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Classical solutions of the massive Thirring model are found that describe the fermion
constituent solitons of multisoliton solutions of the sine-Gordon equation. The construction
of these fermion solutions is based on the inverse scattering transform for the sine-Gordon
equation. It is shown that the equations of the inverse scattering formalism transform into
the equations of the massive Thirring model through Coleman’s correspondences between
the two theories. The charge structure associated with multisoliton solutions is made very
explicit by these correspondences. The 1-soliton, 2-soliton, and breather cases are dis-
cussed in detail.

1. INTRODUCTION Thirring model and show how to construct the so-
lutions of the corresponding IST equations by
means of the Bicklund transformation. We dis-
cuss in detail the solutions of these equations for
the 1-soliton, 2-soliton, and breather solutions of
the SG equation. In Sec. III we discuss the corre-
spondence of the IST with the massive Thirring
model and explicitly construct the fermion wave
functions for the 1-soliton, 2-soliton, and breather
solutions, and establish Coleman’s correspon-
dences. In particular, the 1-soliton solution of the
massive Thirring model turns out to be the same
as the one previously found,®'” and we prove a

The sine-Gordon (SG) equation is an example of
a nonlinear field theory that possesses particle-
like solutions, the solitons and the breather, and
can be solved exactly by the inverse scattering
transform (IST) method.'*? The IST provides a
powerful way of solving a wide class of nonlinear
equations whereby the nonlinear equation is re-
placed by an equivalent linear problem.'~* Through
the inverse scattering formalism a 2-component
Dirac-type spinor is associated with each “con-
stituent” soliton of a multisoliton solution of the
SG equation. On the other hand, the quantum SG uniqueness property for it. In the Appendix we
field corresponds to the fermion of the massive discuss some aspects of the IST and the SG equa-
Thirring model.®> One can ask then whether the tion.
IST formalism is in any way related to the mas-
sive Thirring model. In this paper we establish
such a relationship and show that Coleman’s cor-
respondences® between the two theories can be
formulated on the classical level in a natural way.
The spinor associated with a “constituent” soliton
of a multisoliton solution of the SG equation by the
inverse scattering transform can be interpreted
as the fermion wave function of that soliton in the
presence of all the other solitons. Using Cole-
man’s correspondences the equations of the IST
formalism, for each fermion wave function, be-
come the equations of motion of the massive

II. THE INVERSE SCATTERING METHOD

The SG equation in light-cone coordinates x
=(x* =x%/2, t=(x*+x°)/2 takes the form

9,0,¢ =sing . (2.1)

The defining equations of the associated inverse
scattering transform are’

a LM
axXlzi)(z_%Xl, (2.2a)

Thirring model. A fermion field operator {(x) can 9,:X 2 =%X1 + Z—g-)-’ixz , (2.2b)
be defined within a given multisoliton sector. The

charge structure and the Pauli principle associated 5 =_1_ _io (2.2¢)
with the corresponding multisoliton solution of the tX1%5,¢ Xz e¢
SG equation are thereby brought out in a very 1

transparent way. The expectation values of all the 3:X s :—2;@“”)(1, (2.2d)

bilinear covariants of ¢ in the multisoliton state
become sums over the individual “ constituent”
fermion contributions.

In Sec. IT we formulate the IST method in a way
that allows us to make contact with the massive

14

where we employ the notation ¢, =3,¢. Equations
(2.2a) and (2.2b) can be considered as a linear
eigenvalue problem in x for any given {, where
the parameter a is the eigenvalue and the spinor
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_[Xa
is the corresponding eigenstate; the spectrum of
a’s depends on the “potential” ¢,. The integra-
bility condition of the system of Egs. (2.2) (i.e.,
9,9,x =8,9,x) plus the requirement that the eigen-

values a be t-independent implies the SG equation
(2.1). We shall also employ the notation

- - Xa1
X =Xa (x“)

to show the dependence on the parameter a. We
observe that y, transforms as a scalar under
Lorentz transformations and not as a spin-3
spinor. The procedure by which ¢ = ¢ (x, ) can be
constructed from Eqs. (2.2) is described briefly
in the Appendix. Here, we are rather interested
in the physical interpretation of the solutions y,
for every a. An arbitrary solution ¢ can have, in
general, three kinds of eigenvalues ¢ associated
with it: (i) a finite number of real eigenvalues,
say, a; (i=1,...,n) corresponding to the soliton
content of the solution, (ii) a finite number of
complex pairs of eigenvalues, say, a;, af

(=1, ...,m) corresponding to the breather con-
tent, and (iii) a continuous range of imaginary
eigenvalues, a =ik (k real) corresponding to the
so-called “radiation” part of ¢. Asymptotically,
as t— the radiation part dies out and ¢ splits
into » individual solitons moving with velocities
v;=(a; —a;")/(a; +a;7%) (i=1,...,n) and into m
individual breathers with velocities

vy =(lagl=la,| ™) /(lagl+la; ™) GG=1,...,m). In
this paper we shall be interested only in multi-
soliton-multibreather solutions ¢, i.e., solutions
with no radiation part. Closed forms for such so-
lutions have been given in the literature.® The IST
equations are intimately related to the Bicklund
transformation® for the SG equation. This connec-
tion is brought out by defining' a function (13, for a
given a and

X = ( X ) ,
X2
through the equation
Xa o phordy/z, (2.3)

X1

It follows, then, from Eqgs. (2.2) that ¢ is also a
solution of the SG equation and ¢ is obtainable
from ¢ by the application of the Bicklund trans-
formation with parameter q; that is,

¢x=¢?,+2asin<¢ ;¢> R
. (2.4)
b= — b, +2a'1sin<¢ ; ¢> .
Symbolically
¢=B,$. (2.5)

The meaning of this transformation is that, from
a given solution qS, it defines a new solution ¢
that contains an additional soliton (with parameter
a). It can be interpreted as a “linear superposi-
tion” of ¢ with this soliton. Multisoliton solutions
are obtained from the “vacuum” solution ¢,=0 by
successive applications of B,, e.g., ¢ =B,,**'B
X ¢,. The inverse of B, is B,"'=B_,.

We shall use Hirota’s method® of constructing
the solutions y to the IST, Eqgs. (2). This method
utilizes a new form of the Bicklund transforma-
tion and applies to solutions ¢ which are express-
ible in the form

t)
x,t)=4tan™? &) s 2.6
(x, ) ( £l (2.6)
where a sufficient (but not necessary) condition for
¢ to be a solution of (2.1) is that g and f satisfy

fgxt +gfxt _fxgt _.ftgx = 2gf’ (27)
88xt =88t =ffer = oSt -

The Bicklund transformation expressed in terms
of g and f is defined by®

(f+ig)d (f+ig) :%(H ig)(f¥ig), (2.8a)

1

(f+ig)d,(F¥42) :%(ﬁ ig)(F+ig), (2.8b)

where F3,G=FG, —~GF,. The f and g defined by
(2.8) do satisfy Egs. (2.7), and ¢ =4tan~*(g/7) is
related to ¢ by the usual Bicklund transformation
expressed by (2.4) and (2.5). The solution

X
Xa :< a1>
Xa2
of the IST equations (2.2) can be expressed® now
very simply in terms of f, g, f, & satisfying (2.8)
as
f-ig f+ig
= = . 2.9
f+lg ’ Xuz f—Zg ( )
That these functions satisfy Eqs. (2.2) is shown in
the Appendix.
The preceding formulation of the Bicklund trans-

formation can be applied to all multisoliton-multi-
breather solutions. We now use this formalism to

Xa1
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construct the solutions to the IST for the 1-soliton
and 2-soliton solutions of the SG equation.

A. The 1-soliton solution

This solution is characterized only by one ve-
locity parameter g and is given by

=4tan™ &),
ba an (fa

g =c/?, f a2 (2.10)
6=ax+a 't=y,(x' -v,x°),

-1 -1

_a-a _ata
a+a-Ty Ya 2

According to (2.9), in order to construct the cor-
responding x, solution to the IST, we must undo
the Bicklund transformation to find g, 7, and
$=B,"'¢. But since ¢ =B, ¢, With ¢, =0 it follows
that <§ ¢,=0, and for #, & we can choose 7=1,
£=0. Then, the two components of x, are

a1 =(fa+18)7, Xaz=(fy —ig) ™. (2.11)

We also find the following relations:

aXIZXazzi‘ax(paa a-IXIIXa1=%at¢a’ (212)
- XXz =5(1 - €' %) .

These will be used in Sec. III to establish Cole-
man’s correspondences. The parameter a can be
positive or negative, corresponding respectively
to the soliton or the antisoliton; it can also be
complex, leading to a complex-valued solution
¢,; such solutions are used to build the soliton-
antisoliton bound state, i.e., the breather. Com-
plex conjugation defines a different solution, i.e.,
(¢,)* = px; therefore, in order to have quantities
referring to the same eigenvalue in the left-hand
sides of (2. 12) we must define in this case x,fl

= (Xa*l) ’ Xaz (Xax2)*-

B. The 2-soliton solution

This solution is characterized by two real eigen-
values ¢ and b and is built from ¢,=0 by the
Bicklund transformations

¢ =B.By$,- (2.13)

When a and b have opposite signs this solution
contains two solitons (or two antisolitons), and it
contains a soliton and an antisoliton when 2 and b
have the same sign. This remark implies a cer-
tain Pauli exclusion principle associated with the
multisoliton solutions of the SG equation: Two
solitons cannot be put together if they have the
same velocity. In fact, choosing b=-gq in (2.13)
we obtain

¢ =B,Ba90=B,B, " =5 =0.

For definiteness we may assume that ¢?> p? (this
is a Lorentz-invariant statement). We find for the
functions g and f

¢ =4tan'1<§> ,
(a +b)smh< 3 9’) ,

(a — b)cosh <%> s

&=
(2.14)

x| N RIN

f:

6,=ax+a™'t, 6,=bx+b"'t, k=(a®-b%"2.

We choose g, f so that (2.8) are satisfied (see
Appendix). To construct the two solutions y, and
X of the IST equatlons (2.2) we need to find the
corresponding ¢, 2, andf For y, we must undo,
according te (2.9), the Bicklund transformation
B,, and we obtain ¢ =B, *¢ =B,¢,=¢,, i.e., the
1-soliton solution with parameter 5, and we have
already found the corresponding 7, Z. Similarly,
for the x, we have ¢ =B, ¢ =B,¢,=¢,. We have
then

_fh—ig -hhtig
Xal f+lg ’ Xaz f"lg ’
. . 2.15
fimita | _fitig 219

Xbl—f+ig s Xo2 f-ig’
where £, and g, are given by (2.10), and similarly
for f, and g, with the replacement 6, - 6,. It is
straightforward (see Appendix) to show the rela-
tions analogous to (2.12), namely

@XaXaz = bXseXp2 =505,

@ XaXa1 = b Xp1Xp1 =104 0, (2.16)
—iX o1 Xaz FiXp1Xp2 =1 (1 —€'?) .

Asymptotically, as x°- = the right-hand sides
split into the sum of individual single-soliton
terms, which are matched term by term by the
left-hand sides. For example, since a®>b? the

b soliton is going to be left behind by the a soliton
as x°~+. Moving along with the b soliton

(x" =v,2°) corresponds then to the limit g, =0,

6,~ — and we get in this case

GXJZXaz" 0,

+ b(a"’ - bz)
bXp2Xp2— 8(@+0) ’

and

_1_¢ - b(az-—bz)
1T T8@E %)

By choosing a complex and b =a* we can also de-



scribe by the same equations (2.15) and (2.16) the
solutions y for the breather which is defined by
¢ = B,B, *¢0‘

We have now analyzed the solutions to the IST
problem sufficiently to turn to the connections
with the massive Thirring model.

III. CORRESPONDENCE WITH THE MASSIVE THIRRING
MODEL

This model is defined by the Lagrangian
L=Piy*a, ~m)p+3875,

Ju =$7ud)
with equations of motion
o y=myp—gJ vy (3.1)

Since we are interested in the classical equations
it is convenient for our purposes to choose m

=3, g=1. Then, in the basis y°=ga,, y'=i0,, Egs.
(3.1) become, for

w=<%>,
by
the following:
=8y =3, = 205 Yady » (3.2)
10, =5y - 201 Yy -
Coleman’s correspondences® between the SG
theory and the massive Thirring model can be ex-
pressed as
ARES LR
W =109, (3.3)
sy~ (1 =e'?).
If we naively substituted these correspondences
into the equation of motion (3.2) we would obtain
10,3, =%¢‘z ‘%4’:#’1 s
18,9, =%¢1 ‘%(1 —e‘d’)dJ;
=3e “’w; .
These equations look very much like Eqs. (2.2a)
and (2.2d) of the IST problem. To make this con-
nection more precise, we consider the IST equa-
tions for some multisoliton solution ¢ of the SG

equation, and for every eigenvalue ¢ and eigen-
state x, we define a new function

d)a =< wa1>
d)a2
by
1

lpal =ia" /ZXali

(3.4)
Ya2 = a”zxaz s
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where we define a'/? =i(-qa)'/? if a is negative; in
general, if a =|ale!® we choose q'/%=|q|'/2%'®/2.
Then, (2.2a) and (2.2d) become

‘iaxwu:%lbaz —%(pxlpal,
iatd)az=%1pal _%(1 _e‘¢)zpal .

The spinor i,(x, t) transforms as a spin-3 object
under the Lorentz group. This follows from the
definition (3.4) and the fact that y, transforms as
a scalar. To find the connection of (3.5) with the
massive Thirring model let us consider first the
1-soliton solution for ¢. The relations in (2.12)
now become

€alazbar =3050
€a¢:1wal=%at¢a, (3-6)
€a¢:12p02 =%(1 - eféa) ’

where €, =+1 or €, = - 1 respectively as a>0 or
a<0, i.e., for a soliton or an antisoliton. These
are Coleman’s correspondences, and their sub-
stitution into (3.5) leads to the equations of motion
(3.2) for the massive Thirring model. This solu-
tion coincides with the one found previously.”
Using (2.10) and (2.11) it can be written in the
form of Ref. T:

(3.5)

172
Y1 =ia"/2<%sin%‘-> e~i%a/s
(3.7)

1/2
Va2 =al/2(§ Sin%"—> ettt

This solution is unique up to a constant gauge
transformation in the sense that if it satisfies (i)
the equation of motion and (ii) the correspondences
(3.6) with some solution ¢ of the SG equation, then
¢ must necessarily be the 1-soliton solution and

Y must be as given above. What really restricts

¥ to the 1-soliton sector are the correspondences
(3.6). To prove this uniqueness we require the
correspondence equations iy, = ¢./4, ¥, = ¢,/4,
and ply, = (1 —e'®)/4, where ¢ satisfies the SG
equation, and, anticipating the answer, we look
for solutions of the form y, =ip,e'“1=t%/4 4,
=p,e'“2t1%/4 where p, = ||, p,=14,|, and w,, w,
are to be determined. Now from %y, =(1-¢"%)/4
it follows that

p1P, =3 sin(¢/2)
and
wylx, t) =w,(x,t) +2mn(x, t),

where n(x, t) is an integer and can be set equal to
zero since it would not contribute to y,. From the
other correspondences we have pipZ=& ¢, ;-
Thus, ¢,¢,=4sin?*(¢/2). This equation plus the
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SG equation imply that ¢,/¢, is a constant. In
fact, differentiation with respect to x gives

D1 Dex + ¢x¢xt = 4¢x sin (_;'COS ¢2—>

=2¢,sin¢
= 2¢x¢xt .

Thus ¢, ¢, = ¢y, implying 8,(¢,/¢,) =0 and
similarly with respect to t. We set ¢, =a%¢; (a®
must be positive from the correspondences). This
can be expressed simply as ¢, =0 in terms of new
variables £=ax+a”'t, n=ax-a"'t. Then ¢,=a¢,,
ps=a"'¢r, and ¢.2=¢,¢, =4sin*(¢/2). The solu-
tion to this equation is nothing but the 1-soliton
solution ¢,. Thus, we establish that ¢ must be
the 1-soliton solution by using only the corre-
spondences. The equations of motion for ¥ imply,
in addition, that w, must be a constant independent
of x and ¢. Thus, ¥ must be given by (3.7) up to a
constant gauge transformation.

Next, we consider the 2-soliton solution ¢ given
by Eqgs. (2.14). Then, with the definition (3.4), the
relations (2.16) become

€Pabart ViV =10:0,
€Vhba + €Vl vs = i 9:¢, (3.8)
Euz)b:lzpaz"' Ebzpzl Zpbz = i (1 - eiO) P

where €,=+1 depending on whether the a con-
stituent is a soliton or an antisoliton, and simi-
larly for the b constituent.!® Thus, the charge
structure of the 2-soliton solution ¢ is made ex-
plicit through the above correspondence. Substitu-
tion of (3.8) into (3.5) leads to a classical formula-
tion of the massive Thirring model where ,(x) can
be interpreted as the fermion wave function de-
scribing the a-constituent soliton in the presence
of the other. Each constituent fermion interacts
with the sum of the currents of all constituents.
We obtain

=10,y = 3 Doz — 2 <C=Za’b €c¢:2¢c2> ba >

(3.9)
iat¢'a2 = é lpal - 2< Zb sclp:ld)ez) Z)Dal

c=a,
and similar equations for the ¥, wave functions.
There is a certain asymmetric treatment of these
two equations. One might have expected the inter-
action term in the second of Egs. (3.9) to be of the
form

(5, #ocJre

as was suggested for example in Ref. 6. However,
the above formulation is necessary if one wants to
have the correspondence between the massive

Thirring model and the SG theory. These equa-
tions reflect a certain normal-ordering prescrip-
tion of the interaction terms in the field equa-
tions (3.2). To see this, we define a fermion field
operator acting in the 2-fermion sector by

P(x) = €1, (x) + €4, (x)
if @ and b are both solitons and by

P(x) = ¢ (%) + d [, (x)

if a is a soliton and b is an antisoliton. The c,
and d, are annihilation operators for solitons and
antisolitons satisfying canonical anticommutation
relations. Then, by taking the expectation values
of the normal-ordered bilinear covariants of ¥ in
the 2-fermion state, i.e. in clc}|0) or cld}|0), we
can rewrite (3.8) as

Zb € P b, = P d:)

o
(3.10)
T (L) o= (9 (1522 )
“i(-ei)

where €' =1. These are Coleman’s correspon-
dences. If we rewrite the field equations (3.2)
with the normal-ordering prescription

-i9,, = 3 Py = 2”@‘/’2”!’1 ’
19,Y, = 3 I - Z:d’wz:d’i ’

then to obtain (3.9) we replace the normal-ordered
factors by their expectation values given above,
ie., Pl — Cl,e), lY,: ~(:9ldy:) . This pro-
cedure represents a self-consistent Hartree-Fock
type of approximation which linearizes the equa-
tions of motion. Our explicit construction shows
how self-consistency is established through the
correspondences (3.10).

IV. CONCLUSION

We have shown how to formulate the classical
correspondence between the SG equation and the
massive Thirring model through the inverse scat-
tering transform. The fermion character of the
soliton is thus clarified and provides an explana-
tion for the charge structure and the Pauli princi-
ple associated with multisoliton solutions of the
SG equation. Although we have considered only
the 1- and 2-soliton solutions, the generalization
to higher-multisoliton solutions is fairly obvious
and we expect again the correspondences
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for an n-soliton solution ¢. Other nonlinear field
theories which are soluble by means of the IST
with Dirac-type equations might correspond to
some fermion field theory in much the same way.
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APPENDIX

In this appendix we consider some aspects of
the inverse scattering method. A complete dis-
cussion can be found in Ref. 1.

(a) In matrix form Eqgs. (2.2) are expressed as

X =Mx=3(ao;, —id,05)X , (A1)
-1

Xs=Nx= 22—— (cos¢o, +singo,)x - (A2)

Differentiation of the first with respect to ¢ and
of the second with respect to x leads to the in-
tegrability condition

M, =N, +[M,N] = —ioy(¢,, —sing)=0 .  (A3)

Thus, the SG equation implies the consistency of
the system (A1), (A2). Usually,' the IST equa-
tions are formulated in terms of the variables v,,
v,, and ¢ given by

XL =0, + 0, Xp=U, -, C=ia/2 (A4)

and by replacing ¢— - ¢ in (2.2).

The procedure by which ¢(x, f) is constructed
via the IST is as follows: (i) Given the initial data
¢(x, 0) the eigenvalue problem in (A1) is solved,
thereby determining the corresponding range of
eigenvalues a and the corresponding scattering
data (e.g. reflection coefficients). The scattering
data are determined by the asymptotic behavior of
X as x—+=, The function ¢(x, 0) uniquely deter-
mines the scattering data and can be reconstructed
from them. (ii) The ¢ equations (A2) are used next
to find the time development of the scattering data.
(iii) Finally, from the knowledge of the scattering
data at time ¢ the function ¢(x, ) can be recon-
structed. Solitons correspond to “bound states”
of the scattering problem (Al), while the radiation
part of ¢ corresponds to the “scattering states.”
The real advantage of this method lies in the fact
that only the asymptotic values (as x —+ =) of ¢
and of the solutions y are needed, so that the ¢

equations (A2) lead to very simple equations for
the ¢ evolution of the scattering data.

(b) Next, we illustrate how the functions x given
by (2.9) satisfy the IST equations (2.2). For ex-
ample, using (2.8) we obtain

8tX2=at(}-fi:§>
(f—tg)a (f +ig)
(f -igP

f+ig
o (-

- T (FE)

-1

-1

1

] Nl

ig)

Q

y

io
€ Xy .

(c) Here, we demonstrate that the functions g
and f of Egs. (2.14) for the 2-soliton ¢ satisfy
Egs. (2.8) for the corresponding f’s and g’s, so
that x, and x, are indeed solutions of the IST equa-
tions. For example, we must have

(f —ig) 3 fur ig) = 5o (f +ig)(fy—igy)  (A5)

with f, g, f,, £, given by (2.14) and (2.10). Equation
(A5) is equivalent to

1
ggbt+ffbt_gtgb-ftfb=iz (ffo+ggy) » (A6)

fgb:'gfbt'ftgb+gtfb=zl_a(gfb'fgb) . (A7)
Since

1 1 e
gbt=ﬁgb_ﬁeb ’ fbt beb 2b by /2

Eq. (A6) becomes

a+b
fifr+8:85= 2ab ggb %ab o7 M - (A8)

Since

K (6,+6,)/2 _ ,=(8,+8,)/2
=——[e'%*% —e" Y%
fi 2ab[ 1,

K (B4=6p) /2, ,(6,=0)/2
e —_— e b +e' b a
g:== gq5 L¢™ ]

we assert that
— K -0,/2 6
ftfb'*'gtgb__;l—b'e @ COSh b

a->b a+b K o,/
Sab 880~ 3gp M=~ b‘2 coshd, ,

which verifies (A8). The rest of these equations
are shown in a similar way.
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(d) Here we illustrate Eqgs. (2.16), which form
the basis of Coleman’s correspondences. Since
the 2-soliton solution is given by ¢ =B B,¢, we
have

tan<¢;¢°>= a+h tan(¢¢“¢b>, (A9)

a-b 4

where ¢,=B,¢y, ¢,=Bypy ¢o=0. This is the
basic equation for Bicklund transformations.*
From it we obtain

G_a+b (b ¢ (1+T2(1+T2
4_a—b< 4 ~ 4 >(1+T2)(1+TaTb)2’

(A10)

where T=g/f=tan(¢/4) and T, =g, /f,=tan(¢,/4)
(c=a,b). Using (2.10) and (2.14) we can write

a-b
K

f=fufs 1+7,T,)

and this implies

ORFANIDIS 14
a+b 1 _ LSS (A11)
a-b L+THQA+T,T,)? f2+g% "

From Egs. (2.10) we have also
%u(n T2)=aT, ,

(A12)

Tafazzgafa=1 -
Then, (All) and (A12) imply

a+b)_ql“_ 1+ TAHA+TH fi+ gy
(a—b 4 A+THA+T,T,7 ¢ fixg?

=axtyXe

and a similar equation for ¢, — ¢,, and x, = X,.
Finally, (A10) becomes

i0,= axhaXe = OX}aXez -

The rest of Egs. (2.16) can be shown in a similar
way.
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