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Abstract. A scheme allowing systematic construction of integrable two-
dimensional models of the Lorentz-invariant Lagrangian massive field theory
is presented for the case when the associated linear problem is formulated on
sl(2, €) algebra. A natural dressing procedure is developed then for the generic
system of two (either scalar or spinor) fields inherent in the scheme and an
explicit N-soliton solution on zero background is calculated. Solutions of
reduced systems which include both familiar and new equations are extracted
from the solution of the generic system, not all of these reductions being
related immediately to s/(2,C) real forms. Finally, in the case of scalar
equations we present the Miura-type transformations relating solutions with
different boundary conditions.

Introduction

In the present paper ! we derive exact multisoliton solutions within the framework
of the Unified Integrable Lorentz Fields (UNILOF) description scheme. This
scheme provides an Inverse Scattering formalism appropriate for construction and
solution of all two-dimensional integrable relativistic massive systems (both spinor
and scalar) in a unified way. (The massless systems have been analysed in detail by
Zakharov and Mikhailov [1, 2].) A brief account of the UNILOF scheme has been
given by one of the authors [4, 5]. The starting point is the Zakharov-Shabat
equations for the relativistic case (1.1) in a new, triangular gauge (this is a key point
of the scheme). Selection of this special gauge not only provides the unification but
also produces non-linear equations in manifestly Lagrangian form [5].

Animportant degenerate case in the UNILOF scheme corresponds to the two-
dimensional Toda lattices. These have been explored previously by Mikhailov,
Olshanetsky, and Perelomov [6, 7], Fordy and Gibbons [25] (periodic lattices)
and by Leznov and Saveliev (unclosed chains, ref. [8]). Here we study the non-
degenerate case.

! Some of these results have been announced in [3]
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Starting from the generic linear 2 x 2 matrix problem (1.1), we derive a system
of two fields (or, rather, a one-parameter family of gauge-equivalent systems)
which may be considered spinor. This model will be referred to as “the generic
system associated with the algebra ¢ =sl(2, €)”, or simply as “the %-system.” We
may easily reformulate it in terms of two complex scalar fields. Reducing each of
the two formulations of the ¥-system, we obtain both known models such as the
massive Thirring model and the complex sine-Gordon equation and new ones e.g.,
the second massive spinor model and O(1, 1) sine-Gordon equation.

This communication’s main purpose is to supplement the regular scheme for
construction of integrable systems with an adequate procedure of finding their
soliton solutions. To do this, we extend Zakharov-Shabat-Mikhailov’s dressing
method [9, 1, 6] to the linear problems of type (2.2). Here the difficulty is that one
can utilize the canonical normalization of the corresponding Riemann problem
(very convenient and normally used) only for a certain particular representative of
the aforementioned gauge-equivalent class. Of course, provided the solution for
this special case is known, solutions to other ¥-systems may be obtained merely
through a gauge transformation. However, this strategy seems to be inefficient
since the latter implies non-local substitutions for the field variables. In order to
avoid these, we take a different line and do not impose any a priori normalization
conditions on the dressing matrix. Although calculations become more involved,
this enables us to “dress” the whole family of gauge-equivalent %-systems
simultaneously, N-soliton solutions appearing in a unified closed determinant
form.

Solutions to the reduced equations are obtained by constraining parameters of
solutions to the %-system. At this stage, the difficulty is encountered in the case of
the Minkowskian complex sine-Gordon equation. The problem is that unlike the
other reductions, this one is not related directly to any real form of the si(2, C)
algebra. Consequently, we have to introduce an auxiliary gauge which induces a
rather complicated mapping of the dressing matrices manifold onto itself.
Nevertheless, as soon as this mapping is found, the reduction conditions are
straightforward.

In this paper we confine ourselves to the “dressing” of the zero seed solution
(zero background). However, in the case of scalar fields these solutions provide an
immediate information about the solitons on the nonzero constant background.
The latter may be obtained via the Miura-type transformations taking each of the
two complexified sine-Gordon equations to the same equation, but with the
opposite sign of the mass term.

The paper is organised as follows. The %-system is derived and reduced in
Sect. 1 and its N-soliton solution is constructed in Sect. 2. In the subsequent
sections we specialize the parameters of this solution so as to satisfy the following
reduced systems: In Minkowski space — the (extended) massive Thirring model
(MTM, Sect. 3); the usual complex sine/sinh-Gordon equation [referred to as O(2)
SGE, Sect. 6]; a new massive spinor model and a new complexified version of SGE
[called O(1,1) SGE], Sect. 4. In Euclidean space (Sect. 5)— extended O(2) SGE and
the Euclidean MTM. In Sect. 7 the Miura maps are presented, and in the last
section we discuss connections between scalar and spinor systems, including the
correspondence between SGE and MTM.



Solitons of the Unified Lorentz Fields 425

1. The Model

Below all the quantities are assumed to be complex unless the opposite is specified.
Consider the set of linear equations:

10, W=(2UF +UDY, 0. ¥=(0"2U;+Ug)¥, (1.1)
where UF(z,,z_), U (z,,z_), and ¥(1;z,,z_) are 2 x 2 matrix-valued functions

of complex variables z, and z_, 0, =0/0z,, and 4 is a spectral parameter. The
integrability conditions for (1.1) are:

10,U; +[U5,U51=0, (1.2%)
i0_Ug—id,Us +[U3,U;1+[Ug, Ug1=0. (1.3)

Subtracting the trace multiplied by the identity matrix from each of the four
matrices Uy, U leaves (1.2)—(1.3) invariant. Hence, without loss of generality, we
may consider U5, U§ esl(2,€). Next, the set (1.1) is covariant under the gauge
transformation [9, 17:

v=¢¥, Ui=gUig !, Ui=gUfg '+id.ig-g™ ", (1.4)

g(A;z4,z_)eSL(2, C). In accordance with the central idea of the UNILOF scheme,
let us fix the gauge by choosing U, upper-triangular matrix and U; lower-
triangular one: (U5 ),, =(U;);,=0. Then we find from (1.2%):

(Ug)i,tr(Uy05)=0, (Ug)y, tr(U; 65)=0. (1.5)

First, let us assume (U ),, =(Ug),; =0. Then Egs. (1.2%) imply 6, diagU; =0,
and we may introduce complex functions a*(z ) such that diagUs =%a*(z,)os.
For the traceless U, respectively U, the choice tr(Ujo;)=0 respectively
tr(U5 05)=0 in (1.5) corresponds to what we call the degenerate case: a*(z,)=0
respectively a“(z_)=0. In this paper we adopt that a*(z,)=+0 for all z,.

Now let us denote matrix elements as follows:

+ +
L (a2 4 L (F'2 0
v ‘( 0 —a+/2>’ Vo ‘( G —F')

(1.6)
U-— a /2 0 U-— F7)2 qs
2\ g, —a 2) °~\ 0o —Fp)
In this notation the compatibility conditions (1.2)—(1.3) are written as
(i0-.—F7)q+a"q3=0, (i0_+F)q,—a"q,=0, R

(i0,—F")q3+a"q;=0, (i0,+F")q,—a q,=0,
i0_F"—i0,F~ +2(q:94—q295)=0. (1.8)
Redefining the fields: ¢, ,—~a"q, 5, 43,420 q3.4, F* >a®*F* and changing the
variables z, so that d, »a*(z,)0,, we may, without loss of generality, fix a* =1.
Next, the system (1.7)-(1.8) possesses a “residual” C* gauge invariance
(C*=C\{0}):
QI,3=e@ql,3a Q2,4=e~@q2,4a F*=F*+i3,0, (1.9)



426 1. V. Barashenkov and B. S. Getmanov

which amounts to the selection of g=exp(3 @a,) in (1.4). On the other hand,
Egs. (1.7)—(1.8) imply: 0 _(F" +w_,q,q,)=0(F~ +®_q3q,), where w, are any
two constants verifying

Wi tw_=2. (1.10)

Hence, there exists potential wsuch that F* +w_ q,q,=0,.7, F " +w _¢3q,=0_m.
In view of the invariance (1.9) we may set 7=0, thereby obtaining a family of
gauge-equivalent systems:

(i0-—F7)g;4+q3=0, (0-+F)q,—q,=0,

. . (1.11)
(16+—F+)q3—|—q1=0, (la++F+)Q4—Q2=O,

F'=—0,qq,, F =—0_q3q,. (1.117)

For each pair @, obeying (1.10) the system (1.11) will be referred to as the “generic
system,” or merely as “the ¥-system.” Let us also note that (1.11") yields a
conservation law ¢_(q,q,)+ 9,(q394) =0, whence

414:=0,4, q3qs=—0_4A. (1.12)

Recovering A from here, we can specify the transformation (1.9) mapping the
%-system with @ into that with &.. Namely, the corresponding @ is:

O=id_—w_)A. (1.13)

For two distinct choices of w, the ¥-system (1.11) is manifestly Lagrangian.
From the field-theoretic point of view, the most interesting case appears to be that
with w, =1, the corresponding Lagrangian being given by

L =iq,0_q; +iq940+943+9194+ 9295+ q1929394 +(compl. conj.). (1.14)

The second choiceis w =0 (or o, =0). At w_ =0, o, =2 eliminating g5 and ¢,
we obtain Mikhailov’s model [10], derivable from

L=—0,9,0.q,+49,9,+1979, 0_q,+(cc.). (1.15)

Notation. In this paper we discuss field theories both in Minkowski (denoted M?)
and Euclidean (E?) spaces. The Greek indices will be reserved to label the
corresponding vector components, with the usual summation convention being
adopted. In M? the laboratory coordinates are x° and x*, and the metric signature
is (+—), ie, kx"=k°x°—k'x"'. Also the light cone variables will be used:
n="=%(x"+x'), £=3(x°—x"). In E? the laboratory coordinates are x, and x,, k,x,
=k;x; +k,x,, and we shall use the Laplace coordinates z=%(x;+ix,),
z*=1(x, —ix,) instead of # and ¢. y-matrices are defined through the Pauli
o-matrices: y°=y,=0,7' = —y, =i0,,7°=y%"in M3and y,=0,in E* Finally, *
denotes complex conjugation,” transposition, and ¥ Hermitian conjugation.

If we want the %-system to represent a model of relativistic (or Euclidean) field
theory the transformation properties of ¢q,, ..., q, should be specified. There are
two possibilities related to scalar and spinor fields.
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1.1. Conventional and Extended MTM in M? Space. In M*letussetz, =n,z_=¢
and denote g, =uy, q,=u%, g;=v,, g, =v%. Then the Lagrangian (1.14) is:

L\ =iufu, +iv3v,, +uiv, +o3u, +uulv, o3 +(c.c). (1.16)

If v, =(uy,v,)" and y, =(u,,v,)" belong to the two-dimensional vector space that
forms the spinor representation of the Lorentz group, the -system (1.16) becomes
a model of two spinor fields:

Li=ip(*®0,)0,9 +p(A®0)p+ 5 {[((* @0 )p]* —[9(*®c,)w]*},  (1.17)

where w=(y,,,)", D=1, Do), B;i=v]70, PY=10,19, + Py, Identification?
yp; =y, =1y reduces (1.17) to the massive Thirring model MTM) [11]):

Ly =ip)" 0,9+ 9y + 3 (0y,)°, (1.18)
with 1 =(u,v)". In terms of u and v, Eq. (1.18) is rewritten as
Ly =iuau* +iv,v* +uv* + uro+ juvl® . (1.19)
MTM may be extended to the (generically) non-Lagrangian model [12],
us+v+o_[oPu=0, iv,+uto,uv=0, (1.20)
which emerges from the system (1.11) under the reduction
4, =4q3=u, g3=qi=v, wieR. (1.21)

MTM corresponds to w, = 1. Specialization (1.21) preserves, of course, the gauge
equivalence between (1.11) and (1.14). As a result, the extended MTM (1.20) is
transformable into the conventional one (1.19) through the change of variables
(1.9), (1.12), (1.13). At w_ =0 the system (1.20) is the reduced form of Eq. (1.15)
derivable from &5 = —u,uf + |ul® + v’ u*u}.

Remark 1.1. Under the definition of 5, £ through x* given above, the choice z , =1,
z_=¢ leads to “infraluminic” (i.e., travelling at velocities v:|v|<1) solitons of
MTM. If we set z_ = — ¢, we would obtain tachyon solutions of the model (1.18)
with ipy* 0,1p replaced by —ipy*y® d,p. As both types of solutions are connected
through the trivial substitution é— — &, we confine ourselves to the former case.

1.2. The Second Massive Spinor Model in M?. Letz, =in,z_= —i¢,and let o,
d1s-.-,qs €R. Defining a covariant spinor v =(u,v)”, where

g=utu*, g=iu—u*), qz=iv—0*), qi=v+v*, (1.22)
we reduce the %-system (1.11) to another spinor model in Minkowski space:
i+ v+o_(V—v*)u*=0, v, +uto,w—u*?)r*=0. (1.23)

By means of the substitution (1.9), (1.12), (1.13), Eq. (1.23) may be transformed into
(@4 =1)-form, derivable from the Lagrangian

Ly =iu* + iv0* + uv* +urv— 5 (u® —u*?) (0> —v*?), (1.24)

2 The sign of the nonlinearity being nonessential [11], the identifications y, = 41, are equivalent
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orinto (w_ =0)-form, defined by £ 5 = iu,u— iu® + (u+u*)* (uu*).+ (c.c.). Integra-
bility of the model (1.24') has been first suggested by V. E. Kovtun, who has found it
to possess a higher conserved current (private communication). In the covariant
notation Eq. (1.24) reads (p=pTy,):

Ly=ipy, 0" + %+ 5y, — Py, (1.24")
1.3. Euclidean Thirring Model. In the Euclidean domain we set z, =z, z_ =¢z¥,
¢= =+ 1. In contrast to M? space, here we cannot confine ourselves to a certain
particular choice of ¢, say ¢ =1 (cf. Remark 1.1). Solutions of the system (1.11) with
e¢=—1 and e=1 are unrelated and will be treated independently. Let us denote
q1=u,, §,=¢v%, g3 =v,, g, =u¥ and require that the columns p, =(u,,v,)" and
Y, =(u,, v,)" transform as O(2) spinors. Then Eq. (1.16) represents a system of two
Euclidean spinor fields:

Le=i9'(y,®0,)0,9 + 9" (6*Q@0 )y + 5 {[v'(7,®0)p]* — [v'(7,Q0,)w]*} .
(1.25)

Here p=(p;,v,)", v =l pl), &=diag{1,¢'/?}. Imposing the condition
TP, =y, =y (1= +1) reduces the system (1.25) to the Euclidean MTM:

Ly=ip'y, 0,p+y'€p+ fre(p'y,p)?. (1.26)
On the other hand, if we start from the %-system (1.11) and require that
q¥=q,=u, eaqi=q3=v, 1=+41; oi=0v_=o, (1.27)
we shall arrive at the non-Lagrangian model
iU+ ev+teoviul?=0, v, +u+tew*ujp|*=0, (1.28)
containing MTM (1.26) as a special case of w=1 [yp=(u,v)"].

1.4. The Second Spinor Reduction in E*. 1If we set q,=u—v*, q,= —(u+0v%),
q3=v—u*, qu=u*+v, z, =z, z_=—z* in Eq.(1.14), we shall obtain another
spinor model in the Euclidean domain. In the covariant notation y=(u,v)T,
D=y, =Ty, 95 = — iy, it looks like:
Lg=iy"y, 0, + v ysp — 5 @y, — By, %)

1.5. O(2) sine/sinh-Gordon Equations. Let us define new fields ¢, =¢ "°q, and
@,=e °q¥ (v=consteR) which are required to be scalars both in M? and E2
cases. g, and g3 may be expressed through ¢, % by means of the first and fourth
equations in (1.11"):

dy=ie "1+ 0. 0,03 10,05, q3=—ie"(1+w_0,0%) '0_¢,. (1.29)
Inserting these expressions into the remaining two equations, we obtain a system
of two complex scalar fields, i.c., a scalar formulation of the %-system (1.11):
0,0-01+0,D_+0-90,0_-0,0,052,2_) ' —w_¢30_¢,0,¢,2-'=0,
01 0_0y+ 0, 9% =% 0, 0% 0} 05 0)(PXD*) ' —h 9T 0, 0.,.0:(2%)" ' =0,

(1.30)
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where 0=w, —w_, 2. =1+w.0,0%. At v, =1 it is derivable from
Lo=0_010,05(1+¢:03) "= 0,03 +(cc). (1.31)

First, let us consider the model (1.31)in M? space: z, =7, z_ = . Imposing the
restriction 1o, =¢,;=¢, t= +1 reduces (1.31) to

Z10=0:07(1+1lo") ' —lol* +(c.c). (1.32)

Equation (1.32) defines the complex sine- and sinh-Gordon equations [13-15, 26]
for 1= —1 and t=1, respectively. In this paper they are referred to as O(2) SGE in
order to be distinguished from O(1,1) SGE (Subsect. 1.6).

Remark 1.2. As in Subsect. 1.1, we restrict ourselves to the choice z_ =&, which
leads to the subluminal solitons of O(2) SGE. Substitution ¢— — & changes the
mass term sign in (1.32) and these are converted into tachyons (cf. Remark 1.1).
Now let us pass to the Euclidean domain and put z, =z, z_ =¢z*, e= + 1.
Imposing the conditions 1, =¢'=¢, 0% =w_=w in Eq. (1.30), we obtain the
(non-Lagrangian) extended O(2) SGE which is lacking in M?:

P zzx +3(P9 - qu)*(pz(pz*@ﬁ ! + T(C()* - w)90§0:<¢z*|@| = 0 P (133)
9 =1+10|p|*. At o=1 Eq. (1.33) may be derived from the Lagrangian
Z10=0fp(1+1lol’) " —elol*. (1.34)

Remark 1.3. Due to the coincidence of the reduction conditions (g, =14%,
q; =7eq%), the Euclidean MTM (1.26) is completely equivalent to O(2) SGE (1.34),
the same also being true for their extended versions (1.28) and (1.33). Thus,
solutions for the two systems will be constructed simultaneously.

Under the restriction ¢ = ¢*, Egs. (1.32), (1.34) define the real SGE,

Z11=0:0,/(1 +19%)— @, (1.35)
L11=0.0.4/(1 +19%) —e0? (1.35")
in M? and E? respectively. At t=1, setting p=sinh f yields &,, =0, f0_f
—sinh?f. At t= —1 there are two cases: at |@|<1, we put ¢ =sinf and obtain

F11=0,f0_f—sin*f, while at |p|=1 substitution @= +coshf leads to
gll=a+fa_f+sinh2f.

1.6. Sine-Gordon Equation with 0(1,1) Isotopic Symmetry. Let us substitute
z,—>iz,,z_——iez_,e=+1,and require that v, =1, q,, ...,44€R. In both the
M? and E? case we introduce scalar fields ¢ * and ¢, , suchthat o™ =g, 9" =q,,
¢*=¢,+¢,. Eliminating q,,q; from (1.11) as in Subsect. 1.5 produces a new
system of two real scalar fields derivable from

L12=0,070 ¢ (1+9797 ) '~ 9 =0,0-0_0(1+¢-9) ' —ep-@.
(1.36)

Here @ =(¢,, ¢,) belongs to isotopic space with O(1, 1) invariant scalar product:
¢ -d=¢ .9, —@,0,, whence the name: O(1,1) SGE. Similarly to O(2) SGE, it
admits a complex formulation [see Eq. (4.7)]. Further, in M? the system (1.36) can
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be extended to a non-Lagrangian equation (here wesetz, =#,z_ =& and fixe=1):

02+t — 010 0F 0T D1+ 0 0y 0T D31 =0,  (1.37)
withw, eR,0=0w_—w,,2,=1+w,¢ " ¢ . Thereduction restrictions coincid-
ing, Eq. (1.37) is equivalent to Eq. (1.23) while the Minkowskian O(1, 1) SGE (1.36)
is equivalent to the second spinor model (1.24). Imposing of the constraint

¢* =190~ =¢ (= +1)onthe Lagrangian (1.36) provides a deeper reduction to the
real SGE (1.35).

2. N-Soliton Solutions for the Generic (Nonreduced) System

The gauge transformation generated by the matrix

g, =diag{A'?, 1712} (2.1)
converts the linear problem (1.1), (1.6) to the following form3:
10, P=(A2A,+ 2 Af + AP =AY, (2.2)
where Y e GL(2,C), A, =105, AF =4F*0,, and
0 g¢g _ 0 ¢
A+=< ?, A =< ﬁ. 2.3
! g4, 0 ! 4. O @3)

The compatibility conditions (1.11) being invariant under the transformation (2.1),
we can use this stratified gauge instead of (1.1), (1.6). The motivation is that in
constructing solutions it provides us with an effective way to take into account the
special form of the linear problem matrices. Indeed, the linear problem (2.2) with
diagonal 4,, AF and off-diagonal A} [so that 6;4%(A)o, = A*(— A)] results from
the Z,-reduction [6] of the general quadratic bundle (in which all the matrices
A§ 1, are generic). Hence, the manifold {¥(4)} of fundamental solutions ¥(1) to
Eq. (2.2) is invariant under the involutory transformation ¥Y(1)—a;¥(—1)o; [ie.,
03V (—4,z4)03="Y(4,z,)H(4) for some constant H(1)e GL(2, C)]. In this paper
we construct solutions g; vanishing at infinity so that ¥(1) can be chosen to obey
simply

a3 P(—Nos="P(4). (2.4)

To check this, take g,(z.)=0 as the “bare” solution of Eq. (1.11) and choose the
related ¥(4) in the form ¥Yo(4)=exp{—i(A*z, +A~?z_)A,}, evidently verifying
(2.4). If the dressed fields satisfy g,(z,)—0 at infinity we can select ¥ such that
V(A z4)—>cWPo(4,z,), ce C. Then V(1) verifies (2.4) asymptotically and, therefore,
identically.

The Dressing Procedure. In construction of soliton solutions we utilize the idea of
Zakharov-Shabat-Mikhailov’s “dressing method” which is equivalent to solving a
rational Riemann problem [9, 1, 6]. Define the GL(2, €)-valued function y(4,z)

3 This transition has been advised by A. V. Mikhailov. Another way of obtaining the stratified
gauge (2.2) is delineated in [5]
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(“dressing matrix”), meromorphic in A, with meromorphic inverse, regular at
A= o0, through the formula

w(AD)=P() ¥, (). (2.5)
Equation (2.4) implies a3(—A)a3=x(4), o3¢~ (—A)a;=7" (1), whence
N P N ¢,Po,
()} — — 2.6’
1) R<ﬂ+i;1 L —V; izzl A+, )’ 26)
_ NoQ N 3005
)= |1+ -y 2 3>R L 2.6
x(A) ( i=21)»—/li i:ZI pn (2.6")

where R, P, Q' are 2 x 2 matrices. By the Liouville formula it may be inferred from
(2.2) that 0. det ¥ =0, and we can select ¥ in such a way, that R = y(c0)e SL(2, ).
Moreover, as o3x(o0)o3=yx(c0), R belongs to the diagonal subgroup
C*CSL(2,C): R=diag{r,r~'}. Next, it is straightforward to verify that when
w_ =0, r is constant [see Egs. (2.28), (2.29) below] and we may normalize y(4)
canonically: y(co)=1. Generally speaking, it is sufficient to determine solutions
only for this particular case. Solutions to other %-systems could then be obtained
through the gauge transformation (1.9), (1.12),(1.13). However, a serious drawback
to these latter solutions would be the presence of the nonlocal multiplier e®.
Therefore we prefer not to fix the gauge (and, consequently, the normalization) and
construct solutions for the whole family of ¥-systems simultaneously. In other
words, we supplement the solution for the case w_ =0 (which is of limited
importance itself) with a closed expression for r(z ) (or, equivalently, for ¢®).

We shall be concerned with the generic situation of v;+ + u,. Requiring that
residues of the left-hand side of the identity yy ~'=1 vanish gives

Py i (v)=xu)Q'=0, i=1,...,N. 2.7)
Without loss of generality, choose the degenerate P’, Q/ matrices as
Pip=x\ty, Qup=suyy, A.B=1,2. (2.8)

Here x', y', s', te@? i=1,...,N. The components of these vectors may be
rearranged to form the vectors x>, |y, |54, 1t4> € CY, A=1,2. For instance,
(x4 =(xL, ..., xN) while x'=(x', x5). Here and below the small Latin indices run
over 1,..., N, whereas the capital Latins take only two values, 1 and 2. Also note
that <u,|vg>=ulvg+ ... +uljv}. Insertion of (2.8) into (2.7) yields

2ay,51%1,20 =181,20,  2{yy,ala ==Lty o, (2.9)
where N x N matrices a, and a, are defined through
ai=0F =) vt ushty),  ai =i —pd) " (st +vshty). (2.10)
These matrices obey the obvious identities
s> <til=a; M=l ay, sy <tl=a; vV —=lway, (2.11)
where (v[=(vy, ..., vy), <ul=(1y, ..., uy)- Equation (2.9) implies:

[x1y2>=-§—a1_’12[s1,2>, <y1,2|=—%<t1,2|az_,11- (2.12)
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Coordinate Dependence of s' and t'. Using (2.5), the linear problem (2.2) may be
rewritten in terms of y:

10sy 1 ' HAT L Al =T AT + A (2.13%)

Inserting Egs. (2.6) and (2.8) into (2.13) and requiring that residues of the left-hand
side at A=v,, ; vanish, we obtain in view of (2.7):

(0, +v?A)t=0, (10, —p24,)8'=0, (2.14)
whence the dependence of t', s’ on z, is found to be (m’,n’=const e C?):
t=exp{i(viz, +v; 2z )A,}m’, s'=exp{—i(uiz, +pu *z_)A,}n". (2.15)

Recovering of the “Potentials” q;, F . As soon as the constraints (2.14) are imposed
on y and y !, the expression f_(A)=id_y-y '+A ?*[y4,]y ' on the left-hand
side of (2.137) defines a rational function of A with a single pole at A=0. Below,
expanding f_(/)in the Laurent series in the vicinity of A =0, we shall determine 4|
and A, as the coefficients at A~' and A° respectively. On the other hand,
expanding f~(4) at 1= oo, we shall arrive at (formally) different expressions for A}
and Ag . Finally, comparison of the two results produces a priori valid identities
which will then be efficiently utilized. Equation (2.13™) will be treated in the same
way.
First of all, let us note an elementary relation

det(a+u, > Cuyl)=deta+ Cuyl o/ u; > . (2.16)

Here a is any non-degenerate N x N matrix, .« stands for the augmented matrix
(of =deta-a~ ') and |u, ,>eC". Using (2.16) one easily proves that*

1-22Q0u ' =H(viu; ) (4,4, 17, L=2ZPjv; ' =(py; ) (4,47 17,

where 4, ,=deta, ,. Now, expanding (2.13*) at A=oc0 produces =
Af =—2Ro;XP'R 1, (2.18)
Ag =i0,R-R™'—40,3P\ 20", (2.19)
Ay =2i{0_R-2(Q"+P), +RO_XP} R, (2.20)
Ag=i0_R-R'. (2.21)
On the other hand, expanding (2.13%) at 2=0 yields
Af = = 2i{Tup; ' 0, [R(A,47 Y] 2(Qp DR
+ vy ' 0, [XP v *R](4,4; )R}, (2.22)
Af =i0,R-R™*+i(A,45 )30 (4,47 1), (2.23)
Ay =2H(vj,uj_1)R03Z(Piv,~_2)(A1A;1)"3R*1 , (2.24)

Ag =i0 [R(4,471)*1(4,4; 1) R™ —4Ra3Z(Pvi 2) 2(Q1u; )R, (2.25)

*From now on we use the notations: Xfi=f,+ ...+ fy, IIf;=/f,-...- fy. The subscript |
respectively L indicates the diagonal respectively off-diagonal part of a matrix
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where the identities (2.17) have been utilized. At this stage we can write the
N-soliton solution to the system (1.7)—(1.8) depending on an arbitrary functional
parameter r(z, ). Using the notation {t,v " ?|=(tlv; % ..., thvy?), A=1,2 we find
from (2.18), (2.19), (2.21), and (2.24):

Qa=—T(v;u; =2 4,45 v ?ay sy,
gz =1(v;u; 24,47 v 2lay sy ), (2.26)
a=r Ktlay sy, gy =—r¥tlay sy,
Fr=2ir '0,r+2{ty|la; Is;> <t la5 s>, F~ =2ir‘o_r. (2.27)

Calculation of the Function#(z ). In order to determine solutions of the ¥-system
(1.11) we have to specify the function r(z ;) by the requirement that Eq. (1.11”) hold.
Substituting Egs. (2.26) into (1.11”) and comparing to (2.27) produces

2ir= 0 r=—w_<t]ay s, {tolay s ). (2.28)
2ir~ Yo r=w_Hvju; ') v 2lay Hsy) <ty 2lag sy (2.29)
To recover r(z.) from here, we shall need certain auxiliary identities.

Lemma 2.1. Let the matrices a,,a, be defined by Eq. (2.10) and .o |, o/ , stand for the
augmented matrices. Then the following relations hold for any n,¢:

oVt sy D= (v )<y ™Mo 115y (2.30)
Kty o ls "> = H(pyvy ) el oty ls ™1 (2.31)
Proof. Consider an auxiliary expression
(a) S =2+ |yl )

and transform it by means of the identity (2.16):
=det(a, +[s;u" ") <t2Vf|):HVjﬂj_ tdet(luyay v+ [s ) <y ).
Applying the first relation in (2.11) yields then
S =My tdet(a, — s> v+ s v ),
while the identity (2.16) implies:
L =Hvu; A+t " =t ol (|50}
:ij:uj_l{det(al —ls; ) tv™ N+ <t2"[_ 1|J2/1 |51>} .
Finally, in view of Eq. (2.11) we have
(b) L=y {pp; Ay + " "ot (]
Comparing (a) to (b) we establish (2.30). Equation (2.31) is proved by analogy.
Corollary. The following identities hold:
vy v 2lag sy =Huyy Kealay s 2), (2.32)
Hpp; tpvlay Hsop™ D =vyy ey~ ay Hs ), (2.33)
My ey~ 2lag sy =Hppy Ktylag s 2. (2.34)
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Proof. Putting /= —1 in Eq.(2.30) and comparing to Eq.(2.31) with n=—1
produces the relation (2.32). Similarly, the identity (2.33) is proved by combining
Eq. (2.30) with /=1 and Eq. (2.31) with n=1. Next, let us note that new identities
may be generated from (2.30)—(2.33) merely by the permutation of indices 1 2 2.
For example, Eq. (2.34) is the permuted Eq. (2.32).

Lemma 2.2. 10 (A A7) A,47 = —Ltylar Vs> {ty]az ts,), (2.35)
10 (A 454,47 =tv " *lag Ys > {tylas Hs,u™ 2>, (2.36)
Proof. Equations (2.23) and (2.25) provide alternative expressions for F*:
Fr=2ir 10,r+2i4,45"0,(4,47"),
F~=2i(rd,47 1) 0_(rd,A7 )+ 2{t,v " ?|a; Hs, > {ty|ay s,pu™ 2.
Comparing these to (2.27), we are led to Egs. (2.35), (2.36).

Now, applying the identity (2.34) in Eq. (2.36) and comparing (2.35), (2.36) to
(2.28), (2.29) results in the following

Proposition 2.3. Solutions (2.26), (2.27) satisfy the identities (1.11") if and only if up
to an arbitrary multiplicative constant

Hzy,z )=(4,45 12, (2.37)

Soliton Solutions in Explicit Form. In order to have a determinant formulation of

solutions, let us note the elementary identity [3]
0 1 <uyl
_ — _f_ —_——
|

us»

On the right-hand side of (2.38) there is a determinant of (N + 1) x (N + 1) matrix
composed of N x N matrix a, N-column |u,» and N-row {u,|. Now, substituting
Eq.(2.37) into (2.26) yields the N-soliton solution to the %-system (1.11).
Symmetrizing the found expressions by means of the identities (2.32)—(2.34) and
employing the representation (2.38), we arrive at the main result of this section”:

1

oo . (2.38)

<”1[041|“2>=

a

Theorem 2.4. The general N-soliton solution of the 4-system (1.11), propagating on
zero background, is given by

A [ B Aw—_l 0 | <t2|
q1=- (A_1> (tolag s = — Ll'w_ l_ —>':' - (2.39)
2 2 Sy ay
A\~ 3 Ae-~1 0 |<tll
4=|7 (tilagy tsyy= 2(0_ -1t (240)
4, 45 ls2> 1 a,
AN\C+ [t Aw+—l 0 | <t V_1|
q3=<_2> <_2 a, ! il>= T A B M P LT
4, v m AT s a,
A\ /t A2+ 0 ey
ga=— (1) (Mapr2V=—2 | 0 04
A Aw+ -1
2 v K 2 [sop™ 1> a;

5 Although in the remainder of this paper we do not write determinants explicitly [as in
(2.39)—(2.42)], in view of the identity (2.38) all solutions should be understood as determinant
ratios
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Remark 2.1. If we are interested in solutions to the second order system (1.30), then
only ¢, and g, are needed. In this case the following formulas turn out to be more
efficient °:

gy =T} ) (4,451~ Cpvlag sy
= (v ) (4,45 ) v g sy,

Ga= T ) (4,451~ <ty 2 a; sa)
o TR VIR SR AT RS

These are obtained by using Eq. (2.30) for /= +1, Egs. (2.32) and (2.34).

(2.43)

Remark 2.2. Solutions in the form of determinants ratio are usually supposed to be
hardly verifiable. In order to simplify the verification, we shall provide simple
closed expressions for the derivatives of (2.39)—(2.42), which are involved in the
equations of the #-system. Consider first an alternative representation for the
solutions:

gy =—iA,47 1) 0.ty ag Hsyu D,
qy=—i(A,47 12 0, {t,v Yag Hs,u™ b, (2.44)
q3:i(A1A2‘1)‘“- 6_<t2|a1_1|51>, q4=i(A2A;1)“" a—<t1]‘12_1152>,

which follow from (2.20), (2.22), and (2.37). Comparing then (2.44) to (2.39)—(2.42)
produces the necessary derivatives:

10_talay sy =(4,47 ") <ty May My~ 1),

i10_<tylay sy)=—(4,4;")* {tpv™ ag Hsou ™),
104ty ay Hsyu~ D =(4,4; 1) Ctolar sy,
10ty ay Hspu™ D= — (4,47 1) {tylay s,

In view of Egs. (2.35), (2.36), and (2.45) the verification is straightforward.

(2.45)

Remark 2.3. Redefinition x'— X', t'— i 't, s> 8", Y=g 'Y, /i, 9,€ C leaves
P*, 0" and therefore the solutions, unchanged. Below this invariance will be used
to normalize s' and t' in a suitable way.

3. Extended Massive Thirring Model in Minkowski Space

In M? we put z, =#, z_ = ¢&. The reduction to extended and conventional MTM is
defined by the restrictions (1.21), which amount to the requirement that iA; and
iAZ lie in the real form su(2) of sl(2,C) algebra: (A7) =A4f, (45)'=AZ. Since
in this case (¥~ '(4*))" also satisfies Egs.(2.2), an additional involution ¥(1)
—(Y~1(A*)" is defined on the manifold {¥(4)}. In other words, a coordinate-
independent matrix H(A) exists such that Y(1)=(¥~*(A*))' H(A). For ¥ (2.5) this
implies

250, O (Asm, &)= o(Asn, &) HA) P '(A;1, ). (3.1)
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For general H(4) the right-hand side of Eq. (3.1) possesses essential singularities at
A=0 and A= o0 while the left-hand side is rational in 1. These singularities are
removed if and only if H(4) is diagonal. Furthermore, in the generic case H(1) may
be easily shown to be actually J-independent:

Lemma 3.1. Assume m',,m5+0, i=1,...,N. Then H(A) is a constant matrix.

Proof. Equation (3.1) implies that H(4)= y(4*)' (/) is a rational function with
simple poles at A= +v, +v¥, regular at A=o00. Consider, e.g., the residue at
A=v;:res{H(A),v;} =p'®t, where p'=y(v¥)'Rx/, and t' is given by (2.15). The
residue is (4, ¢)-independent only if for any constant c¢eC? the vector
¢ =c-res{H(4),v;} is constant as well. However, provided ¢’ #0 and in view of the
assumption, the expression ¢} /¢, = (m} /m}) exp {i(vin+v; %)} does depend on the
coordinates. Therefore, ¢’ =0 for any ¢e C* and the residue vanishes. Q.E.D.
For a diagonal constant matrix H Eq.(3.1) implies x()=(x '(A*)'H
Equating poles and the corresponding residues in the left-hand side of this
equation to those in the right-hand side produces, without loss of generality

H=R'R; (32)
vi=u¥, i=1,...,N; (3.3)
HPI=Q'H, i=1,...,N. (3.4)

From Eq. (3.4) it ensues that t'=£,s"*H, Hx'=#4; 'y'*, 4, C. By Remark 2.3 we
mayset £,=1,i=1, ..., N.Substituting then s"*H for t'and u}* for v; in Eq. (2.10), we
note that a} = —a, and 4¥=(—1)"4,. By means of Egs.(2.37) and (3.2) H is
evaluated to be the unit matrix, and finally we find:

mi=n¥*, mh=n, i=1,..,N. (3.5)
Thus, we are able to formulate the following

Proposition 3.2. The general N-soliton solution to the (extended ) Massive Thirring
Model (1.20) is extracted from the solution (2.39)—(2.42) of the 4-system by imposing
the constraints (3.3), (3.5).

Now let us exhibit the N-soliton solution of MTM in covariant form. Under
the proper Lorentz transformations we have:

x*—>0"x", 0" =0** =cosh¢, 0'?=0%' =sinh ¢ . (3.6)

In spinor representatlon the rotatlon (3.6) is given by the matrix S=exp(—1 ¢a;),
while the reflection x' — —x' is represented by S=0,. To specify the transform-
ation properties of solutions, let us adopt that the column ¥;= (,u,, w HTt
transforms as a covariant spinor. That is, if ;= e*, then we have ,— B;— 1 ¢ under
SO(1,1) rotations (3.6), and f;— —f; under the reflection x'— —x'. Next, it
appears useful to introduce a unit complex space-like vector k%= —1i¥ ¥,
e MX(P,=¥Ty,) so that k® = —icosh2p,, k! =isinh2p; and a scalar (2:exp((°)
=nipu V% Lastly, by Remark 2.3 we may, without loss of generality, impose the
restriction nin,=y;. Then N-soliton solution of (extended) MTM is>:

u=q, =[(=1)"4,/451°" <exp(z p*—{#a; 'lexp((+ 3 8)> (37)
v=q3=[(=1)"4%/4,1°" {exp(= 3 *—(M)l(a}) " MlexpC =3B,
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where {; =4 k¥x,+(?, and a, matrix acquires the form
ai=cosh((;+ ¥ —3 i+ % B7)/sinh (BF - B)).

Under SO(1,1) rotation (3.6) a, —a,; and yp=(u,v)” transforms like a covariant
spinor: p—e~*?¥%y, Under the reflection x' > —x' we have a;—a} and (for
wy=1) p—ap°.

In conclusion let us remark that N-soliton solution of the conventional
(w,=1) MTM was obtained first in [16], in a different (non-determinant) form.

4. O(1,1)-Sine-Gordon Equation
and the Second Massive Spinor Model in M?>

Let us consider Minkowski space and set z, =in, z_ = —if (cf. Sect. 3). The
systems (1.23) and (1.37) emerge under the condition of reality of w,, g, ..., q4. In
this case A5 and A4;" lie in sI(2, R) which is equivalent to existence of the following
involution on the manifold {y(4)}:

FOX) =y DH, (G =H ), (4.1)
H being diagonal and constant in analogy with Sect. 3. Equations (4.1) imply:
H=diag{h,h*}=R*R™"; (4.2)
vi=nv,,  miF=mm,  mF=1h*m?,
, , 4.3)
uE=yibp, = h*nfl,  nF=yhnl,

i=1,...,N;1,y;= + 1. Here we have introduced two independent permutations of
N numbers {1,...,N}={(1),...,(N)} and {1,...,N}->{[1],.. [N]}((z) and [{]
denote the corresponding images of i) such that (N=[[1]=i Vze{ .,N}. By
means of Egs. (4.3), (2.37), and (4.2) h is calculated to be

h=(T1y)°-"? (4.4)
(from now on the value of & is fixed). So we have

Proposition 4.1. The general N-soliton solutions to the (extended) second massive
spinor model (1.23) and (extended ) O(1,1) SGE (1.37) are extracted from the solution
(2.39)—(2.43) of the %-system by imposing the restrictions (4.3)—(4.4).

N-Soliton Solution of O(1,1) SGE in Covariant Form. Below we limit ourselves to
the case w, =1. Let us define two Lorentz scalars, exp({?)=n} and exp(z’)

(mz) , and two un1t Vectors k# and g (i=1,. N) such that k? =3 (u? — u; ?),
kl = (,u, +u 2, Q=107 2—vz) q} =*(v +v 2). Due to the Remark 2.3, we
may impose the constraints ninb = vy, and m'm}, = 6,v,, where v;={ + 1 fori=[i]; 1
otherwise}, while 6;={+1 for i=(i); 1 otherwise}. Using then Egs. (2.43) for
q;=¢  and q4=<p+, we obtain®:

@ =I(u; ") <e*0lby o™, @~ =I(up; )<e *by ey, (4.5)

¢ Below we, for brevity, restrict ourselves to the proper Lorentz/orthogonal transformations
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Here by=(0""* +ve " #)/(viu7 *—1) and {=%kix,+(], z=%q!x,+72.
Since v;u; > =(g% +€"q;,)ky,,solution (4.5) is indeed invariant under the Lorentz
transformations (3.6)°.

One-Soliton  Solution. For N=1, introducing e =720 2 exp(—z9—9),

e =id} oy 2 exp(z9—{9), e*=iu,v,, e =iu,v; ' we rewrite (4.5) as

exp { + [sinh f(cosha - x° +sinha- x") + 2]}
cosh {cosh (sinha - x°+cosha - x1) +{}

@* = +coshp (4.6)

Here, in view of Eqs. (4.3)-(4.4), ¢* = —17e*, /" = —1fef, & =1ef, e = —1e* (We
have denoted y,v,6, = 7, 1,0,0, =7). At T=1we have Im{=0, the denominator of
(4.6) vanishes nowhere and the soliton is regular in the finite part of (x°, x') plane.
At ¥= —1, conversely, ¢ * is singular there. In the generic case of sinh f40, ¢ * is,
in addition, unbounded as |x!| or |x°|— co. To make sure that solution (4.6) indeed
represents a localised object, it is advantageous to pass from ¢ * to new variables.

Namely, provided t=1, Eq. (4.6) implies ¢ * ¢~ =0, and we can introduce
complex field ¢ = ge® with g=(¢ " @ )"/? and $=arctanh[(¢" — @ )" +¢7)].
If = —1, the soliton (4.6) obeys p*¢~ <0, and we define g=(—¢@ ¢ ")'/?,
9=arctanh[(¢* +¢ )@+ —¢7)]. Transforming to ¢, Lagrangian (1.36)
becomes

Z12=0,0:0%0 (1 +1l9) ' —lol* +(cc), t=+1, @4.7)
or, in the covariant notation [J,=i(¢* 0,0 — ¢ 0,0*)]:
10,01 , 1 J?
=t o 47"
2= Lol T 2 g+ dlol?) “7)

In terms of the new variable solution (4.6) decays rapidly as |x!|—oc (or as
|x°|— o0). This justifies its being referred to as a soliton. At t¥= —1 the soliton is
infraluminic, while at t¥=1 it is a tachyon.

The Real SGE. Among the solutions (4.5) there are ones remaining finite as
Ix°],|x'|—>oc0. This important subclass satisfies the constraint t@*=¢"
=¢ (t= +1), with ¢ verifying the real SGE (1.35').

Proposition 4.2. The general N-soliton solution to the real SGE (1.35") is extracted
from the solution (4.5) of O(1,1) SGE by imposing the restrictions

vi=ip = ki=gqt, exp({{)=1"%""Texp(z)), v;=4;. (4.8)
Proof. Under the reduction (4.3)—(4.4) the identity (2.33) acquires the form
Ce™ A by ey =(uy; ') <e by et (4.9)

On the other hand, Egs.(4.8) imply bY=—p?d;biv; %, whence
et =1ie by u?e’). Making use of (49), we  obtain
ot =1(—i)"<e b D> =190". Q.ED.

Combining Eq. (4.8) with (4.3)—(4.4), we can cast the N-soliton solution of the
real SGE (1.35') into the following ultimate form?>:

p=<e ?|by e, (4.10)
where b¥ = {e* "% —1e™ %"} [(uFu;? +1) and exp {(z))*} =, exp{z(, }.
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5. Massive Thirring Model and O(2) sine/sinh-Gordon Equations
in Euclidean Space

In E? weset z, =z, z_ =¢z*, ¢= + 1. Reduction to the (extended) O(2) SGE (1.33)
and, simultaneously, to the extended MTM (1.28) is defined by the requirements
(1.27) which amount to the following constraints:

(A7) =164,  (4o)'=¢e4yq, (5.1)

with & =diag {1, ]/E} Unlike the cases discussed above, each of the conditions (5.1)
relate two different matrices. Consequently, this reduction is not associated with
any real form of the sl(2, C) algebra; nevertheless, its solutions are extracted in the
same way. From (5.1) it ensues that a diagonal matrix H exists such that

WA= '&)/e/2*)]H, (5.2)

in the generic case (m),m+0, i=1,...,N) H being constant. Also it may be
inferred from (5.2) that

H'=¢%H . (5.3)
Now, comparing the left-hand side of (5.2) to the right-hand side, we have
v:‘cs[/g(,u;“'l, i=1,...,N; (5.4)
= —18\/ e(uf)"2¢ RO (5.5)
H=(uv; ") A"‘/A*)fr3 éaRR* (5.6)

where we have used (2.17). Expressing t’ from (5.5): t'=k;Hs™*, k, e € and inserting
into the matrices (2.10) gives, with the help of (5.3):

0= +()/e), (57)
where d=arg(4,45;'). Combining Egs.(5.6) and (5.7, we obtain
H=+™"Ip|*¢* " " exp(—06Q0;)  with  Q=Imew. Finally, picking
k;=+"|p)| "2, i=1,...,N yields

mll =e—5!2ni1*, i _8N1/ve69 l* (58)
the values of ]/E and ¢ being fixed. Thus, we arrive at

Proposition 5.1. The general N-soliton solution to the (extended) Euclidean MTM
(1.28) and O(2) SGE (1.33) is extracted from the solution (2.39)—(2.43) to the
G-system by imposing the restrictions (5.4), (5.7), (5.8).

Let us cast the Euclidean O(2) SGE N-soliton solution into a covariant form®.
Define Euclidean unit vector k), through the relations k= —J%i(uf +eu?),
k"2 =3} —eu; ), i=1,..., N and a scalar (7 by exp({?) =exp(—5Q)n}. Accord-
ing to Remark 2.3 we may impose n’,n, = ;. Then solution to O(2) SGE is obtained
from the first formula in (2.43):

@=q, =Iu;|* (+detb,/detb,)* (e *|by '|e*). (5.9)
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Here {;=%kix,+(?, and matrices b, =rl/.§|u>a1 and b,=|u)a, are given by
by = {(aed) ™ exp({i+ ) + e et exp(— (= 0} Le(ua) "2 — 11,
by = {exp((;+{F)+ eV exp(—{— )}/ Le(ue) > —1].

The quantity (uu})~?=(kj+ie,ki)kj* being invariant with respect to SO(2)-

rotations of E? space, by, b, and, eventually, ¢ are SO(2) scalars.
The one-soliton solution at Q=0 looks like

@ =(elul " — |ul*) exp({—{*) {exp(C+ {*) +teexp(— (= ¥)} 71
Hence, in contrast to the M? case (cf. Sect. 6), the Euclidean O(2) sinh-Gordon
equation [Eq. (1.34) at t=1] possesses both singular (¢= —1) and regular (¢=1)
solitons.
Reduction to the real Euclidean SGE. At w=1 the real solutions in (5.9) satisfy the
usual SGE (1.35"). In order to isolate the real ¢’s, let us first recall the identity (2.33).
Under the conditions (5.4), (5.8) it reads

(ur2e by Hetu?y =&V 1 e by et (5.10)
Next, consider a permutation {1,...,N}—{(1),...,(N)} such that ((i)
=iVie{l,...,N}. Imposing the reduction conditions:
(uF)? = —epp® = k¥ =k, exp(({*)=ri" "' exp((G) (5.11)
with x;= + 1, we simplify the expression (5.9):
p=Ce ¥|by et (5.12)
Also we observe that b¥*= —exu;>bY(ud) >k Using this relation and
Eq. (5.10) one easily verifies that ¢ = @*. Thus, we have

Proposition 5.2. The general N-soliton solution to thereal SGE(1.35") in E*-space is
given by Eq. (5.12) subject to the constraints (5.11).

Let us say that a pair (u;, ) corresponds to a “soliton” provided (i)=i. If,
conversely, (i) %, then the set (u;, {7, 1, {(})) parametrizes a “bion.” Asymptotically,
as |z|?— oo, solution (5.12) splits into a set of “solitons” and “bions.” In the case of
¢=1 Eq.(5.11) implies that the “soliton” component is absent and (5.12) is a

nonlinear superposition solely of “bions,” regular at both 7. At ¢= — 1 both types
of constituents contribute in (5.12), “solitons” and “bions” being singular at t=1
and regular at 1= —1.

In conclusion let us note that in the case t=¢= —1 the N-soliton solution to

the real SGE (1.35”) is known in Hirota’s form (see [22] and refs. therein).

6. O(2) sine-Gordon Equation in Minkowski Space

In M? space (z, =#, z_ =) the reduction to O(2) sine/sinh-Gordon equation (1.32)
is defined by imposing the conditions (v=consteR):

q1=€"p, qi=e "tp*, w.=1. (6.1)
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Then g, and g5 are automatically constrained by (1.29). Unlike the E? case, the
above restrictions do not result in any straightforward algebraic constraints on A5
and A matrices. In this situation the simplest way to extract the specialised
solutions consists in analyzing the explicit expressions. From Eq. (2.43) we have
q:= _H(#j"j_ Y {tyvlay ! Is ™ DR
g5 = — (v * CsElad) e v HE)

Identifying then

w=vE, mi=pEniE, b= i (6.2)
yields (t,v|=—1{s¥, |s;u~ "> =|(t;v"3*>, al = —a,, and, finally, g, =1q7%.
Regular Method of Finding the Reduction Conditions. To prove that relations (6.2)
extract the most general N-soliton solution to O(2) SGE, we shall exhibit the
involution defined on the manifold {¥(4)} and responsible for the discussed
reduction. The restrictions this involution induces turn out to be given just by (6.2).

Let us start from the triangular gauge (1.6), the conditions (6.1), (1.29) being
imposed. The gauge transformation (1.4), generated by the matrix g,:

ir1/2 ,iv -1 o\ 1/4
gt=<w e ) w=<%f> . Z=1+4del  (63)

0 —it'Pw!
(t1/2 fixed), converts UF, UF matrices into the following ones:
U;=%05, Us=(4i2)"" [0 "' —(cc)]os,
Uy =4i2)" " L@, ' +210,0%) —(c.c)] oy

0 eiu(p w—2
+Tl/2(—e‘i”go*(w_2)* 6 >, (6.4)
n
o 0 ePgw)*
U2=nu2<e_w(p*w2 ) +eloi)on.

At =1, respectively T= —1, these matrices times i lic in su(1, 1), respectively su(2)
real form of sl(2,C) algebra: (U3)'=7U0r7, (U5)'=7U0;7, with
7 =diag{1, —1}. Consequently, there exists a matrix H(A) such that

P, O=7 (P~ (A%, &) H(). (6.5)

Making now the composite gauge transformation with g =g 'g (1), we return to
the stratified gauge (2.2)—(2.3). The relation (6.5) induces then the involution

Vs, =G ) (¥ %5, ) = WUsn O H () (66)
on the manifold {¥(1)}. Here
G)=gl(*) (g7 g} " gs(@:@"m( s )"’_1>. (67)
e "o TA

In analogy with the consideration in Sect. 3, we can demonstrate that H(A)is a
diagonal matrix, Eq. (6.6) being reduced to

G(A) 2, O =[x (A*;m, O H(). (6.8)
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In the generic case of m,m, =40, i=1,..., N a rational function
H(2)=y'(2*) G(2) x(%) (6.9)

possesses no poles at A= +v,, +v¥ (the proof repeats that of Lemma 3.1). Thus, the
Laurent expansion of H(4) at A=0 contains only a finite number of terms and can
be easily evaluated from (6.9):

H(A)=2 "4, 45 V| diag {1, — M|y, 2271 (6.10)

Finally, inserting Eqgs. (2.6) and (6.10) into (6.8), and equating the corresponding
poles and residues yields the reduction conditions (6.2). So we have

Proposition 6.1. The general N-soliton solution of O(2) SGE (1.32) is extracted from
the solution (2.39) of the %-system by imposing the constraints (6.2).

In order to provide the covariant form of solutions®, let us define unit complex

space-like vectors ki1 k' = — 3i(uf + p; %), ki = 3 i(uf — u; ?) and scalars (P :exp((7)

=n}.In view of Remark 2.3 we may impose n’ n}, = p,;. The N-soliton solution (2.43)
to O(2) SGE is then rewritten as?:

p=<e "|by e, (6.11)
where {;=%ki'x,+({ and b, =|u)a,{(u~")*| matrix is given by
by = {exp({;+{F) —rexp(—{;—CH}/ M ') —1].

Since (u; ! ,u}“)2 = (ki +¢""k;,)k;,, solution (6.11) indeed represents a scalar. Finally,
it should be noted that at 1= — 1 the 2-soliton solution is known in Hirota’s form

[15].
Sometimes, it is worth having a closed expression for the modulus of N-soliton
solution. The modulus of the solution (6.11) reads:

o2 =(|deth , /deth,|>— 1), (6.12)
where b, =|u)a, {(1~')*| matrix is defined by
b ={p; ' exp((i+F) (') exp(— GO/ 'ud)® —1].

To obtain (6.12) we observe that detG(A)= —1, detH(A)= —t2~'|4,45 '|* and
dety(oo)=1. Comparing then the determinants of the right-hand side and left-
hand side of (6.8) at 1= oo produces (6.12).

The Real SGE. Now let us extract solutions of the real SGE (1.35). At this stage it
is useful to fix v=4n. Then condition ¢ = @* is equivalent to the equalities (47)*
=TFidf, (AF)*= — AF, which induce an additional involution on the manifold
{P(A)}: P(A)->P*ir*) e {¥(1)}. Following the standard procedure we arrive at

Proposition 6.2. The general N-soliton solution to the real SGE (1.35) is extracted
from the solution (6.11) of O(2) SGE by imposing the restrictions

W= i) = ki* = k?i)s CXP(C?*) =K; eXP(C(Oi)) > (6.13)

where x;= +1 and the parentheses denote any permutation of indices such that
()=iVie{l,...,N}.
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The quantities labelled by i satisfying (i)=i correspond to single solitons,
whereas at (i)=i pairs {i,(i)} label bions (breathers).

The N-soliton solution to the real sine-Gordon equation is, of course, well-
known (see, e.g. [17-20]). The sinh-Gordon case has been treated in [21].

7. Connection Between Solutions with the Vanishing
and Non-Vanishing Boundary Conditions

Let us consider the complexified sine-Gordon equations in M? space, i.e., (1.32)
and (4.7). As we have already mentioned in Remark 1.2, the sign of the
corresponding mass terms may be changed merely by substituting ¢— —¢&. This
substitution takes subluminal solitons to tachyons and vice versa, boundary
conditions remaining the same. Below we shall exhibit a less trivial invertible
transformation that also changes the mass term sign but, unlike the above
substitution, relates solutions with the vanishing asymptotics [¢|—0 to solutions
with the boundary conditions |@|—1 as |x'| (or |x°))—oo. In particular, the
previously constructed solitons (subluminal, decaying at infinity) are converted
into subluminal kinks.
It appears useful to rewrite O(2) sine-Gordon equation,

et 0,0:0* 1 =)™ + (1 —]9*)=0, (7.1)

derivable from the Lagrangian (1.32) with 1= —1, as
0pe+0(0,0:— 9,9 (1—0%) ™' +e0(1—0%)=0, (7.2))
[9,0%(1—0*) " "1+ [9:0°(1 —0%)~']1,=0. (7.2)

Heree=1,p=ge" 3€IR, 9> 0. Consider solutions satisfying ¢ < 1. In view of (7.2”)
we may introduce new variables by

~

i=(1-0)", §,=-9,0°1—-0)7", Fi=90°(1-¢")" (7.3)

(these relations define 3 up to an additive constant). By simple substitution one
verifies then that § and 3 obey (7.2) with e= — 1. Thus we have

Proposition 7.1. Assume that ¢ = ge'* is a solution of Eq.(7.1) such that ¢ <1. Then
@ =0e"® with § and 3 defined through (7.3) solves the equation

P+ PP :0*(1—19°) "' = p(1—[$|%)=0. (7.4)
Remark 7.1. According to Eq.(6.12) with 7= —1, N-soliton solution (6.11) of
Eq. (7.1) [propagating on zero background, ie., [p(x*)|—0 as [x'|—o0] verifies
0=1. Applying the transformation (7.3) one generates a solution to Eq.(7.4)
consisting of N kinks (|@(x*)|—1). The formula for its modulus is straightforward
from (6.12).

In the case of =1 Eq. (1.32) defines O(2) sinh-Gordon equation:

Pre— Pe@* (1 +0?) ! + (1 +[0]*)=0. (7.5)
Let us introduce a new field ¢ =g exp(iJ) by the relations
i=(1+0)"?, J=-9,01+0)"", JF=90+0»)"". (7.6)
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The following statement is then directly verified.

Proposition 7.2. Assume that ¢ =ge™ is a solution of Eq.(7.5). Then ¢ =gexp(i9)
with § and 3 given by (7.6) solves O(2) sine-Gordon equation (7.4).

Similar assertions may be proved for O(1,1) SG model (1.36) as well. The
corresponding equations of motion read (we put z, =#, z_ =¢§):

pEtep (1+0 0 )= 0i 0 (1+9 7)1 =0. (7.7)

In terms of the product and quotient variables, Z=¢p ¢~ and 2=¢" /¢,
Egs. (7.7) are conveniently rewritten as

Py —3[P, 2 +22)—-2,2.2° 27127 (1 +P) ' +2e2(1+2)=0, (1.9)
[2,27'2(0+2) "]+ [2:27'2(1+2) '],=0. (7.9)
Equation (7.9) permits us to define the new fields # and Z through

P=—(1+2),2,9"=22"'20+2) ", 33 ' =-2.97'P(1+2)" "
(7.10)

Inserting then Egs. (7.10) into Eq. (7.8), we are led to

Prop(lsition 7.3. Assume that o is a solution of the system (7.7) withe=1. Then ¢ *
with?=¢" ¢~ and 2=§¢* /¢~ defined by (7.10) obeys the same system (1.7), but this
time with e= —1.

8. Concluding Remarks: Relationship Between the Models Discussed

One of the advantages of the UNILOF scheme is that it provides a deeper
understanding of the relations between scalar and spinor integrable systems.
Consider, for instance, Minkowski space. It is well known that on the quantum
level the (real) sine-Gordon equation is equivalent to the massive Thirring model
[23]. On the classical level the equivalence disappears [24] — at least because
MTM involves twice as many field variables (taking in account the order of
equations). However, one can suppose that MTM is related to some two-field
generalisation of SGE. The UNILOF scheme allows us to exclude at least O(2) and
0(1,1) SGE from the list of possible candidates: MTM and these two equations
arise under the distinct reductions of the same more general system.

The situation changes drastically in E? space. According to Remark 1.3, the
Euclidean MTM (1.26) is in one-to-one correspondence with O(2) SGE (1.34)
[expressing v from the first equation in (1.28) and inserting into the second one
yields exactly (1.33)]. Instead, in Minkowski space there is a relation between other
systems. Namely, in Subsect. 1.6 the second massive spinor model (1.24) has been
shown to be equivalent to O(1, 1) SGE (1.36), (4.7). Since the real SGE is a reduction
of the latter, the above observation provides the spinor model to which SGE
corresponds classically (in the sense that solutions of SGE at the same time satisfy
the equations of this spinor model). Lastly, both in E* and M? spaces the generic
system (1.14) may be interpreted either as a model (1.17), (1.25) of two spinor fields
or as an equivalent system (1.31) of two complex scalar fields.
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We close this section by including, for the reader’s convenience, a diagram

illustrating the relationship between the systems involved in the non-degenerate
sl(2, €) case of the UNILOF scheme:

22
The§ -system of < ME The% -system of
two spinor fields two scalar fields
EZ
MTM | 0(2) SGE
. M2
The second massive 0(1.1) SGE

spinor model
SGE
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