3.39)
T My 8 M.,
We then define formally
1
dpz()=dug(n)= [Za 6’5(“)} Dyq. (3.40)

ren

As in the A¢5-model, the renormalization on the right-hand side of (3.40) is
multiplicative.

In order to make mathematical sense of (3.40), we now define the Gaussian
measure dul, via its generating functional: Let f be a test function on R?, whose
Fourier transform, f, vanishes at k=0. Then, formally,

1 1
Ta TR T g A i

Tdu(n e e = [du’(y) e

Lo *E 7%
=, 8 A>exp[—2n<<if+ »A>, A (if+ ~A>>], (3.41)
4n 4

fg>= | d*x f(x)g(x).

where

The problem with definition (3.41) is that {4, 4> is logarithmically divergent, so
that the right-hand side of (3.41) vanishes. To see this, we choose A = A4,, asin (3.34).
Then

1 1
Apdp=-— Y &PIn—— (3.42)
2n Lj=1

fw; —~ Wj| .
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Using Green’s theorem and the fact that A, is harmonic, it is easy to see that
Vi A =0,
provided y is a single-valued function on M. By (3.42) we may then define
1
[y, () x> —p BRAmAE anisanpy

1
*’8;<Ah,Ah>reg

=e [dul(y) e e s, (3.43)

where du® is the zero-mass Gaussian defined in (3.32), and

1 1 1
A Ay = 57 T O;1n =, U@.w). (3.44)

iFj |Wi_wj|

The definition of duf for more general 4 follows easily from (3.41), (3.43), (3.38) by
setting

<A9A>regE<Ah’ Ah>reg+<l7(x0: l70(0> (345)

(the cross term 2{ A4,, V¢, > vanishes, since 4, is harmonic), and we obtain

1
iy g — g2 {An, Ardreg _ o,
{dpl(pes P> =e 8 exp[2n{f, 47> —i{fia)]. (3.46)
Let f be a test function on M,, whose support is contractible. On supp f we

may choose a branch & of &, i.e. &(x) is a single-valued function on supp f, with
Vi=A. By (3.46)

1

[di(x) e* 777 =exp [ 162

u(e, w)} exp2n< 4™ ) +il fay]. (3.47)

This result can easily be verified, heuristically, using (3.40). The right-hand side of
(3.47) is manifestly gauge-invariant, (i.e. independent of the specific choice of 4,
subject to the conditions(3.38)).From (3.47) and (3.26) we obtain, for {w}n{w'} =0,
4
[l T1 ™2 w)=GEZ; &, w; e, W), (3.48)
i=1

where

1
k. D gz . = — - _
GO (’27 Q7W5§9W)_exp[ 167'52 U(@;XV)}

1
X — e, in| —————
exp[ i;j i (IWZ-—W}|>j|
i kP,
X CXp [i Yo Y At g W Wj):l’ (3.49)
=y =y 2 Y

and ¢4 (-, w) 1s a branch of ¢(-, w)), indexed by %;, j=1,....k, and @E(,%j)’;zl.
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Next, we define disorder operators, D(%, P, w), and an expectation {(-))° by
setting

k 0
< H D(‘%ia (pi’ Wi) ei<X»f>>
i=1

k
0, if Y @+0, or f(0)+0, freal
=1 (3.50)

exp[ 161 2 U, W)jl exp [2n{ £, 47 > +i{f,4,>], otherwise.

Here
ay(x)= Z 2 (M,x wj).

If we agree to always write disorder operators to the left of functionals of ¥ we can
define them, formally by setting

D(B, &, w)F(y)=F(x+ )%ﬁ (3.51)

. (7 duf . . .
with &(-}) = 3 b u(c, W)+ (), and }2%% is the formal Radon-Nikodym derivative of

dp with respect to du®.
We define a normal ordered product, *, by
D#«F=F+D=DF,
(3.52)
DxFsD'xF=FxF«D+D'=_. =DDFF'.

These notions and definitions permit us to develop a formal algebraic calculus with
disorder operators.

Our purpose is now to use the formalism developed above to express the
fermionic Green functions (3.10), (3.11),(3.16),(3.19),(3.22) in terms of the Gaussian
field y and the algebra of disorder operators, D{%, @, w). We begin with the n-point
functions of fermionic currents, (3.18)<3.21).

0 0 . -
Let x=ix"+x', x= —ix®+x!, 0= == 0= ==, 0% =0, or 0. From formula
0x OX
(3.23)for the characteristic functional of the zero-mass Gaussian measure, du%(y), it
follows immediately that

Q0

2n+1 0
<ﬂ (5#X)(Xi)> =0, foralln,
i=1

and using that

1 1
0,0,21n =
Tk =y (=)
o 1 1
Z.0,21n - 3.53
K G (353
1 1 1
0.02lIn—— = _Aln—— = —nd(x—y)
b~y 2 [x — Y
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we obtain from (3.23) that

2n 0 n 1 2
(o)~ 3 11 ). 5.54)
i=1 pairings,p i=1 xp(Zi*l)v_xp(Zi)
2n 0 n 1 2
) (xi)> = <_——~_ > , (3.55)
<i:1 x pair%gs,p iljl Xp2i—1) " Xpi
(ox(x)0x(y)y° =mdlx—y), ete. (3.56)

Comparison with (3.19)-3.21) shows that we may identify

1
N(bc) with ——dy,
2n
and : (3.57)
N(bé) with T 0y .

Thanks to (3.17), this identification extends to arbitrary Riemann surfaces; (we just
must use the correct Green function of — A and its 0- and J-derivatives).

Next, we identify (3.27) with a fermionic Green function. A special case of (3.27)
is

n 0
<'H1 :e"‘:(xj):e”‘:(yj)>
=
13" 1
= -2 In{ ——+
<275> eXp{ 1§i;j§"[n<|xi‘xj|>
1 " 1
+1n< ﬂ 023 1n< )}
lyi-yj! Lj=1 |xi_yj;
1 znl<f<l_< |xi_xj|2\yi_yj|2
= <Q_> :rl%w_ . (3.58)
T
1 |xi_yj|2
i,j=1
It is a well-known identity, due to Cauchy, that
. ,H_< (6 —x) (v, — ) 1
e =det ( > : (3.59)
X:— V.
) n (x;—)) e
i,j=1
From (3.58) and (3.59) we conclude that
n . ) 0 1 2n
PRy Yoo iy, [
<j[:]1 efi(x))e .(yl)> <2n>
Comparison with (3.16) permits us to identify

1 2
det< > . (3.60)
Xi—Y;
T+7s

[1/_) <W2~> W} (x)=(bb)(x) with :e*:(x)

[U_’ (1 —2y5> w} (x)=(ct)(x) with e :(x).

and (3.61)
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These identities were already observed in [15]; (see also [12, 14]).

It is natural to ask whether the chiral Fermi fields b, ¢, b and ¢ can be expressed
in terms of the zero mass Bose field y, too? It turns out that they can be expressed in
terms of y and the disorder operators, D(Z, @, w).

To perform our calculations we choose & =4, as in (3.34), with

‘_VZ(-XL_V)a »X:(Xla---axn)s y:(yl""’y")’} (362)

w=2r, ©@,=-2n, i=t,...,n

We now note that, on given branches of the functions ¢(-, x) and (-, y), we have
that

ox, =y, x)+2m+U)n, melkZ. (3.63)
We define a branch, %, of ¢(-, x) by setting ¢(w, x) equal to the angle between the

halfline through w and x which starts at x and the halfline through x parallel to the
positive 1-axis. Then

P ) =g x)+n if 0 >x° } (3.64)

Plx, )=y, x)—n if y°<x’.
Suppose now that
x0<.<xl <xP<yl<y? <. <)Y,
By formulas (3.48) and (3.50),

x
2.

n 2 - 0
im 2= { f 1€ 000, 25.5) 17 90(R, 2. al)

o
=ex [ ! U(D, (x )):|ex { Iy [ln ! +In ! }
P Ton2 =~ =Y P HeiBisal Ix—x)) lyi—yil

n 1 )
+3 Y In- ~}6Xpl{ 2 Uolxix)+ 5+ (dlypy)+3)]
piE Xyl 1gi<y<n
- 3 1(4J(xi,yj)+%)}- (3.65)
L=
Since we have set ¢, =2n=—~@,, i=1,..,n,

1 1 " 1
U(D, (x, y)) = 8n? < [In +1In J — In ‘/>, 3.66
2 lgigjgn Ixi~yjt IJ’i—Yj| i,jZZI |xi*yj| ( )

by definition (3.44) of U(®, w). Hence the first and the second factor on the right-
hand side of (3.65) are equal, and their product is given by

.H. Ixi~le IJ’j“,\’ii
1sicize . (3.67)

] n Ix;— il

i,j=1
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Clearly the product of (3.67) and the third exponential on the right-hand side of
(3.65) is equal to
[ (xi'—xj)(yj_yi)

,
Tl i<

3 =(—i)" det ( ) , (3.68)

X;—y;
Al (xi—y)) Vi
i=

by Cauchy’s identity (3.59).
Comparison with (3.11) finally proves that

2n il - X 0
1im(2n)‘"”<ﬂ * [: e 2:(x;+e)D( By, 2m, x) e iy +e)D(B,, —2m, yi)}>

ex0

= (o) < . [; ¢ (DB 2mx) e 2 () DBy — 21, yl-)}>

=1

i n 1 n n 1
= <~ 2ﬂ> det (xi_}’l) = <j1;[1 b(xj)c(yj)> = <j1;[1 b(x;) iDn c(yi)> , (3.69)

provided x§ < ... <x0<y? <. . <)l
More generally,

(Zn)’"/2< li* [: e%: (x)D(%,, 27, x;): eA% (yID(B,, —2n, yi)1>0

_ <T Lljl bl y_,.)D , (3.70)

where T is Euclidean time-ordering, i.e. T permutes the factors (the b’s and ¢’s) in
the product in such a way that the O-(time-)components of their arguments are in
an increasing order and multiplies by the sign of the permutation. Passing from 4,
to another branch, 4, changes the sign of the left-hand side of (3.70), and thus
corresponds to replacing T by some other ordering.

We conclude that we may identify

bx) with e (D27 x) 1

and (3.71)
-ii
clx) with :e 2:(x)D(, —2m x) J
Similarly, one shows that
X
b orresponds to :)lf:xD~,~27c,x]
and (x) corresp e 2 (x)D( ) (3.72)
it
é(x) corresponds to e 2:(x)D(,2m, x)j
Using (3.28) and (3.44), (3.46), it is easy to show that
i% iz o
lim:e2 (W)D(, —2m,y) e 2:(x)D(-, 2w, x)=e": e (x), (3.73)

yox
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for some phase 6 depending on the direction in which y tends to x. [Using the
notion of normal ordering introduced in (3.52), it follows that

}' 7

limN( 2:(y)D(, —2m, y)ie 2 :(x)D(-, 2n x) ii:ei":(x).]

X
Similarly,

X s o
lim:e 2:(0WD(, —2m,x)ie 2:(x)D(,2m, x)=e P:e "1 (x). (3.74)
Formulas (3.73) and (3.74) reproduce (3.61).
We define spin- and disorder fields by

=i, o=l o o, |

3.75
pH)=D(, £2m,x),  p0)=Hut () +p (). 372)
One now easily verifies that ¢ and g, ¢ and v, and p and  all satisfy the “dual
algebra” (2.44). Our formalism permits us to compute arbitrary correlation
(Euclidean Green) functions of spin- and disorder fields.

The fields ¢ and p are the spin- and disorder fields of a theory of free, massless
Dirac fermions. Itis well known that the two-dimensional Ising model is equivalent
to a theory of free Majorana fermions. In order to pass from Dirac- to Majorana
fermions, partition- and spin-/disorder correlation functions must be factorized:
Let ¥ be the covariant Dirac operator for a connection which is a sum of an abelian
gauge field, 4, whose curvature is concentrated in points (x, ..., X,,) and a chiral
gauge field, A°. whose curvature is concentrated in the points (y;, ..., v,,). Then,
for a proper choice of 4 and A5,

2n 2m d
<£ o) 11 u<y,>> - [dft((? ))] (376)

For m=0, this is an easy consequence of our formalism. The passage from Dirac-
to Majorana-fermions consists in taking the square root of (3.76). This remark,
together with (3.75), permits us to explicitly calculate the correlation functions of
the critical Ising model, (m=0). This provides a basis to the approach in [23].

One natural problem is to extend our formalism to Riemann surfaces of
arbitrary genus. This problem has been solved in a somewhat abstract and indirect
way in [22]. It might be useful to have a more concrete approach to these matters,
using functional integration. The identification of N(bc¢) with ;—nﬁx and of N(b¢)
with ;;t Oy, where y is a Gaussian random field over the Riemann surface with
covariance given by the Green function of the Laplacian, is valid in general.
What one needs, in addition, is an analogue of Cauchy’s identity (3.59) for
arbitrary Riemann surfaces.

Our formalism is very useful to explicitly describe some representations of the
Virasoro algebra, for ¢=1, and of current (Kac-Moody) algebra in terms of
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functional integration over free, massless boson- and parafermion fields. These
fields are “non-local” in the sense that they satisfy intermediate statistics, and their
Euclidean Green functions therefore have non-trivial monodromy which yields
non-trivial representations of the pure braid groups, (the Burau representations).
But these matters go beyond the scope of the present paper.

Finally, our formalism can be used to recover the standard results concerning
the Thirring model in a purely Euclidean setting. We mention this only because it
will be useful in the next two sections. The action of the massless Thirring model is
given by

SGp, p)= [ d*x{(Pdp) (x) +1j(x) j*(x)} ,
with

J=Npytp).

This model is bosonized by substituting in our formulas du’(y) by du*(y), where du*
is the Gaussian measure with mean 0 and covariance

1 K ot 2\ !
S — = 1— — —A) 1t
2< 87‘CA+ 4n? A> 47‘E< TC) (—4)

This can be justified easily by using Egs. (3.15), (3.57); (see also [14, 157 and refs.

. . , 2\ 12
given there). By rescaling y, y—fy, with f={1— — , we can express the
T

theory in terms of du®, :e*"#*:, etc.

4. Solitons in the Two-Dimensional Sine-Gordon Theory

As an application of the formalism in Sect. 3, we now sketch the quantization of
solitons in the two-dimensional sine-Gordon theory from the Euclidean point of
view. This serves to claborate on the Bose-Fermi equivalence already encountered
in the last two sections and introduce some ideas that will be useful in Sect. 5.

The Euclidean field of the sine-Gordon model is denoted by 3. The Euclidean
action is given by

S(y)= [d*x {;ﬁ:(VX)Z:(x)nL}V:cosﬁ;(:(x)}, 4.1

where Wick order, : —:, is defined with respect to the free field Gaussian measure
dp®(y) with mean 0 and covariance 4n(—A + 1)~ !; /. is a real parameter and > 0.
(We shall constrain § to be <1.) The vacuum sector of this model can be
reconstructed from the functional measure

T _
dutr)=— €7Dy, “2)
where Dy, is a formal Lebesgue measure defined as in (3.25).

The measure du has been constructed rigorously in [12], for all f=<1. The
methods of [ 13] can presumably be adapted to prove that the theory has a positive
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mass gap, at least for § small enough. For =1, the theory is equivalent to free,
massive Dirac fermions, while, for 41, it is equivalent to the massive Thirring
model, (see end of Sect. 3). The renormalization theory, for 1 < <2, is discussed in
[16], and, for §> 2, the theory is expected to be equivalent to a free, massless Bose
ficld. For the lattice theory this is the celebrated Kosterlitz-Thouless phase of the
two-dimensional Coulomb gas which has been exhibited rigorously in [17]. We
limit our discussion to the range f <1, as this suffices for the applications in Sect. 5.
The action S(y) defined in (4.1) has a discrete symmetry group

2(xX)—y(x)+ 22;[ n, nef. 4.3)

This symmetry is always spontaneously broken: For zero-Dirichlet b.c.

Q76 = [du(x)x(x)=0. (4.4)
2
Had we imposed zero-Dirichlet b.c. on the field y(x)— 7? n,nel, <i.e., formally,

2
y(x)—> il n, as |x|—>oo>, we would have found

B
2
Q.7 ="n.

i
[Here # is the relativistic quantum field corresponding to y.] Thus, the theory has a
large vacuum degeneracy labelled by the integers, but, of course, all the vacuum
sectors are isomorphic, (identical dynamics). 1t is therefore appropriate to view
;e and (Vy) (x) as the basic fields of the theory which do not depend on the
choice of vacuum, or b.c.

By analogy with the situation in the A¢3-model, the vacuum degeneracy
described above ought to give rise to soliton sectors the construction of which
should be similar to that in A¢3 and will now be outlined.

The soliton bundle for the sine-Gordon model can be identified with some
soliton bundle E, as defined in the previous section. The requirement on E, is that
the action density S(¥) (x) obtained by substituting y by a section 7 of E, in (4.1) and
V by the covariant derivative Vg, is globally projectable. )

The term cosfy is globally projectable iff 7 is a section of a bundle E,
characterized by the flux numbers

b, =dc 2; Z. (4.5)

This immediately follows from the fact that the gauge transformation
2n
1(x) - p(x) + n n(x), nlx)eZ, (4.6)
leaves cosfy invariant.

To construct soliton Green functions for the sine-Gordon model we thus
choose a function & on M, defining a section of ... with @ as in (4.5), and define a
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covariant action by

S(y) = Mj d*x {817 (Voi)? :(x)— A:cos B (x)}

= [ d*x {Sln:(V}H—AQ)Z:(x)~k:cosﬁ(x+o?):(x)}

M,,

=S(2.9). @7
We then formally define

1 )
dus(y)= [Z es‘“)} Dyo. (4.8)

A mathematical definition of (4.8) is achieved by taking the limit, as 4 #IR?, of the
characteristic functionals of the measures

1,
- o5 A0S )

d,u&’ A0)= 7
A

where

Vi) =4 i d*x:cos f(y +8):(x),

and
Z, = [dp’( e, (@=0).

The measure duf is the one constructed in (3.46), Sect. 3, with @ satisfying (4.5). The
limiting measure, du,(y), as 4 #IR?, will also be written as

1,
7 € Pdui(n). (4.9)

Gauge-invariant mixed meson-soliton Green functions of the sine-Gordon theory
are now defined by

(n,n,m) . "
G! (X 15 eves Xps Vs oevs Vors 21515 v vs Zons Emt)

1 m . N
= 1T [] eI )y, (410)
=1
where¢;= +1,i=1,...,n,and 4 defines a section of E,, &=, with w= (x4, ..., X,,
2n 2 - -
Viomygand @ = — & =— — i=1,...n
' g i

As the notation on the left-hand side of (4.10) indicates, the functional integral
on the right-hand side of (4.10) only depends on our choice of w and {®_, @, }i_,
but not on an explicit choice of &. To see this, let o, be a globally defined function

on M,,. From its definition (3.46) it follows easily that

d#g+Va(,(X):d#9a(X+%)~ (4.11)

If, on the right-hand side of (4.10), we replace & by & + o, use (4.11) and then change
variables, ' =y + a,, under the integral our claim follows.
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In particular, we can consider the limiting case obtained by choosing & =, and

oo =*V*A"1j, (4.12)
where 2%/ is an integer current satisfying

V-jzz D6, . 4.13)
Then by (3.37)

AuS, s yay=dud
and

v,

ap +ao

=Vy=V, cefutmio - lehr (4.15)

so that the only dependence on the connection is now in dyj. Furthermore, by
performing a gauge transformation

2
g — oo+ Fﬂ s, (4.16)

where B is an arbitrary region in M,, and ne Z, we change jinto a new 1-current j'

B

such that 15 an integer current and j still satisfies (4.13). The construction of

Green functlons with du is the strict continuum analogue of the lattice
construction described in [2].

We remark that the couple of forms (A4,, |,
Eells t-form in M, {18].

As shown in Sect. 3,

Lsuppy) defines an Allendoerfer-

{An, Andreg

dug,(n)=e o dp(z) (4.17)
and
e
LR 1 1 242
B A din? =exp[ Y ¢d;1n ] = ldet< > , (4.18)
1677 5 [w; —w Xi—¥;
where w and @ are as in (4.10).
It is also easy to check that
1
lff Fo II P (z)dp( 7)] e’ H re P (2 )dp(y),  (4.19)
j=

ji=1

see {12] for the relevant calculations. Hence, by (4.17-4.19)

1
242

I3
det< ! >
Xi—V;

Results in [12] and bound (4.20) prove that the Green functions G™™*™ are well
defined distributions for <1 and that G "9 satisfies cluster properties.

G x s |=

G(O’O’m)(Zl,gl,---aZm>8m)' {4.20)

i m’ m)
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It is not hard to convince oneself that the Green functions {G{" ™™} satisfy the
Osterwalder-Schrader axioms; (O.S. positivity follows, using the measure duj-’
defined in (4.14), for suitable choices of j). The local soliton fields s(x), 3(y)
reconstructed from {G™™} are Bose fields. since

{(n,n,m) S . -
G (X5 oy Xus Vis oo Vs 1515 o+ oy Zps Em)

is totally symmetric under exchanging the x-arguments and the y-arguments
among themselves, and its phase depends continuously on x, y and z at non-
coinciding arguments.

But, as follows from the discussion in Sect. 3, there are other soliton fields, b(x,),
¢(y;) (and b, ¢) which are chiral Dirac Fermi fields. They can be reconstructed from
the following Green functions: We choose & as in (4.10).

It is mathematically consistent to set

&(Dxl(xi) = &zpy,(yz') =0.

Then the fermionic Green functions are defined by

G;(Sn’"’m)(xlz"'>xn5y19--'7yn;Zl’gla---azmagm)
nf Ben B
= lje"&"‘) I1 (:elz(x+ "(x)e Z(XM):(J’J‘D
m
) 1 ™Dz )dpd(y) . (4.21)
=1

[To verify Fermi statistics of the fields b and ¢ reconstructed from (4.21), it is
convenient to work with duf. The argument is then very similar to that used to
verify the dual algebra (2.44) in the A¢3-model; see (2.50).]

[t is not hard to show that the fields s and b carry topological charge Q =1, (i.e.
[0,s1=[Q,b]=1, while § and ¢ carry topological charge Q= —1. Here

QJ”( 0 z>(0,x*),

2n o \Ox?

where 7 is the quantum field corresponding to the Euclidean field . The proofs are
very similar to that in Sect. 2.5, (2.51)~(2.55). One sees easily that, in the sine-
Gordon model, the topological charge is additive. There are physical states of
arbitrary charge geZ.

Finally, we remark that, for <1 small enough, it appears quite straightfor-
ward, though technically involved, to establish exponential cluster decomposition
properties of the Green functions {G™"™}, or {G™™} and to prove that the field
:sin ffy : couples the vacuum to a stable, neutral one-particle state, while s, b and 5, ¢
couple the vacuum to stable one-particle states of charge +1. (In the lattice
approximation, this can be verified by applying the methods of [2, 19].)

5. Solitons with Fractional Fermion Number

In this section we combine the techniques of Sects. 2—4 to discuss a class of two-
dimensional interacting boson-fermion models, including the pseudoscalar
Yukawa model (with Thirring term).
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The Euclidean fields of the model are the (Dirac) fermion fields y,  and the real
Bose field @. The action is given by

S((D’ U% 1/-)) = SB((I)) + SF(QSS 1/’, l/_)) b
1 A
Sp®@)= | { (VD)2 (x)+ 4 (P2 —&)2: (x)} d*x

Se( @, 9)= [ {:pdyp: (x) = N[p(m,+igys Pyl (x) +(kj ) (x)}d>x,  (5.1)

where the last term is the Thirring term; (see end of Sect. 3).

A rigorous construction of the Q.F.T. corresponding to the formal action (5.1),
with k=0, has been achieved in [24, 25].

Jackiw and Rebbi [26] considered the model with m = 0in the approximation
where @ is treated as an external field. This serves as a starting point for a W.K.B.
expansion.

They found that the Dirac equation for the field y in the background of a static
kink of the ¢35 model exhibits a normalizable zero mode, . (In this context, the
existence of ¢, was later derived from the index theorem [277].) On the basis of the
W.K.B. approximation, they argued that the one-soliton state of the quantum ¢%
model gives rise, in the quantum field theory described by (5.1), to a doubly
degenerate soliton state, corresponding to 1y, being occupied or empty. A
computation of the fermion number, n,, of such solition states, based on a mode
expansion of p, vields the remarkable result

ne=+%, —3. (5.2)

Subsequently, the model was studied also for m =0, with the same methods [28].
As a result an argument was put forward supporting the existence of soliton states
with fermion number given by
np=tmn" Yarctan (g 5) (5.3)
iy
There are analogues of all these models in condensed matter physics with similar
features. In particular, a model with solitons of fermion number 44 has been
considered in connection with polyacetylene [29].

In this section we rigorously prove that, for a suitable range of parameters the
fully quantized theory possesses soliton sectors which are eigenspaces of the
fermion number operator corresponding to fractional eigenvalues. However, for
m,+0, quantum corrections have to be added to the semi-classical result (5.3).
These corrections disappear by symmetry, for m, =0, and we recover (5.2).

We also prove (in the lattice approximation) that the soliton field operator
maps the vacuum of the theory to a stable massive one-particle state; i.e. the Q.F.T.
described by (5.1) really posseésses particles of fractional fermion number.

To construct the Euclidean disorder field of the model from which a local
soliton field operator can be reconstructed we need to know the symmetries of the
action (5.1). They are most clearly displayed if we rewrite the fermion action, Sp, in
terms of chiral fermi fields, b, b, c, ¢, as in Sect. 3.

Se(b,b,c,¢ @)= [d*x{bdc+bdc—m N(bb+ c?)
—gN(bb— ce)P(x)+ k[N(b¢ — cb))* + k[N(bc + cb)]*} . (5.4)
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The total action is invariant under the transformation
P> ~P,  besd,  besc. (5.5)

The model can be bosonized using the rules of Sect. 3. Denoting by y a real Bose
field used in the bosonization of (5.4), the bosonized action reads

SF=f{;ﬂ:(V;()z:(x)—mf:cos[fx:( X)—g:sin By (x)- @(x}dzx, (5.6)

2\ Y2
B <1-~ﬁ> .

This action displays a Z,-symmetry which is the bosonized version of the
transformation (5.5):

where

Po—®,  yo—y, (5.7)

and a Z-symmetry, corresponding to the transformation

2
P>, yoy+ fﬂEn, ne. (5.8)
The classical equations of motion have two minimizing solutions:
1
¢.=+)/ ¢, y.= —arctan (gf> (5.9
p my

The expression for y, is easily obtained by first setting ¢ = ¢, and, then minimizing
the action. We obtain

;
5%[7mj‘cosﬂX‘gSinﬁX¢c]:07

hence g ¢

tan(fy,)=
f

From the functional integrals with zero Dirichlet b.c. for ¢ —¢, and y—y, at
infinity (¢,.= il/g) we can reconstruct two physical vacua, Q. By a Peierls
argument [13], or by means of a combined contour-cluster expansion [25], one
can prove that the two vacuum states {Q,,(-)Q > are distinct, for g large enough,
m, and/or A large, and the symmetry (5.7) (equivalent to (5.5)) is spontaneously
broken. This gives rise to a non-trivial superselection structure in the form of
soliton (kink- and antikink-jsectors. The construction and analysis of these sectors
is the main theme of this section.

The additive symmetry (5.8) is always spontaneously broken, just as in the sine-
Gordon model, and the corresponding soliton sectors can be constructed as in
Sect. 4. One version of the local soliton fields arising in this construction is simply
the bosonized form of the Fermi fields y, ¢ of the original model.

More interesting are the soliton sectors and soliton fields arising from the
breaking of the symmetry (5.5) on which we focus our attention in the following.
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First we outline their construction in fermionic language, subsequently we
consider the same problem in bosonic language. Let E, E, be two twisted
Euclidean spinor bundies [30] with base space

M, =R¥\{w,...,w}

and structure group Z,. We define a flat connection on these bundles in terms ofits
holonomy: If w is a loop in M, then, in the chiral basis described in Sect. 3, the
holonomy, U(w), is given by

g n{w, wi)
0 1\
Ulw)= (1 0> , (5.10)

where n(w, w,) is the winding number of @ with respect to w;; U{w) is defined by left

action on the sections of £,

b
locally of the form y = <E>’ and by right action on the

sections of E,, which are locally of the form p=(b, c).

Let E, denote the soliton bundle associated with the scalar field @ which we
introduced in Sect. 2.

The soliton bundle for the pseudosoalar Yukawa model is now defined as the
fiber product of E4, E, and E, ie. as the bundle over M, whose fiber is the
cartesian product of the fibers of Eq. E, and E . The point is now that the covariant
action density of the pseudoscalar Yukawa model (sce (5.1)) is a single-valued
function on M,, for arbitrary sections y, ¢ and @ of the soliton bundle defined
above. This is a consequence of the symmetry (5.5). If k is even then there are plenty
of sections of finite total action.

It is now clear how to construct soliton Green functions directly in the
fermionic language. We omit a detailed analysis and, instead, turn to our analysis
of the soliton sectors of the bosonized pseudoscalar Yukawa model (although the
fermionic language might perhaps be more natural).

Let E, be a soliton bundle, with sections denoted by x(-), which is an
1somorphlc copy of the bundle E 4, constructed in Sect. 2. Then a soliton bundle for
the bosonized pseudoscalar Yukawa model is the fiber product of Ed, and E, w1th
base space M, IRZ\{xl,.. X, Let v be a family of paths in M w1th
={Xq,... xz,,J “Let duf be the Gausman measure with mean 0 and covarlance
(—4,+ 1) constructed in Sect. 2; see Egs. (2.36)+2.39).

Then the mixed order-disorder correlation functions for the bosonized
pseudoscalar Yukawa model are defined by

Gy (X1, ooy X0 Vin oo Vs Zs oo 23 o02)
4
{fduj(@)dp(yye” "0 E[ P (y) [1 :cosfy:(z))...

D7) R @, ),Vi({;m . (511

il

where

A 1 1
VD, )= [jdzx {4:(¢2~§)2:(x) 5 P?:(x)— i:xz:(x)

—mf:cos/i;g:(x)—g:sinﬂz:(x)@(x)}] ,

+
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with 4+ or — b.c. at infinity: [see remark after (5.9)]. The dots in (5.11) stand for
additional functionals of y, like sinfy,, d,z,. We note that dud(P)du) (1) is a
Gaussian measure on a space of section distributions of the soliton bundle over M,
for the bosonized psendoscalar Yukawa model. )

Following the strategy described in Sect. 2 (see also {2, 9]) one can prove that
the Green functions G, , satisfy Osterwalder-Schrader axioms. The property most
difficult to establish is clustering. A proof of clustering would require a “cluster
expansion” combining the expansions in [ 3b, 13, 973. It would converge for small
and /4 and ¢=0(A""). Alternatively, an expansion, like the one in [25], could be
applied directly to the fermionic model and would converge for k=0 and m, g
large. For the lattice approximation to the bosonized pseudo-scalar Yukawa
model, clustering and many other properties are easily established with the help of
a “Combined Low- and High-Temperature Expansion” [2, 31]. (Of course, this
expansion which is quite crude does not converge uniformly in the lattice spacing.)
Some basic steps of that expansion are outlined in the appendix.

The techniques used to prove clustering show that all correlation functions
with an odd number of x-arguments, obtained by removing x,, to infinity, vanish,
and the Hilbert space of physical states, 5#, obtained via O.S. reconstruction (with
+ or — b.c) decomposes into two orthogonal sectors: #, @ H,, H_ DA,
respectively. The soliton field operators, reconstructed from the Green functions
(5.11), map #, onto #, and #_ to H#,.

We now compute the fermion number of the soliton states. The matrix
elements of the fermion number operator, Q, are given by

CF10,1GY = <0F (ifx P, xl)dx1> G> , (5.12)

where |F is a vector in # and F the corresponding function of the fields @, p, § in

F, [see Sect. 2, Eq. (2.49)] and j%x° x!) is the O-component of the fermion
current.

In the presence of a singular external Z,-gauge field [gauging the symmetry
(5.7)] with support in y, the (gauge-invariant) fermion current is defined by

’5()6) = hné N(u_)x + c/y” U}(I;, n)lpx — 5) B

where U (I ) denotes the parallel transport along the curve I, joining x —¢ to
X + ¢ which is given, in the chiral basis, by

0 1n(l“x‘s.*/)
G

Here n(I ,,7) denotes the number of intersections of y and I ,.
Using the techniques of Sect. 3, we may identify

-

) p 0
J?(xo,xl)«»ﬂaxy(xo,xl). (5.13)



Bosonization, Topological Solitons and Fractional Charges 167

Hence, by following the steps which lead from (2.51) to (2.55), we immediately
obtain:

(™50, x)F[Qpe ™" s(0,y)| G

:226— Q17192 L > e ™ s(0,x)Fle 150, y)G),
T )

where [F), |G) e?f{t).

Using the fact that linear combinations of states of the from e ~*s(0, x!)|F)
are dense in # X this shows that # s is an eigenspace of Qp corresponding to
(8 §

the eigenvalue

P m=Lon (514

A semiclassical expansion of the form developed in [ Sb, 13] could be used to show
that if 2 is large, § is small and b’zgl/é is large,

=+ Earctan <gl/> +quantum corrections. (5.15)

This is essentially the result of {28]. [To be precise, one can most probably prove
rigorously, using the methods of [Sb, 13], that the map from parameter space,

(4,¢,B,g,my), to é<yv>+ is smooth and non-constant, with derivatives given by
T

perturbation theory around the semiclassical result.

In conclusion, in the broken symmetry phase the model (5.1) exhibits soliton
states with fractional fermion number depending continuously on the bare
parameters of the model (in a certain region of bare parameters). The particle
structure of the model can be analyzed, too, at least within the lattice approxima-
tion to the bosonized model: Combining the methods sketched in the Appendix
with those in [19] one can prove that the soliton field, s(x), couples the vacuum @ ,
to a stable, massive one-particle state which carries fractional fermion number.

Our findings can be summarized as follows:

1) In order to construct the soliton sectors of the A¢35 model (see Sect. 2) in
terms of Euclidean region functional integrals, we must twist the Euclidean
@-fields, as described in Sect. 2. The resulting states in the soliton sectors are
eigenstates of the topological charge,

+ a0
0= | (0:9)(x% x")dx",
with eigenvalue +2{¢>,.
2} Inthe bosonized form of the pseudo-scalar Yukawa model, we must not only
twist the @-field but also the y-field, in order to construct soliton Green functions.
This is required by the symmetry (5.7). The states reconstructed from the soliton
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Green functions (5.11) are eigenstates of the fermion number operator Qp with
eigenvalue + E oy
§ B
From such states we obtain physical states of fermion number + = {y>, +n,
T

neZ, by applying products of - and/or i fields. The bosonized form of the y- and
p fields of the bosonized pseudo-scalar Yukawa model is obtained by the
construction described for the sine-Gordon model in Sect. 4. [ The structure of
these fields is connected with the symmetry (5.8) of the bosonized action which is
always spontaneously broken.]

The superselection structure of the pseudo-scalar Yukawa model with m %0 is
thus described by a direct sum of superselection sectors, #; ,, i= +, —, s, §, neZ,
the vacuum sectors corresponding to ', ,, and the sectors containing charged
one particle states to #, 4, #i o, Hi o

In the limit where m, 0,

ny—3, and nho —3, (5.16)
(without any quantum corrections). This result is not only exact but rigorous and
agrees with the one in [26] which was based on a semiclassical analysis. The reason
why there are no quantum corrections in (5.16) is that when m,=0 the model
exhibits an additional symmetry:

PP, X—+x+% (5.17)
from which it follows that
»§<;{>=%+n, nel. (5.18)

3) One might ask whether the new symmetry (5.17) will give rise to additional
soliton sectors which could not be obtained by the previous construction? We
shall argue that this is actually not the case: The soliton sectors constructed above
and the sectors constructed on the basis of the symmetry (5.17) — the construction
combines the methods of Sect. 2 for @ with the methods of Sects. 3, 4 for y — are
expected to be equivalent, and this can actually be proven quite easily in the lattice
approximation. Roughly speaking, the argument for this runs as follows: Let #,,
A, denote the soliton sectors and o, & the soliton fields reconstructed from soliton
Green functions whose construction is based on soliton bundles with structure
group given by (5.17). We propose to show that some states in s, have non-
vanishing scalar product with some states in #;; (this is the basic step in proving
that #, = #,). More precisely, we shall argue that

(e Ma(0,yM)Q e Ms(0,x1)Q, > %0, (5.19)
where y° and x° are positive. The scalar product on the left-hand side of (5.19) can

be extracted from a four-point soliton Green function, G(ry, #(y+a), x, x+a),
where a=(0, a!), in the imit where a!— co. The symbol r denotes reflection in the
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time-zero plane. According to our constructions in Sects. 2-4,

(e5(0, )2, e 7™ 5(0,x")2, Y* = lim G{ry,r(y+a), x,x+a)

a~>oc

= lim *” Dy Dypppe 50® exp [d*x {817: [(VX)Z(X)_ <Vy1X_ gl:z)z(x)}

[(Vd>) ()= (V. ,¢)2(X)]}, (5.20)

where y, and y, are paths with Jy, ={x,x+a}, éy,={ry,r(y+a)}, and j, is a
current of unit strength supported on y,. By gauge invariance, we can choose v,
and y, to coincide except in compact discs around {x,ry} and around {x+aq,
r(y-+a)}, denoted by D, D,, respectively. Hence the support of the term

(V) (x)—(V,, ., $)* ()

is contained in DuD,. Moreover, within the semi-classical approximation
Y
L= f.+quantum corr.= E—B- +quantum corr.,

and
(V7 (X)= %jzm,

for all x in the complement of DuD, Therefore, to leading order in the
semiclassical expansion,

(V/c)z(x}‘< A ﬂj2>2(x)

vanishes, except for xe DuD,. These observations permit us to show that, to
leading order in a semi-classical expansion, the right-hand side of (5.20) is non-
zero. Quantum corrections are not expected to change this conclusion, (and this
could actually be proven for the lattice model). Hence we expect that the scalar
product

(e a(0, 7)., e 50, xH)2

is non-zero. A slight improvement of this argument would then show that 3, = 57,
Slmllarly, one can argue that 4, = 4,

4) It is easy to show that the sector s ,,, and #, ,, defined in remark 2),
above (5.16), coincide. Let |s, n), |S, n) denote the states obtained by applying one
field s(-) and n fields y(-), for n>0, —nfields (), for n <0, to the vacuum Q.. One
verifies easily that

|S,n+1>=|s,n).

Since by construction |s,0) and |5, 0) are degenerate in energy, it follows that |5, 1)
and |3,0) are degenerate, too. The states |5,0> and |5, 1) correspond to the ones
discussed by Jackiw and Rebbi [26].



170 J. Frohlich and P. Marchetti

S) Our construction of solitons with fractional fermion numbers can easily be
generalized from theories with a Z,-symmetry, like the pseudo-scalar Yukawa
model, to theories with a Z ,-symmetry, for p=3,4,5,.... For example, we may
consider a theory of coupled Fermi fields v, ¥ and a complex scalar field ¢ with a
self-interaction P(®), where P is invariant under the transformation

.4

di—>ezml’¢, g=1,....,p—1.

The coupling between y, p and ¢ is given by the term

14 1—,
@( J;“) W®+ <~2A’5> Wo* (5.21)

which, after bosonization, is given by

e Dt e T ¥
In this model we set m,=0. The symmetry of the model is then given by

2mid

b—e PO, X—’X—?JI’Z’, (5.22)

q=0,...,p—1. For a suitable choice of the parameters, this symmetry is
spontaneously broken. Using the tools developed in Sects. 2—4, one can construct
soliton sectors which are eigenspaces of the fermion number operator with

eigenvalue -q, qg=1,...,p—1.The soliton field, s, of this model and the field ¢ satisfy
p
the dual algebra

2mi

S(0,x")p(0,y ) =e P

o' —xY)

$(0,y")s(0, x").

Hence the composite field (s- ¢)(x) is a para-fermion field. All these claims are
verified easily.

Models of the kind described here appear to be of interest in one-dimensional
condensed matter physics [29].

Appendix. A C.L.H.T. Expansion for the Bosonized Yukawa Model with Thirring
Term in the Lattice Approximation

In this appendix, we sketch some steps of a cluster expansion for the lattice
approximation of the model! (5.1) in the bosonized version.
Using this expansion, existence of soliton sectors and particle properties of the
one-soliton states can be established casily, following [2, 31].
The lattice approximation of the disorder correlation functions
Gy, +(xy, ..., %5,) [see Eq. (5.11)] is given by
Z(w)

Gs. i(xl’ .,.,in): ,7_,
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where w,, is a Z, lattice gauge field with supp(dw)={x;}}*,. Z=Z(w=1) and

Z(0)=T] dysd;exp— [z Lo+ 5 5 @y

<11> <ij>
. Al
- Z mycosy;—g ®;siny;+ 4 (7 — 1)2:‘: (A.1)

and we impose 0 b.c. on ¥ — z,, ¢ — @, atinfinity. In (A.1) we have rescaled the fields
D, y as

1
qﬁ_’ilﬁ’ X'—)ﬂXa
1€
and we set
= [32’ N=1E, g=)/¢g.

We now decompose the basic fields y and @ as follows:

=0T+ +2mn),  P=0y

i
where o, € Z,~{+1}, n,eZ,, 1,e{— ., —y.+27}, 0;€[0, + c0), and we set

Ugijy == 04040 ;.-

In terms of these new variables Z(w) reads

={[ldrdo; > >

fvays) (ni}

ﬁ/
XCXp— (Z EX [(z;~ Ugijy )+ 2m(n; — U<ij>”j) + 71— U(ij>)]2

1]

+ Z i~ Vel
()
—mg . 2 27172
4 o sinT0, + +m 1 —cos T;
Zi:<[g2+m}]1/2 i [g f] ( )

72

g VA
2 2172 COST;0; + -G —1 s
G ) + T

Zc.=arctan <g> .
My

The Combined Low and High Temperature expansion is now constructed by
treating n and v with low temperature methods and 1, 9 — 1 with high tempera-
ture methods (see [2, 31]).

The expansion converges for

In—— iln ¢

W

large and p’ large enough.
In particular, it converges even for m, =0, provided " is large enough.

where we have used
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