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The open N = 2 string theory is defined on the 4D space-time with the split signature (+,
+, —, —). The string field theory action of the open N = 2 string theory is described by the
4D Wess—Zumino—Witten (WZW,) model. The equation of motion of the WZW, model
is the Yang equation, which is equivalent to the anti-self-dual Yang—Mills equation. In this
paper, we study soliton-type classical solutions of the WZW, model in the split signature
by calculating the action density of the WZW, model. We find that the action density of
the one-soliton solutions is localized on a 3D hyperplane. This shows that there would be
codimension-one-solitonic objects, or equivalently some kind of three-branes in the open N
= 2 string theory. We also prove that, in the asymptotic region of the space-time, the action
density of the n-soliton solutions is a “non-linear superposition” of n one-solitons. This
suggests the existence of n intersecting three-branes in the N = 2 strings. Finally we make
a reduction to a (1 + 2)D real space-time to calculate the energy densities of the soliton
solutions. We can successfully evaluate the energy distribution for the two-soliton solutions
and find that there is no singularity in the interacting region. This implies the existence of
smooth intersecting codimension-one branes in the whole region. Soliton solutions in the
Euclidean signature are also discussed.

Subject Index B28, B35, B81

1. Introduction

The anti-self-dual Yang—Mills equation in four dimensions is of great interest in elementary
particle physics and mathematics. In the Euclidean signature, it has quite important soliton so-
lutions, instantons that are crucial to reveal the non-perturbative aspects of quantum field the-
ory. In the split signature (4, +, —, —), it has a close relationship to integrable systems. It is well
known that, by imposing appropriate reduction conditions for the gauge fields, the anti-self-
dual Yang—Mills equations in the split signature can be reduced to various lower-dimensional
integrable equations, such as the KdV equation, the non-linear Schrédinger equation, the Toda
equations, and so on [1,2]. The integrability of these equations is well understood in the geo-
metrical framework of twistor theory [1]. Soliton solutions are mostly of codimension-one in
the sense that the energy density of the one-soliton solutions is localized on a codimension-one
hyperplane in the space-time (see, e.g., Refs. [3,4]).
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The anti-self-dual Yang—Mills equation is realized in string theories that are classified accord-
ing to the number N of the world-sheet supersymmetry. Under the condition that the critical
dimension of the target space is positive and the string world-sheet theory has an appropriate
conformal symmetry, the maximal number is found to be N = 2 (see Sect. 4.5 in Ref. [5] and ref-
erences therein). In the case of the N = 2 string theories, the condition of conformal anomaly
cancellation determines the critical dimension to be four, and the Virasoro constraints forbid
any excited physical states except for massless scalars [5]. Hence, the string field theory can be
reduced to the conventional field theory. The world-sheet N = 2 supersymmetry induces a com-
plex structure on the 4D target space and hence the Minkowski target space is forbidden [6,7].
This is the reason why non-trivial string field theories are realized only when the metric has
a split signature. (In the Euclidean case, the momentum of the massless scalar fields becomes
identically zero.) Therefore the N = 2 string theory is closely related to the Ward conjecture and
integrable systems.

The space-time action of the open N = 2 string theory is described by the 4D Wess—Zumino-—
Witten (WZW,) model [6-10] (see also Refs. [11-16]). The equation of motion of this model
is the Yang equation that is equivalent to the anti-self-dual Yang—Mills equation [17]. Hence
solutions of the Yang equation are classical solutions of the open string field theory action of
the N = 2 strings. It is surprising that the action of the string field theory is explicitly written
down in terms of massless scalar fields only. Exact analysis of the classical solutions leads to
exact analysis of classical aspects of the string field theory.

Recently a new type of soliton solution of the Yang equation has been constructed by us-
ing the Darboux transformation [18,19] in 4D flat spaces with all kinds of signatures, i.e., Eu-
clidean, Minkowski, and split signatures [20]. These soliton solutions have localized Yang—Mills
action densities on 3D hyperplanes, and hence can be interpreted as codimension-one solitons.
Furthermore, an asymptotic analysis has also been undertaken in Refs. [17, 21, 22], which sug-
gests the existence of intersecting three-branes. In the case of the split signature, these solutions
are supposed to be relevant to the open N = 2 string theory. Therefore, analysis of the solitonic
behavior (including the interacting region) for the WZW, action is much more appropriate than
the Yang—Mills action.

In this paper, we study the classical soliton solutions in the WZW,4 model. The WZW, ac-
tion (15) consists of the non-linear sigma model (NLo M) term and the Wess—Zumino (WZ)
term [23]. We calculate the action densities of the NLoM model term and the Wess—Zumino
term for the soliton solutions.! For the one-soliton solutions, we find that the WZW, action
density is localized on a 3D hyperplane. This suggests that there would be a codimension-one
solitonic object, or equivalently some kind of three-brane in the open N = 2 string theory. For
the multi-soliton solutions, we clarify the asymptotic behavior and conclude that the n-soliton
solution possesses 7 isolated and localized lumps of the action density, and can be interpreted
as n intersecting soliton walls. More precisely, each lump of the action density is essentially the
same as a one-soliton because it preserves its shape and “velocity” with a possible position shift
(called the phase shift) of the peak in the scattering process. We evaluate the distribution of the
NLoM term for the two-soliton solutions successfully and find that there is no singularity in
the interacting region. This is consistent with the existence of smooth intersecting three-branes
in the whole region. Finally, we make a reduction to a (1 + 2)D real space-time to calculate

'In Ref. [13], Parkes discussed similar problems by using the SL(2, C) non-linear plane wave solutions
[24] without calculating any action density.
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the energy densities of the soliton solutions. In (2 + 2) dimensions, the concept of energy is
ambiguous because of the existence of two time directions. This is the reason why in this paper
we discuss action density instead of energy density. We compute the energy densities of the
one-soliton and two-soliton solutions in (1 + 2) dimensions to confirm that they are localized
on the same hyperplanes as the action densities. This suggests that the locus where the action
density is localized could be considered as a physical object.

This paper is organized as follows. In Sect. 2, the WZW, model is introduced and our con-
ventions are set up. In Sect. 3, soliton solutions of the Yang equation are reviewed and some
properties of the solutions, such as the flip symmetry, singularities, and an asymptotic behavior,
are discussed. In Sect. 4, the action density for the one- and two-soliton solutions is calculated.
In Sect. 5, an asymptotic analysis of the n-soliton solution is given. In Sect. 6, we reduce the
WZW, model from (2 4+ 2) dimensions to (1 4+ 2) dimensions and calculate the Hamiltonian
density for the one- and two-soliton solutions. Section 7 is devoted to the conclusion and dis-
cussion. Appendix A is a brief review of the quasideterminant. In Appendix B, a statement in
footnote 8 is proved (see Sect. 5). Appendix C is a proof of unitarity of the n-soliton solutions
on the Euclidean space. Appendix D includes miscellaneous formulas and detailed calculations.

2. 4D Wess—Zumino—Witten model

In this section, we review the 4D Wess—Zumino—Witten (WZW,) model. In order to treat it in a
unified way, we introduce a 4D space with complex coordinates (z, Z, w, w) and the flat metric:

ds? = gundZ"dz" = 2(dzdZ — dwdw), m,n=1,2,3,4,

0 1 0 0
where g, ;= (1) 8 g _01 , (222 2N =T w ). (1)

0 0 -1 0
The space C* can be reduced to the three kinds of real spaces by imposing suitable reality
conditions on (z, Z, w, w). For example, the Euclidean real space [ is given by Z =z, w = —w,

and the ultrahyperbolic real space U by (1) z, Z, w, w € Ror (2) Z = Z, w = w, which are denoted
respectively by U; and U,. Our choices are shown in terms of real coordinates x* (u =1, 2, 3,
4) as follows:

z w 1 x4z X4t
(&) (W ?) - ﬁ (—(x3 —ixY X! — ix2> ’ )
ds* = (dx")? + (dx?)? + (dx*)? + (dx*). (3)

z ow 1 xh X3 X+ x*
U (W E) - ﬁ (—(x2 —x) Xl - x3> ' “)
ds* = (dx")? + (dx?)? — (dx*)? — (dx*)*. (5

In this paper, we mainly consider the case of the ultrahyperbolic space U;.>
Let M4 be a 4D flat space and o be a map from My to G = GL(N, C) or its subgroup. The
action of the WZW, model consists of two parts as follows:

>The case of U, is not considered in this paper because the unitarity condition of & leads to trivial
action densities, as we will see in Appendix C. The case of the Euclidean space is discussed at the end of
each (sub)section.
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Swzw, = So + Swz, (6)

= — o NTr [(80’)0'_1 A (50)0_1] ) (7)
47 My

Swz = —ﬁ o [(d5)57'] . 8)

where Ms := My x [0, 1]and 5 (z, Z, w, w, 1), t € [0, 1]is a homotopy such that 5 (z, Z, w, w, 0) =
Idando(z,Z, w, w, 1) = o(z, Z, w, w), and w is the Kdhler two-form on M, given by
w=é(d2/\d?—dW/\dﬂ5). 9)
The exterior derivatives are defined as follows:
d:=0+403+dtd, 9:=dwd,+dzo., 8 :=dwdy+ dzo. (10)

The first part S, is called the non-linear sigma model (NLoM) term and the second part is
called the Wess—Zumino (WZ) term. In the Wess—Zumino term, we use an abbreviated notation:
A3 := ANANAA for a differential one-form A.

The equation of motion is

9 (wA(@0)o™ ) =0, (11)

This is derived as follows. Let us consider an infinitesimal variation of the dynamical variable
o such that 8o |y, = 0 and d§ = 6d. Then,

8((do)o) = d((80)0™") — (do Yo~ (80 )0~ + (80 )0~ (do)o .

Note that (80 )o ! is a g-valued zero-form while (do)o ! is a g-valued one-form, where g is the
Lie algebra of G. The cyclic symmetry of trace implies

STe[@3)5 '] = 3ae [ (5505 ((@o)5 )]
Since dw = 0, we have

__ L )1 = -1 -1y2
8Swz = yy MSa)/\STr[(da)a "= e M4w/\Tr [(80)0 ((do)a™") ]

The variation of the sigma model term is

5S, = L w ASTr [(80)0—*1 A (50)071]
4 My

= A w ATr [8 ((80)071(50)071) — 5((80)071 (80)071)

4 My
+ (80)o ! (5((80)071) -9 ((50)0*1)] ,

where we use 99 + 99 = 0 due to 92 = 0, 32 = 0,and d =0 + 3. The first and second terms
become a surface integration due to dw = 0 and the fact that:

Tr [8 ((80)0_1(50)0_1) — 5((60)0_1 (80)0_1)]
=Tr [d ((80)071(50)0*1) —d ((80)071 (80)071)] .

Therefore we get the final form of the total action variation and the equation of motion is
obtained:

§Swzw, = i /M w ATt [(80)07'8 ((30)o™1)].
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Finally we rewrite the WZW, action without integration over Ms. By the cyclic property of
the trace we have

dTr[(d5)57'] = ~Tr[(d5)57'] = 0. (12)

The Kihler two-form o is closed and H*(M4, R) = 0 and hence there exists a one-form 4 on
the flat space-time such that

w=dA. (13)

Note that 4 is not uniquely determined and has ambiguity with respect to the following degree

of freedom: A+ A + di, where « is an arbitrary zero-form.
The Wess—Zumino term is written as

/M5 d (A s [(d3)3_1]3> - /M4 AANTr [(618)6\—1]3

—/ AATr[(d5)57']
=1 My t=0

(14)
If there exists a homotopy such that5(r = 0) = Id and 6 (¢ = 1) = o, the second term vanishes
and we obtain

%/M4w/\Tr[(80)a_l A (30)o '] —é/M4AATr [(do)o™'T. (15

From now on, we use this form of action. Since our soliton solutions allow such a homotopy
as above, we can use Eq. (15) for computing the action density.

Swzw, =

2.1.  Component representation of WZW, action density
Let us write down explicit representations of the WZW, action density (15) in the flat 4D real
spaces.

In terms of the local complex coordinates (1)—(4), the NLo M action is described as follows:

S, = L/ w ATr [(80)0‘1 A (50)0_1]
47 n

1 ~
=——— | Tr[@no)o ' (3"0)o " |dz AdZ A dw A diV, (16)
167T My

where 9" := g""9,, and the metric is given by Eq. (1). This can be represented explicitly in terms
of real coordinates on U, E:
1
167 Jyor
where the real space metrics are given in Egs. (3) and (5). The NLoM action density is read
from the integrand as £, := —(1/167)Tr [(d,0) o' (3"0) 0 ']
Similarly, the Wess—Zumino action is described as follows:

S, = Tr [(aua) o! (8“6)6_1] dx' Adx® A dx® A dx?, (17)

Swz = - ANTr [(dcr)cf1 A(do)yo™ A (dcr)cfl]
127 M,

Tr (6,0.6 — 6,,6:6.) w

1 T (056.0 — 0:0:6.) 7
- E/M4 Tt (6.6,05 — 6.0:0,)
—Tr (6:0,,05 — 0:050,,) Z|

dz NdZ N dw A dw, (18)

where 6,, = (3,0)0"!. Here we choose the potential one-form A4 as A=
(i/4) (zdZ —Zdz — wdw + wdw). This can be reduced to the three kinds of real spaces. For
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example, in the ultrahyperbolic space Uy, it is

dx' A dx* A dx A dx®. (19)

Tr (010204 — 01046>) x!
Swz = —L/ I +Tr (620165 — 62030,) x*
167 Ju, | +Tr (630,04 — 630467) x*

+Tr (040,03 — 040:0,) x*

where 6, := (3,,0)0 ~!. The Wess—Zumino action density Lwz can be read from the integrand.

2.2.  Useful formulas for G = GL(2, C)

In this subsection, we focus on the case of G = GL(2, C). Additionally we impose the condition
9|0 | =0 on o because our soliton solutions o obtained in Sect. 3.2 satisfy this condition. Then
the WZW action density becomes a concise determinant form as follows. By Jacobi’s formula,
Tr[(8,,0)0 ™1 = 9,n|0|/|o| = d,nlog |o |, we find that the condition d,,|0 | = 0 is equivalent to the
condition Tr[(d,,0 )0 ~!] = 0, which can be expressed in terms of the matrix elements (3,,011)0 22

— (0m012)021 = —{011(0,4022) — 012(0,,021)}. Therefore, we have
-1 /19 0 0 0
Tr [(amo_)o_—l(ano,)o_—l] _ 'mO11 'mO12 nO11 n012 ) (20)
lo| \|0,021 0,022 Om021  0m00

In this paper, we always take the following parametrization for the soliton solution o:
-1 /(A A
I 11 12 , Q1)
A \Ay Ap
under the condition 9,,]o| = 0. Note that this reparametrization is not unique and there is a
relation between the five variables:
A11An — ApAg = |o| A% (22)
In this setting, the quadratic term (20) can be rewritten as

Tr [(8,,70)0*1 (8,,0)071]

1
SRt (7S At ECE LY B
Similarly, the cubic term is:
Tr [(9mo )0~ (8y0)0 ' (3,0)0 ] (24)
Al A1 Ay Ay
1 ImA1 0mA2 OImA2 9mAx 1

= — = ————(Awnp + Anpm + Apmn),
2002A% |8,A11 AL A A An 2|0|2A4( " e pron)

8PA11 8PA12 81,A21 8PA22

| An Ay | 0nA12 0,A2 A Asy | 0pA11 04A2
Apnp = + . (25)
mA11 OmAn| 0pA1n 0,72 mA1 0| 0pA11 0,A0
By the permutation property of determinants (cf. Eq. (24)), we have
Tt [(80)o (3,0 )0 (3p0)0 1] = =T [(dmo )0~ (3p0 )0 (3,0)0 '] (26)

Therefore under the condition 9,,|o | = 0, the Wess—Zumino term can be further simplified as
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Swz = —— ANTr [(da)a_l A (do)o™! /\(da)a_l]
127 My
1 Tr (6,,6-02) w + Tr (076-62) W - -
=_/ ( ) ( ) dzNdzZ ANdw N dw
87 Jm, | =Tr (6-6,65) z — Tr (6:6,,07) 2
il Pwzdx' Adx® A dx A dx, (27)
U,
1
Pz 2 — (Tr (010264) X' + Tr (020105) X* + Tr (636204) x* + Tr (646163) x*) . (28)

3. Darboux transformation and soliton solutions

In this section, we review the soliton solutions of the Yang equation, which are constructed by
applying the Darboux transformation [18,19].

3.1.  Darboux transformation for the Yang equation
Let us assume that G = GL(N, C) in this subsection. The Yang equation (11) can be rewritten
as the following differential equation:

3((0-0)0 ") = (30 )0 ") = 0. (29)
There exists a Lax representation of Eq. (29) given by the following linear system [19]:

L(f) = 08u(0™" ) = (@=/)¢ =0,

M(f) =007 f) = (/)¢ = 0. (30)

The spectral parameter ¢ here must be generalized to an N x N constant matrix otherwise
the Darboux transformation would be a trivial transformation. This is a key point to define a
non-trivial Darboux transformation as we will see later.

It is not hard to verify that the compatibility condition L(M(f)) — M(L(f)) = 0 implies the
Yang equation (29). The existence of N-independent solutions of the linear system (30) is an
assumption here; however, we will show later that it actually exists for the soliton solution cases.
Then, f can be rewritten as an N x N matrix that consists of the N-independent solutions as
column vectors of length N.

The Darboux transformation is defined as an auto-Backlund transformation of the linear
system (30). Firstly, we start with a solution o of the Yang equation, and a solution /' = f(¢) of
the linear system (30). Secondly, we prepare a special solution ¥(A) := f(A) for a fixed spectral
parameter matrix { = A. Then the following Darboux transformation,

=1t =vAy™'f, o' =—yAyTlo, (31)
keeps the linear system (30) invariant in form, i.e.,
L(f):=0"3u(0""" f)) = (/") =0,
M'(f"):=0"0.(6"" 1) = (05/)t = 0. (32)
As mentioned before, the transformation (31) becomes trivial if the spectral parameter is a
scalar matrix where A commutes with . The Darboux transformation maps the input data

(0, f(2), ¥(A)) to the output data (o’, f'(¢)) and therefore we get a new solution o’ of the Yang
equation successfully. In the same way, these output data can be reused as the next input data
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(o, f(2), ¥'(A)) for the Darboux transformation. Here we define a special solution ¢/(A’) :=
f(A") by choosing a suitable spectral parameter matrix { = A’. Continuing this process, we get
a series of input—output data: (o, f, ¥)—(o’, f', ') ---. Therefore by applying n iterations
of the Darboux transformation, we can get n exact solutions o; of the Yang equation and
express them in terms of the quasideterminants in a compact form [18,19]. For our purposes
in this paper, it is sufficient to choose a trivial seed solution o) = I:

i W 1
ViAo YA, 0

Ot 1] = : : “l, neN (33)
YA A0
Al YAl 0]

where each ¥; = ¥ ;(A)) (j =1, 2,..., n) is a solution (N x N matrix) of the initial linear system
(o =1)

O = 0=V )N, 30 = (05¥))A;. (34)

Hence the problem of solving the Yang equation reduces to solving Eq. (34). (The label |, 4 1
in the n-soliton solution is omitted in most of this paper except for Appendix C.)

In the main part of this paper, we do not explain the details of the quasideterminant, but
provide the definition and properties of the quasideterminant in Appendix A. The detailed
computations can be found in Appendices B and C.

3.2.  Soliton solutions for G = GL(2, C)
From now on, we focus only on the soliton solutions for G = GL(2, C). An example of the
multi-soliton solution is given by [21]:

el e Li A0
= ), A =1|" , 35
wj (_eL/. eL/. ) J (0 M]) ( )

where the two kinds of spectral parameters A;, u; (f = 1, 2,..., n) are complex constants with
the following mutual relationship on each real space:
()\.j, XJ) on (Ul, ()\.], l/xj) on [UQ,
(hj mj) = B (36)
()\.j, —1/)\.]') on k.
The powers L; of the exponential function are linear in the complex coordinates: L; := Ao ;z +
B;Z+ AjBjw+ a;w, where «;, B; € C. The representations of L; in real coordinates are

I
Wil

1
=5 {(hjoj + B)x" +i(hja; — B)x* + (M85 — )X + i(h;B; + a)x*} . (38)

We use the notation £/ to simplify the coefficients of L; in the following sections, i.e., L; :=
Ei{)x“.

We remark that the determinant of the n-soliton solution o is constant [17, 21]:

L= (Ajoej + X' + (0B — a))x” + (M — Bx” + (A;B) + a)x*} (37)

ol = [ Tasm. (39)
j=1

8/47
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which satisfies the requirement 9, |o | = 0. Therefore, we can apply the formulas (23) and (24)
to the n-soliton solutions. On the ultrahyperbolic space U; in particular, the n-soliton solution

o satisfies 0o’ = ofo = || [17, 21] and hence after the scale transformation o+ |o

0,0

belongs to SU(2). On the Euclidean space |, o can take values in U(2), which is proved in
Appendix C.

By the definition (A5) of the quasideterminant, the n-soliton solution o (cf. Egs. (33) and
(35)) can be represented in the form of Eq. (21):

where

Aqp

A

Y1
YA

Y A

Y1
V1A

Y AT
(Y1 A7)
Y1
YA
Y AT
(U1 A7)
(a1
YA
Y AT
(U1 A7)
(1
V1A
YA
(Y1A])2

Y
WnAn (Wl)l
: = |(V1)2
Y AP
vfn €]
Ynly 0
Y AP0
(wnAZ)l 0
‘pn €
Vnly 0
Y AL 0
(Y1 0
1//11 €]
Ynln 0
Y AP0
(wnAZ)Z 0
Wn €2
wnAn 0
Y AP0
YAy 0
YA
\p(n—l)xn =
Y AT

(Wn)l
(wn)z s
qj(n—l)xn
(U1 AT )
=| (Y1)
"I’(n—l)xn
(Y1
= [(Y1 A
lIJ(nfl)xn
(Y1 A7)
=| (Y1)
\Ij(n—l)xn
200
= [(Y1A]:
“Ij(n—l)xn
Vnlp
e

(WnAZ)l
(1/fn)2

(Wn)l
(wnAZ)l

(wnAZ)Z
(%)2

(wn)l
(WnAz)Z

’

(40)

and e; := (1, 0)', e; := (0, 1), 0 := (0, 0)", and (A)y is the kth row of a square matrix A. The
data A and Aj, are determinants of 2n x 2n matrices.
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We remark that v/; can be decomposed into, for instance,

eLj efz,' eX,' 6’[@"' e—z, O
vi= (—e_Lf eLf) - (—e‘i@)f eX-/') ( 0 eb)’ @D

where X; ;= L; + L;, i®; := L; — L;. The second factor diag(e~%/, e~7) can be eliminated in
the n-soliton solutions (33) due to the property of the quasideterminant (A7). Hence the n-
soliton solutions (33) depend only on X; and ®;. The expansion coefficients for the real coordi-
nates are denoted by X; = r\/)x#, i©; = s{x",ie,r = ¢ + ZL]) eR, s =10 — fo) € iR,

where L; = £ x# 1t is obvious that

3, X — irE Lj) =y 9,65 = + Sftj) 01§, On = & <s§j) _ sl(f)> o0k, (42)
where © := ©; — ©. Note that the flip of space-time coordinates x — —x<&(x!, x%, x3, x%)
— (= x!, =x2, —x3, —x*) corresponds to the following flips of the new variables:

Under this flip, we find the following symmetry (cf. Eq. (D1)):

(A, Ayr, Ao, Ay, Azz)‘ = (A, Ap, Aop, Ap, Any), (44)
(X7,0,)—~>(=X;,-90))

(A, Ay, Ara, Ay, Azz)‘ = —0,(A, Axn, Aoy, A, Aqp). (45)
(X7,0))—>(=X;,—0;)

Here let us discuss the singularities of the solution o. Under the decomposition (21), possible
singularities correspond to zeros of A. For the one-soliton solution (cf. Eq. (D6)), A = 2cosh X
and hence there is no singularity.> For the two-soliton solution (cf. Eq. (D7)), we can evaluate
the value of A on the ultrahyperbolic space U; as follows:

1
EA = acosh(X| + X3) + bcosh(X] — X3) + ccos@®»
— 2 — —
> | — AP+ |h = 2] = [(a = 1) (k2 — 1)
_ 2|)L1—X2}2>O ifec>0
2 =M >0 ife<0
where a, b, ¢ are real constants defined in Table 1. Therefore, the denominator is positive any-
where and o is proved to be non-singular on Uj.

On the other hand, on the Euclidean space [, o has singularities because it has zero locus
due to the fact that cosh(X] + X») > 1, [cos®1,| < 1 and a, b have opposite signs (see Table 1).
However, this problem can be solved successfully by choosing suitable initial data v, which will
be discussed in Sect. 5.

Finally we comment on an asymptotic behavior in the region that r* := (x')*> + (x?)? + (x*)?
+ (x*)? is large enough in order to prove that the Wess—Zumino action density decays expo-
nentially in the asymptotic region. We note that the n-soliton solution (33) is a meromorphic

function of (£1,..., &5, 11,..., 1) Where £g 1= e, ng 1= €% Let us discuss the absolute value
of the Wess—Zumino action density. In fact, we will see in Sect. 5 that the action density tends

(46)

31f the (2,1) component —e~ % in the one-soliton solution v is replaced with +e~%1, then A = 2sinh X;

and A has zero on X; = 0. This corresponds to the following singular one-soliton solution of the KP
equation: u = 292 log(e¥ —e™¥) csch®X, where X is a linear combination of the space-time coordi-
nates 7, x, y. On the other hand, a non-singular one-soliton solution is given by u(z, x, y) = 202 log(e* +
e ) o sech’X.
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Table 1. Summary of coefficients.

Space Uy E

(Metric) +,+, — —) (+,+,+,+)

aeRT A1 — 2> >0 A1 — 2> >0

beR =T >0 — T+ 1 <0

ceR (A = A1)(A2 — A2) (1212 4+ D(IA2l* + 1)

djk (B — Bi) (b — ) (@i + BiB) (- + 1)

(= dij) Ajhk AjAk

ejk (@B — Bjau)(hj — M) (B — Bjeu)(hj — M)
Ak Ak

to zero in the asymptotic region. This implies that, for any variable & g, the polynomial degree
of the denominator is greater than that of the numerator. (1 is not essential because of |ng| =
1.) Let us consider a specific asymptotic direction where the most dominant terms are f;‘lil g
in the numerator and 51" '...&M" in the denominator where i < Ji- Then the action density be-
haves as @(Sli‘ T/ gy At least for one K, ix < jx and hence this implies that it decays
exponentially.

Let us take the two-soliton case as an example. If we consider the asymptotic
limit such that X; is finite and |X>| > 1 (cf. Eq. (61)), the most dominant factor
is e and the denominator and the numerator have the same order of & = e*%.
However, due to the identity (63), the most dominant term in the numerator van-
ishes and hence the Wess—Zumino action density is O(&, ), where k is some posi-
tive integer. Therefore we can conclude that the Wess—Zumino action density decays
exponentially.

Therefore, on Uy, the Wess—Zumino action converges for the one- and two-soliton solutions
because it has no singularity and decays exponentially. For the n-soliton solution, this is an
open problem, which is discussed in Sect. 7.

4. Evaluation of action density

In this section, we compute the action density of the SU(2) WZW,4 model for the one- and
two-soliton solutions and find that the corresponding action densities are real-valued on each
space. We also find that, for the one-soliton solution, the NLoM action density is localized
on a 3D hyperplane and the Wess—Zumino action density identically vanishes. For the two-
soliton solution, we complete the calculation of the NLo M term, and reach a compact form. In
particular, the two peaks of the action density are localized on two non-parallel 3D hyperplanes.
As for the Wess—Zumino term, we show that the action density is asymptotic to zero. On the
ultrahyperbolic space U; in particular, no singularity appears in the action densities for the
two-soliton case as indicated in Sect. 3.

4.1.  One-soliton solutions

In this subsection, we compute the action densities of the SU(2) WZW,4 model for the one-
soliton solutions.
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To calculate the NLoM action density explicitly, we substitute the data of one-soliton (D6)
and Eq. (39) into Eq. (23) for m = n = p and then obtain the following result:

1 1
Ly = —ETr [(aua)a_l (8“0)0_1] = gdnSCCthl, (47)

where d}; is determined by Eq. (36) and Eqgs. (37)—(38), for instance, dlufl = (18 — @1B1)(A1 —
X3/ 1l and df = (Je |* + [B1H)M 1P + 1)3/ [M]? (cf. dy in Table 1). Hence di; and %,
are clearly real-valued. Note that the action density vanishes identically in the case of
a1, B1, A1 € R on U; and hence the result is trivial. For the non-trivial cases, the peak of the
action density lies on the 3D hyperplane described by the linear equation X; = 0 on each
space.

The Wess—Zumino action density can be calculated by substituting the data of one-soliton
(D6) and Eq. (39) into Eq. (25) directly. Then we have

Ay Ay | | meM 4 pe® e + ape
AL uAn| (e — ey D (et — ae )
= —QVLI)()»% ) (48)
WA BAn| et — ey A (niet — ae )
=1 X —X ) X x| =0 (49)
A1l 0,An rp’ (e — e ry (e — e )
Ap Aoy , ] o0 1 ,
T TN (A — 1) sDeier g pie W (A — ) (50)
9. A 9.A l(Jl) i0) o 9) —iO
e = G = e, e =0 (51)
apAlz apA21 Sp et —Sp e 1
These facts imply that
Tr [(3p0)0 1 (3,0)0 ' (3,0)0 '] = 0, (52)

and therefore the Wess—Zumino action density is identical to zero for the one-soliton case. In
fact, the identity (52) holds even when o is not a classical solution of the WZW,4 model because
the condition (34) is not used in our discussion. More explicitly, as long as the power L; of
the exponential function in v; is an arbitrary linear function of x*, the Wess—Zumino action
density vanishes identically.

All the above results also hold in the case of E.

4.2. Two-soliton solutions

In this subsection, we calculate the action densities of the SU(2) WZW,4 model explicitly for
the two-soliton solutions.
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By the result of Appendix D.3 together with Egs. (36)—(38), we get the following compact
form of the NLo M action density for the two-soliton solution:

1 _ _
Py = _ETI [(aua)a Ho*o)o 1]

ab [dn cosh? X5 + d»y cosh® Xl}

Fac [dlZCOShZ (w) + db; COSh2 (W)]

2 2
2 (X X -6 o (X — X2 +i©
_h{ﬁﬁmm(J__%_Lﬁ)+aﬁmﬁ(J__%iLﬁ>]

2r[acosh(X; + X>) + bcosh(X| — X>) + ccos @12]2
2ab [du cosh’ X, + do, cosh2Xl]
+ cla(dyy 4 da) — b(e1z + €12)] coshXjcoshX>cos@
+ cla(dis + dyy) + b(erz + e12)] (sinh X sinh X5 + 1)cos®,
—icla(dis — db1) + b(e1» — e12)] sinhXjcoshX>sin®,
—icla(dir — dy1) — b(ejn — e12)] cosh X sinh X>sin®

= 53
4r[acosh(X| + X3) 4+ bcosh(X] — X3) + ccos @12]2 (53)

where a, b, ¢, di, ej are defined in Table 1 for each space. (The difference between £ and U,
appears only in the coefficients like the one-soliton case.) Note that the coefficients in Table 1
also guarantee the NLo M action density to be real-valued on U; and E.

Next, let us explain why Eq. (53) can be interpreted as two intersecting one-solitons in the
asymptotic region. Due to the solitonic property, individual one-solitons will regain all their
features (wave shape, velocity, amplitude, etc.) outside the scattering region except for respective
differences of an additional position shift. Theoretically, each one-soliton can be separated
completely from the other one-soliton in the asymptotic region in which it mainly dominates
the asymptotic behavior. Therefore, we can consider the following type of asymptotic limit:

X 1s finite
(54)
| X2 > | X1

in which the first one-soliton, localized on the hyperplane X} = 0, mainly dominates the asymp-
totic behavior. Such asymptotics will be discussed more systematically in Sect. 5. In the asymp-
totic limit (54), the action density (53) is dominated by

Tr [(8M0) o ! (8"0)0—1]

[ X2 X1
8abd; cosh? X> + O(cosh X3)
[acosh(X; 4+ X>) + bcosh(X; — X») + 6(1)]
8abd| + O(sechX?)

= ) 55
[(a + b)coshX; + (a — b)sinhX; tanhX> + O (sechX>)]* (53)
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Since sinhX] and cosh.X| are finite and sechX, — 0 and tanhX> — 41 as X, — 00, we have

400 8abd
Tr [(8,&) o! (3“0)0*1] e el - 5
a + b)cosh Xy a — b)sinh X
[(a + b)coshX| & (a — b)sinh X]
8abd11
—(anl ey as Xo — +o0
- 8abd11 (56)
—(beXl g e as X — —o©
Now we conclude that
(1) Xj is finite, X5 — +o00: dy; sech’ (X1 +61)
- (2) Xj is finite, X — —o0: dy; sech® (X7 —61) 57)
— 87T o e ’
(3) X, is finite, X; — 400 : dysech?® (X + 85)
(4) X, is finite, X] — —o0: da sech? (X7 —6)
where the position shift factors (or the phase shift factors) are
1 a 1 a(l, 1)
51 =8, = 5 log <Z> = 5 log [a(l—_l)] (cf. Eq. (DS)). (58)

Cases (3) and (4) are obtained by the same argument and we just skip the details here. By the
above analysis, we find that the NLo M action density (53) has two peaks that are localized on
two non-parallel 3D hyperplanes described by the linear equation X} +§; =0 and X, + 6, =
0. A more general discussion for n-soliton case is given in Appendix D.5.

As for other asymptotic regions that differ from cases (1)—(4), no solitonic effect contributes
to the action density; i.e., the action density is asymptotic to zero in these regions. This will be
proved in Sect. 5.

Let us proceed to calculate the Wess—Zumino action density for the two-soliton solution. By
substituting Eqs. (39), (D7), and (42) into Eq. (25) for (m, n, p) = (i, v, p), we have

(59)

1
Tr [(3p0)0(,0)0 ' (3,0)0 7] = E(B,w,, + Bopp + By,
) 1 Aqy Ay Aqp Ay | PvAL 0,Ap
By = T2 A4 +
lo|=A WA 0 A2 WA 0, A

LA 0,771 0p A1l 0,A2

lguAlz VA

Here each ingredient of B,,, can be calculated in the same way as the previous section. For
example, the result of the first determinant factor in Eq. (59) is

1 Ay A
lo|A% P AL 9,A

21 abD, 1 cosh(2X2) + 21 abD,, cosh(2X7)
+ (}’Ll) + }’g)) + (SELI) — SEE)) acipcosh(X] + X, — iO)n)
D+ 4P = D = ) [ acDa cosh(X) + Xo +i0) L _ R

FED =@y 1 5D — Y] begracosh(X — Xo — i01)

— P =) = s\ = 5P | b8y cosh(Xy — Xy +iO15)
_ I A 5 . (60)
2 [acosh(Xl + X3) + bcosh(X] — X5) + ccos@lz]
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The definition of the coefficients and the result of the remaining determinant factors can be
found in Appendix D.4. Furthermore, we can also show that the Wess—Zumino action density
is real-valued on Uy and E (cf. Appendix D.4).

By the same technique used in the previous section, we consider the asymptotic limit such
that | X>| > | X;| for finite X7, and find that

111X —4a*b*C,,,, D111 tanh X, + O(sech X7)

B, - T (61)
[(a + b)cosh X + (a — b)sinh X tanhX; 4+ O(sech X3)]
where C,,, := (rf})sf,l) + sﬂ)r,()l) ) rﬁf) - (rf})sg) + sg)rﬁ,l)) . This is asymptotic to
Xo—=+o00
B/wp : q:4CMUp9b11dllsech4(X1 + 51), (62)
where the phase shift factor is §; := (1/2)log(a/b).
In fact, the coefficient Cy,,, in Eq. (62) satisfies the following relation:

C;u)p + Cupu + Cpp,u =0. (63)

Therefore the cubic term (59) identically vanishes in the asymptotic region, and the Wess—
Zumino action density is asymptotic to zero for the two-soliton case:

Tr [(E)ua)a_l(ava)a_l(apa)a_l] — 0. (64)

A more general discussion for the n-soliton case can be found in Appendix D.5.

The Wess—Zumino action density for the two-soliton is a smooth function and non-singular
and is hence bounded. Moreover, it decays to zero exponentially as mentioned in Sect. 3.2.
Therefore, we conjecture that the Wess—Zumino action Swz would be zero exactly.

5. Asymptotic analysis of n-soliton solutions

Due to the problem of the singularity of the two-soliton solution on the Euclidean space [, in
this section, we consider a modified n-soliton solution and discuss the corresponding asymp-
totic behaviors in a systematic way. The modified n-soliton solution is

Vi Voo e Y 1 oL o '
ViAo oo YA, 0 Y= el oL ) L;=0)x"
o = wlA% sz% T wl’lA;% O 5 +) ’ (65)
. . . . . Aj 0
: : . : : A=
n n n ’ ( 0 )\‘(_)>
1ﬁlA1 1ﬁ2A2 T 1z”ﬂAn @ /

where the spectral parameters (A;, it;) are rewritten by ()»5*), )»5._)) for later convenience. The
slight difference between Egs. (65) and (35) is an additional constant factor € taking values in
{#£1}. The case of € = +1 coincides with Eq. (35). We will show that the non-singular n-solitons
can be constructed completely for all » € N by suitable choices of the constant ¢ with respect
to the ultrahyperbolic space U; and the Euclidean space [E.

First of all, we define two types of the asymptotic region for the n-soliton solutions. Let us
consider the asymptotic region of the 4D space where 1> = (x!) + (x?) + (x*) + (x*) is large
enough for the spacial point x = (x', x?, x>, x*). The asymptotic region is divided into 2" regions
by the n hyperplanes X; = 0 (j = 1, 2,..., n) depending on X; > 0 or X; < 0. In order to label
these regions, it is convenient to introduce a new notation ¢; € {£1, 0}. Then the 2" asymptotic
regions can be denoted by Z(e1, ..., &,) in which ¢; = +1, and ¢; = —1 correspond to the
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following cases (4) and (—) respectively:*

(H)X; >+l e ReL;» +l & > 16 || « 1,

()X, < -1 & ReL; < -1 &[] < 1o |eh] > 1. (66)

Then we can unify the asymptotic regions as
%= ] R, ... en). (67)

8j=i]

We will see that the Wess—Zumino action density vanishes in Z.

On the other hand, there is the other type of asymptotic region along the hyperplane X,
which corresponds to the case of ¢; = 0. To make the asymptotic region 4D, let us define the
asymptotic region along Xk as a tubular neighborhood of Z(¢y,...,ex =0, ..., ¢,), which
is denoted by Zk(e1, -, &,). In this region, the value of Xy is considered to be finite. We
will see that the NLoM and the Wess—Zumino action densities coincide with a one-soliton
configuration in k.

The two type of asymptotic regions can be expressed in terms of the following sets:

e!, %, ¢ are linearly independent vectors

{X (S M4
tangent to the hyperplane: Xx = 0.
R = {x=kie' +ke* + k3€3 +a € My |ais a finite vector.
k3 + k3 + k3 is large enough.
X;(j # K) are all positive or negative.

X7 + x5 + x3 + x7 is large enough.

X . . .
X are all positive or negative (j =1, ...,n).

1,2

A simple example of the asymptotic regions is shown in the figure below (%5 is shown in pink).

R(+,—,+)

Rs(+,+)

For the asymptotic regions of type Z, the behavior of Eq. (65) is dominated by all X; for large
enough | Xj|. By Eq. (66), we find that o is asymptotic to a constant matrix for each asymptotic

*Here we suppose that | X;| are large enough in the asymptotic region and hence X; > 0 implies X; >
+1.
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region of the type Z:
) a1
2 [CFA CPA,
a£ ! : ,  where ct .= Lo , c) = 0 ! .
: : : ! 0 1 ! — 0
oAy Goa (0]

The suffix (£) in C; corresponds to the signature of ¢;. Therefore, the action densities £, and
2wz identically vanish in the type & asymptotic regions.

On the other hand, since X is kept to be finite for the type Zx asymptotic regions, we have
[21]

o Vi oY
a [CF A YAk PN, 0
o mad . .

YA 22 GOy (0]

This actually leads to the following one-soliton-type solution [21]:°

v

Ly —Lg
. age bge
%, 1 1/’1( = _
o % | VK DM where (—cke‘LK dielx ) (68)
Uk Ak '
Dk : a constant matrix,
and the coefficients ax, bg, ck, dx can be expressed in terms of the spectral parameters as:
n n
ag = 1_[ ()\.gj) — )\éi)), bK = l_[ <)\.(];) — kgi)> ,
n n

J=Lj#K

J=Lj#K

In fact, we will see later that the coefficients ax, bk, ck, dg determine the position shift (known
as the phase shift) of the one-soliton solution (68) in each asymptotic region of type Zx. Fur-
thermore, these coefficients also determine whether the singularities of n-solitons exist in the
action density of the WZW, model. First of all, we can calculate the asymptotic form of the
following nth component of the quadratic term by using Eq. (68). (The summation is not taken

SWe note that the two operations of taking the limit and taking the derivation do not commute in
general; however, in our case, they do commute. This is proved in Appendix B.
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over w.) The result is

Tr [(8M0)0_1]2 = Tr[(8.0)0 " (3,0)07"]

2
K —
R

aKchKdK
N AKIK (axdgeXs + chKe—XK)2
2
K —
3|60 G = 2y |
- rghg (—aKdK P g DECK o 2)
bkcexk agdg
2
K —
3|60 i — 22 I
A(I;_))L%_) oK (eXK+5K + e_i(PKe_(XK‘HSK))z’

where 8¢ := (1/2)logry, rx := |axdg/bxck| and the ratio axdy /bxck = rxe'¥%. In particular,
aKdK/chK € [R+ if YK = 0 and Cle](/bKCK e R™if YK =T. This fact 1mphes

2
B+ ()2
2‘% ‘ (}‘K _)‘K )
ERpE)
—192 Zx Ak Ak
Tr[@ue)e™] = B+ ()2
_2‘£u ‘ ()‘K _)‘K )

AN
where cschx := 1/sinh x. Apparently, for axdx/bkci < 0, the singularities exist on the entire 3D
hyperplane Xx + §x = 0.

Now let us find out the condition such that the NLoM action density is non-singular. For
the ultrahyperbolic space U, the reality condition is AE.*) = X;Jr). By Eq. (69), we have

CleK 1 !
=< 1_[

bgc
KK j=1,j#K A

Comparing this with Eq. (70), we can conclude that, in the case of ¢ = 41, the NLoM action
density of the n-soliton is definitely asymptotic to a non-singular one-soliton for the ultrahy-
perbolic signature. This fact implies that, for all n € N, the n-soliton solution (35) gives a class
of non-singular NLo M action densities for the ultrahyperbolic signature.

sech®(Xx + 8x) if axdx/bgck € R*
(70)

csch?(Xx + 8x) if axdy/bgck € R™

28/'

Yy

on Uj. (71)

J

Similarly, the reality condition of the Euclidean space [ : AE_) =-1 /X;ﬂ implies
agdg (—1)"71 - Ak — A %
bk = ﬁ on E. (72)
j=1.j#K | K2

The ratio (72) is positive in the following two cases: (1) nis odd and € = +1 or (2) n is even and
€ = —1. Then the NLo M action densities are non-singular. On the other hand, the ratio (72) is
negative in the following two cases: (3) nis even and € = +1° or (4) nis odd and € = —1.7 Then
the NLo M action densities are singular. It is quite interesting that, in the Euclidean signature,
singular and non-singular solutions are generated alternately by the Darboux transformations
with respect to initial solutions ¥, for e = £1.

%Case (3) for n = 2 corresponds to the singular two-soliton solution on E (cf. Table 1).
"Case (4) for n = 1 corresponds to the singular solution in footnote 5.
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In summary, for all » € N, non-singular NLo M action densities of the n-soliton can be con-
structed by taking € = +1 for all n € N (cf. Eq. (71)) on the ultrahyperbolic space U, and by
taking € = +1 for all odd n and € = —1 for all even n (cf. Eq. (72) and cases (1) and (2)) on the
Euclidean space [E. They would share the same asymptotic form in Zg on each real space:

1 Z#x 1
Py = ——Tr [(8,0)0 1 (8"0)o '] = ———dkxsech® (Xx + k), (73)
167 8
where dgg is defined in Table 1 (cf. U; and ) and the phase shift factor is
- Ak — A
Z e;log K XJ on U,
55 = Llog (aK K) _ )=tk (74)
2 bgck " Ak — A
Z gjlog|—=——=—| on [
Jj=1.j#K hickj 41

Since the result of Eq. (73) is valid for arbitrary K in {1, 2,..., n}, we can regard the behavior
of non-singular n-soliton as a “non-linear superposition” of n non-singular and mutually non-
parallel one-solitons on each real space in which each one-soliton in the asymptotic region Zx
keeps its form invariant but is shifted by 8k, called the phase shift factor, which results from a
non-linear effect.

In conclusion, in the asymptotic region, the n-soliton solution possesses 7 isolated and local-
ized lumps of the NLo M action density, and we can interpret this as n intersecting soliton walls.
The phase shift factors are also obtained explicitly. The scattering process of the n-soliton solu-
tion is quite similar to that of the KP solitons [3,25,26]. On the other hand, the Wess—Zumino
action density identically vanishes in the asymptotic region because in the asymptotic region
Z, the action density identically vanishes, and in the asymptotic region Zx, the n-soliton so-
lution is reduced to the one-soliton (68) whose Wess—Zumino action density is identically zero
as proved in Sect. 4.1.

6. Reduction to (1 + 2) dimensions

So far, we have discussed the action density of the WZW, model for n-soliton solutions and have
found that it is localized on n non-parallel codimension-one hyperplanes in four dimensions.
However, to understand better the physical meaning of our soliton solutions, it would be a
good idea to calculate the energy density of the soliton solutions and compare it with the action

density. For this purpose, we assume translation invariance in the x? direction.
The WZW,4 model Lagrangian is reduced to the following one (cf. Egs. (17) and (27)):

1
Prot = —er (Tr(6,)* — Tr(6x)* — Tr(6,)* + 2Tr (6,6:6,) ») (75)
T

where we reset (£, x, ¥) := (x1, X3, X4) and 8, := (3,0)0 ! (u = ¢, x, y). The equation of motion
is the Ward chiral model [27] or the space-time monopole equation [28,29] in (1 + 2) dimensions
in the Yang form. The n-soliton solution of Eq. (75) is obtained by imposing the condition «;
= A;B; (cf. Eq. (37)) on the powers L; of the n-soliton solution (35). Then, the powers of the
n-soliton solution is actually reduced to L; = (8,;/+/2) [(A% + D4+ (5 - Dx+ 2kjy] in the
(1+2)D space-time.

Let us consider three angular coordinates ¢;(x) (i = 1, 2, 3) that parametrize SU(2) ~ S°,
where o (x) belongs. Then the Hamiltonian density can be obtained by the Legendre transfor-
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mation of the Lagrangian:
3

agtot 1
Hior = Z 351) i — Lot = “Ton (Tr (6, )? + Tr(6y)* + Tf(Qy)z) .

i=1
This Hamiltonian physically makes sense because it is positive definite due to the fact that 6,
is an anti-Hermitian matrix. This is a conserved energy density by definition. Note that the
contribution of the Wess—Zumino term to #,,, vanishes identically: #wz = 0, or equivalently
%tot = %cr-
Let us calculate the energy density of the reduced soliton solution from the Hamiltonian
density #,,. For the one-soliton solution, the Hamiltonian #, is:

2 2 T2
(A1 + |1x)1|(2M ) AL 76)
This is in the same form as the reduced NLo M action density &, up to an overall coefficient
(cf. Eq. (47)). Therefore, the peaks of #,, and £, are localized on the same 2D hyperplane X
= 0 in the (1 4+ 2)D space-time. In this sense, &, can also be interpreted as an analogue of the
energy density in physical reality.

For the two-soliton solution, the Hamiltonian density for the two-soliton solution is calcu-
lated by using the result of Appendix D.3; we have

ab [dn cosh? X + d»y cosh? Xl]

X1+ X5 —i0 X+ X; ®
J+ac [a’lz cosh? (M> + db; cosh? <w)]k

1
Hiot = —<—dpsech’ Xy, dy) =
8

2 2
. Xi— X, —i® . X —X>+i0
—bc |:elz sinh® (%) + e sinh? (%)]

Hior = — 3 , (77)

2r[acosh (X7 + X5) + becosh (X — X5) + ccos O3]

where a, b, ¢ are the same coefficients defined in Table 1 and

A jhie 4+ 120 — M)? - (A jhge 4+ 120 — M)?

djy = —2 —— BiBis eji = —2 / B;Bx- (78)
kjkk AjAr

As for the NLo M term, the Hamiltonian density %, for the two-soliton is also in the same
form as the reduced NLoM action density &, up to the differences of the coefficients dj; and
e;j (cf. Eq. (53)). Therefore, the two peaks of % are localized on the same hyperplanes X; &
81 =0 and X, 4+ 8, = 0 as those of &, (cf. Eq. (5§7)). The phase shift factors are also exactly
the same. There is no singularity either. This result implies that there is no essential difference
between #,; and £, for describing the solitonic properties.

The peaks of the energy density of the two-soliton solutions are shown in the figure below.

X]"'é] =0 X2+6'2=0

interacting
region

Xz" 62=0 X] +61 =0
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On the other hand, as for the Wess—Zumino term, there is a mismatch that the Hamiltonian
density #wyz is identical to zero, while we cannot confirm whether the action density Zwyz is.
The physical meaning of this mismatch should be clarified in future work.

7. Conclusion and discussion

In this paper, we calculated the action density of the WZW, model for the classical soli-
ton solutions. We found that, for the one-soliton solutions, the NLoM action density is lo-
calized on a 3D hyperplane and the Wess—Zumino action density identically vanishes. This
suggests the existence of a three-brane in the open N = 2 string theory. For the two-soliton
solutions, the NLoM action density has a beautiful compact form that represents two in-
tersecting one-solitons. The Wess—Zumino action density does not vanish in the interaction
region but does vanish in the asymptotic region. For the n-soliton solutions, we clarified
the asymptotic behavior and found that the NLoM action density describes “non-linear su-
perposition” of n intersecting one-solitons and the Wess—Zumino action density asymptot-
ically vanishes. The non-linear interaction gives rise to phase shifts that were evaluated ex-
plicitly. We also calculated the Hamiltonian (energy) density of the one- and two-soliton so-
lutions of the reduced WZW model in (1 + 2) dimensions. We found that the energy den-
sity of the Wess—Zumino term identically vanishes, and the energy density of the NLoM
term has the same profile as the action density for our soliton solutions. The peaks of the
energy densities perfectly coincide with those of the action density, including the phase shift
factor.

We also discussed whether singularities exist for the n-soliton solutions. For the one- and two-
soliton solutions, we proved that there is no singularity. For the n-soliton solutions (n > 3), it
is unsolved; however, we can argue as follows. The existence of singularities in the solution is
equivalent to the existence of zeros in the data A, which is a polynomial of % and ¢/®/. Be-
cause X; and ©; are linear functions of the real coordinates, possible singularities would lie on
the intersection of X; = C; and/or ®; = D; where C; and D; are constants. These possibilities
are mostly forbidden because there is no singularity of the action density of the n-soliton so-
lutions in the asymptotic region where the intersection still exists. The intersection of just four
hyperplanes defined by X; = C; or ®; = D; (j = 1, 2, 3, 4) gives rise to an isolated singular-
ity. This possibility might arise when the parameters in the solutions are appropriately tuned,
which should be clarified in the future.

The next step is to clarify the roles and properties of the soliton solutions in the open N =
2 string theory. At least we can see that they are not D-branes because the number of solitons
is not related to the rank of the gauge group. It is worth studying the topological charge and
mass of the solitons, and explicit calculation of infinite conserved densities [8, 30-32] for the
n-soliton solutions. It is also interesting to construct resonance solutions of the solitons that
represent the three-brane reconnections or, in other words, annihilation and creation of the
three-branes. Then a classification of the soliton solutions could be possible, like the positive
Grassmannian description of the KP solitons by Kodama and Williams [33]. The moduli space
of the n-soliton solutions could be described in a geometrical framework. Extension of the
model to non-commutative spaces would allow the presence of background B-fields in the open
N = 2 string theory [34,35,36,37]. The isolated singularities mentioned above might be resolved
and new physical objects appear on the non-commutative spaces such as non-commutative U(1)
instantons [38]. Sen’s conjecture on the tachyon condensation (for a review see Ref. [39]) could

21/47



PTEP 2023, 043B03 M. Hamanaka et al.

be confirmed by the solution-generating technique [40] in the context of the open N = 2 string
theory.

Furthermore, the WZW, model can be realized in the context of the twistor string the-
ory [41]. Recently, Bittleston and Skinner showed that a meromorphic Chern—Simons the-
ory on the twistor space in six dimensions has a double fibration structure that gives
rise to the WZW,4 model by solving along fibers in one direction and the 4D Chern—
Simons theory by symmetry reduction in another direction [42]. These models are con-
nected to each other and have a close relationship to integrable systems [43]. The KP
equation has not yet obtained a symmetry reduction of the anti-self-dual Yang—Mills
equation so far; however, this 6D Chern—-Simons theory might give a “unified theory”
of integrable systems including both the Sato theory [44] of the KP equation and the
twistor descriptions of classical integrable systems. This might give a stringy viewpoint
to various aspects of integrability and duality. The relation to mirror symmetry is also
exciting [45].
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A. Brief review of quasideterminants

In this subsection, we excerpt some necessary pre-knowledge of quasideterminants mentioned
in Sect. 2 of the previous paper [21]. It is a brief review of the work of Gelfand and Retakh
[46,47] (see also, e.g., Refs. [17, 48]).

The quasideterminant is defined for an n x n matrix X where matrix elements belong to
a non-commutative ring. The quasideterminant is a non-commutative generalization of the
matrix determinant in this sense; however, it rather has a direct relation to the inverse matrix
of X.

Let X = (x;) be an n x n invertible matrix over a non-commutative ring and Y = (y;;) be the
inverse matrix of X: XY = YX = 1. The existence of Y is assumed. Then the (i, j)th quasideter-
minant of X is defined as the inverse of an element of ¥ = X~ !:

X i = yji". (A1)

This has a convenient expression as follows:

X1 o Xy e X
IX|ij=|xn - |Xij| 0 Xl (A2)

When the matrix elements belong to a commutative ring, e.g., C, the quasideterminant can be
represented as a ratio of ordinary determinants by virtue of the Laplace formula on inverse
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matrices:

det X

det X/’

where X7 is a matrix obtained from X by deleting the ith row and jth column.
In order to find another representation of the quasideterminant, let us consider the inverse

matrix formula for the 2 x 2 block matrix divided as follows:

-1
X_1_<A B) _(A‘1+A_lBs‘1CA_1 —A—lBs-l>

|X1;; = J’_;,-l = (—1)i+j (A3)

C d —stc4! 57!

where A is a square matrix, d is a single element, and s := d — CA~'B is called the Schur
complement. The quantity s~ is just the (n, n)-element of X~! and hence the quasideterminant
| X 18 5. If we decompose X into a 2 x 2 block matrix where x;; corresponds to the single
element d, the (7, j)th quasideterminant can be expressed in the form of the Schur complement:

| X i = xij — Z xik(Xij);:llxlj, = Xjj — Z xik|Xij|1_klxlj~ (A4)
k(). 1()) k(). 1())
By using this, explicit representations of the quasideterminants can be obtained iteratively.
We note that the quasideterminant is well defined in the case that each matrix element x;
in Eq. (A2) take values in GL(, C). (Then, X is an nN x nN matrix.) The following example

of the N = 2 case can be expressed finally by the ratios of determinants due to Eqs. (A4) and
(A3):

M C G
a b R _
R |a b =<C d)-(R1>M1<C1 G)
R2 c d 2
M G M G M M G
R1 @ R @ 1 R1 a R1 b (AS)
M G| M G Ml M ¢ (M G
Rz Rz R2 Cc R2 d

The final form corresponds to the parametrization (21) of o for the soliton solution (33):

M C M G M C M G

A=|M|, —A; = —Ap = - = - =
|M], =R 4l 2=1p A= e el 2=p 4l
(A6)

which leads to the soliton data (40).
Here we summarize some properties and identities of the quasideterminant, which are rele-
vant to discussions in this paper.

Proposition A.1 [17, 46-48]
Let A = (aj;) be a square matrix of order nin (1), while in (2) and (3) appropriate partitions
are made so that all matrices in quasideterminants are square.

(1) The common multiplication of rows and columns
For any invertible elements A; (j=1,..., n), we have
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a1 ay A ar Ny ap a,; ain
a1\ aj i\ ainNy| = |ain aj ain|Aj, (A7)
(28] Al an,jAj an,nAn (278 an,j apn
Aay MAay MAay ai ai; ain
Aia; Aiaip | = Aj|ain oy in| . (A8)
Anan,l Anan,j Anan,n an,1 an,j Ap.n
(2) Non-commutative Jacobi identity [49]
a R b -1
M P M R
Pomool=|] _ S@M ﬁ@‘. (A9)
c
c S Q
(3) Homological relations [46, 47, 49]
a R b a R bila R b a R @
P M Q=P M Q|P M O, |P M QO
S d| |e S o] o 1| |¢ s d
a R @ a R b
=P M O|P M Q] (A10)
c S ILc S
B. Proof of statement in footnote 8
Proposition B.1 Let o be the n-soliton solution defined by
14 V2 Vn 1 oL €_Zf )
ViAL Yol Unhn 0 V¥,= A E L;=¢]x"
o = 1//1/\% ¢2A§ 1//111\% 0 s s (Bl)
) : : . A 0
: : : . Aj = (Oj )
YIAL YaAY vl [0] H
and Xk be the asymptotic region defined by the asymptotic limit
RelLk is fixed
K s . (B2)
RCL/J#K —> +00

Then the operation of the partial derivative 9, commutes with the operation of the asymptotic
limit (B2) foro.

Proof. Without loss of generality, we consider the K = 1 case due to the fact that the

quasideterminant |o|; does not depend on permutations of rows and columns in the matrix
o [46,47].
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For j# 1, ¢; A" can be decomposed into

1 e_2z'f m et 0 (+) A m ()
(_e—zL‘, 1 )Aj <0 oLl = fj ATE
YA = ; (B3)
o SCERE T P e B U R g
L A ) = ATE

and

C;+) — ((1) ?)
(£) (£) .
fj — Cj as ReL; — +o00, where

. B4
C(—) . 0 1 Y
AN O )

By Egs. (B3) and (A7), the right common factors Ej(.i) of each column of o can be omitted
completely, and hence

woo
V1A fz(i)Az e A0
o=} AYAL o AN 0], (BS)
Al AP A (o]
which is asymptotic to
v G P
YiA G5 Ay CFA, 0
5= [y AT CFAZ. PN 0 (B6)
A Gy GO0

By the fact that

i 0 u
(E)am _ A (E)m~(E) J
G Ay =A77C,

: (B7)
AC) . (i O
7T 0

and Eq. (A7), the right common factors C](i) of each column of & can be omitted completely,
and hence

U 1 1 1
iny A o Al 0

§=|val AS? o AP 0, (BS)
YIAT Aéi)n Agli)n @
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which is called the asymptotic form of the n-soliton solution o. By the derivative formula [49]

of the quasideterminant

; A B| |4 B +2”:A 3.A4; (|4 B
e @l a2l e @
(A; : jth column of A, E/ : jth row of identity matrix I) (B9)
we have
Vi 1 1 du1 Vi 1 1 1
l;”IAI A(zi) Ag:i) (a;ﬂ//l)Al WIAI A;i) Aﬁ,i) 0
YiA2 A2 AR (9,9)A : ST
E ST : Y AL AT A
~ 1//1/\’11 Ag:l:)n A}(qzl:)n (alﬂpl)A’f 1 0 0 @
00 = o1 I 0] v 1 |
L (WA A A 0| Ay AP 0
3 iAT AR A o] z z
=200 : o : lﬁlA’l’_l Aﬁi)"_l o 0
YAl AST" AT 0] o 1 - 0]
=0 (BMA;i)m = 0 in the last column). (B10)
Now we can conclude that
9,0
Y1 1 1 Y1 v 1 1 1
Yiar A A @A || A A A0
_ AT AT AT (@Al : : L (B11)
: ST : Y AT AT LA
1ﬂlA’i’ Aé:l:)n A;:I:)n (aMWI)A’f 1 0 0 @
On the other hand, by the derivative formula of the quasideterminant on o we have
0,0
Vi 1) Vn a;ﬂﬁj 2 lﬁj 1
L [VIAL Yohy e Yl (QuU)A; || g A Vil -0
-y YIAT Y2A3 - YuAL (B9)A7 : o : (B12)
=1 Pt : Y AT ij’]?—l 0
VIAT YAy - YA | () A 0 . 1 @
By a similar argument to Eqgs. (B3), (B4), we have
1 _e—ZZ,- f(j)el‘/ 0 -
<e—2Lf 1 )A’m( oo o) = SAE
. m _ M
OuVIAT =N, (DL 0 ~ - BB
.~ AM K G+ = f‘(*)AmE(*)
1 —e?Li J 0 _KMI e—L_,- J J
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and

1 0
(+) ._
"= (0 1

. 1>. (B14)
o-f )

fj(i) — Cj(.i) as ReL; — 400, where

J

Now by Egs. (B3), (B13), and (A7), we can omit the right common factor E](.i) from the jth

column (j = 2 — n), and take the right common factor El(.i) of the last column out of the
quasideterminant. Then we obtain

0,0
+ +
Vi ST A O v f;i) e 1
Vi fz(i)l\z o SN, By A ViAo f}i)Aj 0
Al LAY APAL (Al :
: : S : Y A FEAL
J J
YA LA AN @, 1 ... 0 - [o]
+ (£ T(*
w7
A 7R - A [,
2 plE) A2 (F) A2 TE)A2 |~
— Y AL LAY e A STAG B (B15)
j=2| : : :
VA R A VA
AT ZEILI N §
V1A 2(i)A2 Vil N, 0
. . .
AT LTAT e A e A 0
0 0 1 0

By the Jacobi identity (A9), we have
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+
R Vi iy
YA z(i)l\z Vil 6, 0
EP| : : : : (B16)
LA S O VISR Vi
0 0 1 0o [o]
+ + -1
woose )
(£) (£)
~ 1A Ay i\ A
= ](_i) w f2 . WJ. J fn . n (B17)
_ + — — + _
AT AOAS Ay e A
-1
+ +
" 2( ) f]( ) n(i)
_ _ESE®) | A 78 IA, A,
— (£ — . — ' g ‘ —
R A
(With Egs. (B3) and (A7), we can take the right common factor £ ) out of the
g J
quasideterminant.) (B18)
By Egs. (B3) and (B13),
(Ef{)eLf 0 ) (e‘Lf 0 )
- . —L; i
~ 0 0 el 0 e 0 ~
FEE®) = _ " =+ _;)=2%, @B19
. . El(j)e—Lj 0 _eLj 0 O Ep, /
0 -tV 0 b
I
which are constant matrices. Therefore, we can conclude that
" @ L o 12 {’ij‘)i) 1
viny S5 e BN, @A || I Sy e 0
o =1 : : S S
. n " . n " . n : n Anil (-i)An-il O
‘//lAl 2(i)Az 'gi)A" " 11 f] 0] . @
@ L 7@ ) (£) @ |
wﬁl f{iz)/\z f(fi)A }“{ji)A» non l "
B n o 2 . n ‘ noJj j 7 WA fQ(i)Az f/(j:)Ai )5
¢ .
=20 ' ' : : : : : " :
VAL SN PN SN g At oA Bt L g
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which is asymptotic (cf. Egs. (B4), (B14)) to

—_~

0,0
" cH P RV U . C](_i) |
YA Céi)l\z o A, @)A1 || YAy - C/(.i)Aj e 0
_|wal GPAF - GPAL GuunAl|] s : o
: : : : : YA CHEA=1 ..
jot
YAt CEA o CEA (@At 1 0 . [0]
(+) (+) (&)
Vi G, e CY C; s . -1
nar A, o AP, O, O
n
et A A oAl g man e G e 0
‘ J ) ) .
=2 : : : : ' : '
-1 (£) An—1
Ay CPAr o aPAL (A iAo GEAT e 0
=0 (the jth column is identical to the last column). (B20)

By Egs. (B7) and (A7), the right common factors Cl(.i) of each column can be omitted com-
pletely, and hence

—_~

0.0

Y 1 Y v 1 1 1

YA Aéi) A @A V1AL Agi) o A% 0
= (A} A AT @At || T S (21

: ST : Y A AT A

YA A A (@) AT 1 o - o0 [o]
= 9,5 (B22)
0

C. Proof of unitarity for n-soliton solutions on £

Proposition C.1 Let oy, 4 1) be defined in Eq. (Bl) with the reality condition (36) on E. Then
om+1) € U(2) on the Euclidean space if |Aj| = 1.

Proof. For n =1, we have
w]fwl — wlvfllL — (eL|+L1 _i_e*(L]JrLl))I’ A]]LAI — [\1[\11L — |)\,]|2I — ]’ (Cl)
which implies

U[E]U[z] = (=i My (=i Ay = WDy (Ala) =1 = 0[2]6[21, (C2)
i.e., the one-soliton solution oy € U(2). Assume that the n-soliton solution o, 1 17 € U(2) for
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1 <n <k — 1. For n = k and by the Darboux transformation [18], we have

where

Yk =

—1
Ofk+11 = — VAV Otk

(41
(ATAN

Y1 A]fl

(/)
Y2 s

YA g AsT?
WzA]fl

(C3)
k-1 Vi
Vik—1Mk-1 Vi Ag
: : (C4)
Yol AT kAT
Yo AL Ay

By using the Jacobi identity (A9) in the following two equalities marked by= notation, we have

Y2 Ap
Vg = :
‘/szlzc_l

204N

Y A

Yoo

WzA]f*]
YA

WlA/f_l

()
. Y2 As

2

YAk

l//kl\,]i_l

Yr—1Ak—1
lﬂk—ll\];:} Y AN2
Vi Vs
YA | (oAl 2

Vi—1 k-1

k—1
Wk—lAk_l

Y1 Alf_z

Y 1 (a1
Vi 0 YA
v (o] [wat

=: (01) — o V¥[k—1]»
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—1

V-1 (%)
Vi1 AR [y alT? YA
—1 ]
kak_z V2
k .
1 : :
Vi _ _
- Y AS2 lbkl\f 2
Vi1 Af T |
Vi1 1
Vi Ary 0 () Yk
kakfl @ Yo A5 Y A2
k-1
(C5)



PTEP 2023, 043B03

M. Hamanaka et al.

where o7 == a[k]‘ € U(2). On the other hand,

(Y1, A D)= (U, Ag)
~ ~_
Y- My

v "

= — . . Ak

—1

Yo A5 gAY Yo AST2 gAY

|| By the homological relation (A10)

vo o e [0 V2

-1

V2o Y 1

Yo AT Y AYTT

Vi

Yo A2 AR T Y ASTE g AT

(S

Y A5

lﬂkAk 1//2 -

kai_l szg—Z c YA

|| By the Jacobi identity (A9)

()

Vi 1

baA i 0]

= E[;ll]g[k] e U(2).

(Co)

Note that the second equality from the bottom is obtained by using the homo-
logical relation (A10) and (A7). By Egs. (C3), (C5), and (C6), we can conclude

that

~ ~] o~ -1
Ofk+1] = (O1k) — 01101191k (O k) — Ok)) ™~ oy € U(2).

D. Miscellaneous formulas

D.1. Flip symmetry of n-soliton solutions

Proposition D.1 The data of the n-soliton solutions have the following symmetry:

(A, Ay, Apa, Aop, Ag)

A (A, Ay, A, Agp, Ag)

Li——L;
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Proof. Let 1; j be defined by 1; j=

L .y

_L; T
e i eni . .
= < — ), which satisfies

|
N

g
o

g

Li——L;

” 01 -10
VA = E(y;ANF, E = (1 0), F::(O 1).

Then

j’] ~J2 "'N@Jn 1
V1A Yoo - YA, O
L—-L, Nf ~5 Nf :
VIAT Yo AS - YAl (0]

EW)F  EW)F --- EW,)F EIE
EWnADF E(WnM)F --- E(Y,Ap)F EOE

E(WA)F E(WaADF - E(Yu AIF
‘//1 \//2 e v/n 1
£ YAy Yoo - YA, O

E=FEcE

Y1 AT Y AL -y, A [0]

by the multiplicative rule (A7) and (A8) of the quasideterminant. (The common multiplier for
the rows is E, the common multipliers for the columns are F and E.) Now we have

(O =1 fA A\ (01) =1 Ay Ay
Loor, \OJ A N\AuAnf\10)— A \Apan)

= (A, Ax, Aoy, A, Apy).

o

Therefore, (A, Ay1, A1z, Ay, Ag)

Li——L;
df (— d
By the fact that /(=) =— /) , we have
dx dx | _,

(%A, 0. A1, 0, A2, 0, A0, 3MA22)

Li——L;

= —0y (AiLje—L,’ A11|LJ-—>—L/-’ A12|L,—>—Lj’ A |L,—>—Lj’ A22|L,—>—Lj>
= —0, (A, Ap, Ay, Az, A1) by (D.1)
= — (%A, 9, A2», 0, A2, 9, A12, 3,LA11) .

Corollary D.2 Proposition D.1 implies that:
(1) Tr[(d,0)o~1(d,0)o "] is an even function with respect to L.
(2) Tr[ (3,0 )o~"(d0 )0~ (d,0 )0~ ] isan odd function with respect to L;.
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Proof. (1)

Tr [(Bﬂo)o_l(auo*)a_l]

9, A11 0, A2
0y Az 0,A2

—BMAQQ —8#A21
—0,A1p —0,Aq;

A1 0 AR
3MA21 8MA22

Li——L;

A1 9, A
8MA21 8MA22

- ZIGI(%A)(E)UA)}
Li——L;

—0,A»n —0,A
—8MA12 —3MA11

- 2|0|(_8MA)(_3vA)]

8MA]1 8MA12
Az 0,A»

- 2|0|(3uA)(8uA)}

=Tr [(8MO')O'_1(81)0')0_1] .

2)

Tr [(3p0)0 (d,0)0 (3,0 )0 7]

Ayr A Ay Axp
R S VTR NEE I ST e
2|0 |2PA% [8,A11 3yA12 3,A21 3,A
0pA11 0,A12 0,A21 0,A0 L1,
Ay Ary Ay Ay
_ 1 —a'quz —aﬂAm —8MA12 —8ﬂA1]
2|0 PA% |—8,A2 —03,A2 —0,A1n —3,Aq
—0,A»n —0,A2 —0,A12 —0,A11
Ay Ay Ap Ap Air A Ay Axp
_ (=1)* 18,40 3,821 8, A12 3, A1 _ =1 0,A11 0,A12 0, A2 0, An
2(02A% |8,An 8,A21 3,A12 3,Aq 2|0 2A% |3,A11 3,A12 3,A21 3,An
0,A2 0,A21 0,A10 0,A11 0,A11 9,A12 0,A21 0,A0

= _Tr [(aua)a_l(avo)a_l(8p0)6_1] .

D.2. Data of n-soliton solutions

In this subsection we present the data of n-soliton solutions in terms of X;, ®;. We introduce the
convention ¢;, which takes values in {£1, &i}, and define an informal symbol 2{(ey, ..., &,)} to
denote the set of all permutations of (e1,..., €,). The data of n-soliton solutions can be expressed
formally as the following A, A; with some undetermined coefficients a(e) := a(ey, ..., &,) and
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A(e) := A(ey, ..., &y):

A= Z a(e)exp anstj

l<j<n, J=l
e = =1

n
+ Z a(e)exp( Z £;X; + €O 4+ £,0,) + terms involving more i®;

1 <k<¥{<n, J#k.E
ej==x1,j#k

(ek» €0) € P{(I, =)}

= % > |:a(e)exp > _e;X)) + a(—e)exp (- Zngl-)j|
l<j=<n a j=1

8j=:|:1

n
a(e)exp( Z e X+ O +€,0y)
Ly .
n
1<k<¥<n, +a(—e) exp(— Z e X — O — ,0y)
=%, j#k ¢ J#k.L
(ex, £0) € PL(E —D)}

Z 6 | cosh( Z e X;)
l1<k<t<n, J=1.j#k.L

&, j#ke = £l

By the symmetry (44), A = A implies a(e) = a(—e), and hence
y the sy y (44) .0 (1,6, plies a(e) = a(—e)

A= Z a(e) cosh Zs_,-X_,- + Z G | cosh( Z e X;)|. (D3)
1<j<n, /=1 l<k<t<n, J=1,j£tm

8_/‘=:t1 Ej j#k.t ==+l
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Similarly, we have

A = Z A(E)CXp ZS‘]'X]'
J=1

1 <j=<n,
€j::|:1

n
+ Z A(e)exp( Z ejXj+ O + £,0,) + terms involving more iO;

1<k<¥<n, J#k.€

e, =41, j £k, ¢
(ek, €0) € P, —D)}

- % > [A(e) exp () e X))+ A(—e)exp(— Y ngj)}
j=1

l<j<n, =l
gj ==l
.
A(€)exp( Y &;X; + Oy + £,0,)
+% 3 st b
l<k<?<n, +A(—€)exp(— Z £;X; — 61O — £/0y)
e, =41, j £k ¢ J#k.E

(eks €0) € P, —D)}

Z 6 | cosh( Z e X)) | (D4)
l<k<C<n, j=lo ke

Sj)j;gk,g =41
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By the symmetry (44), Ay = Ay ‘(X,»,@,-)—>(—X,-,®,-) implies that Ay = Ajj Aoy
n
Ap = Z A(S)EXP(Z Sij+8k®k)
1 <k<n, itk
+1,j#k
&= { Vi =k
n
Z A(e) exp( Z ;Xj+ &xOr + &0, + £,Op)
l<k<t<m<n, J#k,m
TN g =L j#Ek bm
(€ks €0, €m) € PL T, —D)}
+ terms involving more i©;
n
Z 6 | cosh( Z eiXp) |- (D5)
l<k<t<m<n, J=L.j#k.tm
&) j#ktm = £l
By the symmetry (44), Ay = Alz‘ . Concrete examples are mentioned as follows:

(X;,0,)—(=X;.0,)
e The data of one-soliton solutions:

A =a(l) (M +e ),
Ay =AM + A(=1)e™, Axp = A(=DeX + A(1)e ™1, A, = A1),
Ag = A(i)e ™", (D6)

where a(l) =1, A(D) =21, A=D= w1, AQ@) =~ = p1).
 The data of two-soliton solutions (Q := ©; — Oy, j, k=1, 2):
_ a(1,1) (eXH-Xz + e—(XH-Xz) +a(l,—-1) (eXl—XZ + e_(Xl_XZ)
| Ha, i) (€012 + e7On) ’

[A(1, DX % + 4(—1, —1)e~E111)]
A= +[A(1, =M% + 4(—1, 1)e N =1)]
+ [A(, —0)e®2 + A(—i, i)e™ 1]

Ay = All‘ 11‘ ,
(X;,0,)—>(=X;,—0;) Aler,82)—>A(—e1,—¢2)
{ A1, i)eX1Hi92 4 g(—1, [)eNi+i®: ]
1= ,

+A(i, 1)eXO 1 A(i, —1)e X2+

Ay = An\ (D7)

9
(X,,0,)—(—X;,—0))
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where
a(l,1) = (M — 22) (w1 — p2), a(l, —=1) = (01 — p2)(u1 — A2), a(i, —i) = (A — p1)(ka — p2)
AL 1) = = = 2) (1 — p2)hry, A(=1, =1) = = (A1 — A2) (1 — H2)pipka,
AL, =1) = =0 — p2) (1 — A)hipa, A(=1,1) = —=(h — p2)(p1 — A2)pida,
A(, —i) = =k — p)(A2 — p2)hpr, A(=i, 1) = —(0 — u1)(Aa — p2)rapa,
AL 1) = (A1 = A2) (0 — o) (Ao — pwo)per, A(=1,0) = (u1 — w2) (1 — A2)(Aa — p2)Ad,
A1) = (M — A2)(R1 — p) (1 — A2,
A(, —=1) = (1 — p2)(h — 1) (A1 — p2)ho. (D8)
D.3. Exact calculation of the NLo M term (two-soliton)
For preparation, we introduce some symmetries between the coefficients of the soliton data

before our calculation. Our observations are given in the following Remarks 1-3, which can be
checked simply from Egs. (D7) and (Dg).

Remark 1
AL 1) = —trza(l, 1), A(=1, =1) = —pipz a(l, 1),
A, =1) = =Apup a(l,=1), A(—=1,1)= —p1rz a(l, —1). (D9)
Remark 2
AL DA(=1, 1) =t (o — p2)” a(l, Da(l, 1),
A(i, DAG, =1) = dopa (i — 1) a(l, Da(l, 1),
A(=1, DA, 1) = hpa(pr — 22)* a1, Da(i, —i),
AL, DAG, =1) = s — p2)? a(l, Dadi, —i),
A(=1, DA, 1) = dda(pr — pa)* a(l, =Da(i, —i),
AL, DA 1) = pipa (i — 22)? a1, =D)a(i, —i). (D10)
Remark 3

Al D) = A(=1,0) = AG, =1) = AG, 1) = (apr — Aap) ali, =),
A, 1) = A(=1,0) = A, —1) — A(L, 1) = (Mp2 — pir2) a(l, 1),
AL D)+ AW 1) = A(=1, ) + AU, —=1) = (MiA2 — pipo) a(l, 1), (D11)
which implies the relation
AL, i) — A(=1,i)+ A, 1) — A, 1) =0 (D12)

directly by taking some simple addition and subtraction over Eq. (D11). On the other hand,
by taking the sum of squares over the left- and right-hand sides of Eq. (D11) and using the
relation (D12), we get the following non-trivial identity.

Remark 4

(ira — )@ (1, 1) 4+ (ks — o) @ (1, —1) + (hier — ropa)*a (i, —i)
= A%(1, i) + A* (=1, i) + A%(i, 1) + 4°(i, —1). (D13)
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Now let us start our main calculation of the two-soliton NL sigma model term. By using the
soliton data (D7) and after a slightly tedious calculation, we can conclude that

0 A110, A2y — 0, A 120, Any
(2))2 [A(l DA(—1, —1) — |o]d*(1, 1)] [82(X1+X2) + e—Z(XH—Xz)]
—1DA(=1,1) = |o|a*(1, =1)] [e2 N1 742 4 72— 1)]
—)A(~i, i) — |o|a’ (i,

(V(l)
= +0 — D2 A,
st — s [AG,
. () (1) + r(z))(r(l) (2)) |:
(r(l) (2))(’,(1)
(V(l) (2))(r(1) (2)) |:
A -
) (i) + 1)y —
(1
_(”M) _
(l”(l) + VLZ))(S(I)
(r(l) (2))(S(1)
. (i) = ri)s —
_(},5}) ))(S(l)
1 1
(i) =i —
(r(l) (2))(S(1)
+(r(1) (2))2 [Az(l,
— +(S(l) SEE))Z [Az(i,
(r(l) (2))2/12(1, i) —
(S(l) (2))2A2(l 1)

— |o](3,A)

—i)] (e2®12 + e*2®12)
A1, DA(—1,1)+ A(1, —=1)A(—1, —1)
—2lola(l, Da(l, —1)

sSHA(, HA(—1, 1)

2
i)

SN + WY A(=1, A3, 1)

2
)

AL, DAL, —1) + A(=1, DA(=1, 1)
“2lola(l, Da(l, —1)

MA@, 1A, —1)

AL, D) A(—i, i) + A(—1, =1)A(, —i) ]
| —2lola(1, Da(i, —i)

[ AL, V)AG, —i) + A(=1, =1)A(—i, i) ]

| —2|ola(1, 1)a(i, —i)

FAL, DA, —1)

(2))

F)A(—1, D) AG, —1)

& )

[ A1, —1)A(—i, i)+ A(—1, DA(, —i) ]
| —2[ola(l, =1)a(i, —i) 4
[ A(1, —1)A(, —i) + A(=1, D) A(—i, i) |
| —2|ola(l, —1)a(i, —i)

rA(L, D)AG, 1)

() PP [A2(1 D) + A2 (=1, 1) = 2o la’(1, 1)]
—1) 4 A%(—1,1) = 2Jo|d*(1, —1)]
—i) + AX(—i, i) — 2|o|a*(i, —i)]

(i) = s A% (=1,0)
(S(l) rg))ZAZ(i, _1)

|
|

|

[ e

_|_e—(X1—X2+i®12)

[ e

+e*(X1+X2*l'®|2)

— eXl

+e—(X1—X2+i®1z)

! [erl +e—2X1]

! [32){2 +€—2X2]

X1—X>+i0,

X1+ X2—i®,

—Xr+i®

|

X1—X>—i0O1;

e

+e—(X1—X2—i(912)

By Egs. (D9) and (D10), we find that the coefficients of the leading terms exp (£2(X; £+ X>))
are identical to zero and the remaining terms can be rewritten as
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3118, A2 — 3, A129,A01 — |0 |(8,A)
—(r (2) +s(2))(r(2) S,L))A(l NA(-1, z)( 2X +e—2X1)
— () + S = sAG DA, 1) (20 4 e720)

_(r(l) SOYGD s A(—1, i) AG, 1) (eX+XatiOn | o=(Xi+XtiOn)
(r(l) (1))(r(2) SM))A(L A=, —1) (eX1+X24®12 + ef(XlJerfi@]g))

+(l”(1) ))(7,(2) S(z))A(—l, i)A(i, _1) (eXl—X2+i®12 + e—(Xl—X2+i®12))

— LD+ sSO)0D +sHA, DA, 1) (X Xi0n 4 o (K- XomiOn)
(5 + 1P G — papa)? @X(1, 1)

+(rD = 'Y s — ) @(1, —1)
=1 6 = S Gapn — 2apa)? (i, ) [
D 4 D201, ) — (D = @ a2(-1, )
W 4 D23 1) — (O = D2, 1)

= E. (D14)

Next, we want to show that the constant term E above can be absorbed completely into the

non-constant terms. By the definition of rfj), sfj) above Eq. (42), we can replace rf[), sfj) with

Eff) and obtain

1 2\ ?
(5(1) + E( '+ 07 + EL)> (Miha — i) @*(1, 1)

w

I 522
+ (g(” + z( ) — P - EL)> (Mp2 — pira)? @*(1, —1)
- e @)?
E= 1+ (=0 =2 +0)) Gamr — o) @G, i)
_ 2
B <£&1)+£(1)+£(2) Ef)) A2(1’l~)_< (1)+£(1) £(2)+£(2)> A2(—1, 1)

— _ 2
A2 ) = (6 =T, -6 - T7) 42, -1)
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By Egs. (D13) and (D11),
EDTY [~ = hapa a2, —i) + A2, 1) + 423G, —1)]
)

0, [~ G — hapa PP (i, —i) + AP(1, 1) + A1, )]

[-
- T2 [=(apn — 1aa)2a(1, —1) + AX(1, i) + A2, —1)]
T | [—upe — a1 — D+ 210+ 42 1)
—602 [~(nda = ppa?a(1, 1) + A2(1, ) + 42, 1)
0,0, [~Guia — a1, 1) + AX(=1, i) + A%, —1)]
eV A6, D AG =1) + €7D A0, ) A(=1, )
= =813 67D A(1, Al —1) + 2, ¢ A(=1, DAG, 1)

D2 A1, DAG 1) + 0V TP A(=1, D AG, —1)
Comparing this with Eq. (D14), we have

8, A110, A2 — 3, A28, Ay — |0 (0, A)
VA DAG, ~1) (e + )

(Z)E( )A(l Z)A( 1 l)( X1 +e7X|)2

eVe

+ez?

X1+X2 ICIPS (X +x-ie)) \ 2
+e 2

A1, DA, —1)(

()

+2. 62 A(=1, i) AG, 1)(

X +X2+m12 (X +X0+i0)) | 2
+e 2

xz 915 (Y —X-i0))) >2
2

—eDe? 41, i) AG, 1)( - —e

0,0, A1, DA, 1) (e —e—“‘**%*““””)z

By Egs. (23) and (D10), we can conclude that

a1, Da(l, =1 [68'8, Ay cosh® Xa + €07 A cosh” X |
T o’ (50 )
3 et et = +Zs)€§f)A21 cosh? (W)
£z sink? (W)
—atl, =Dati, =) 20T, sink? (@)

Tr [(aua)cr’l]2 =
3
[a(l, 1)cosh(X; 4+ X3) 4+ a(l, —1)cosh(X| — X3) + a(i, —i) cos @12]

where

(Aj — i) = M) ~ () — m)?
A]k = ij = ]—, ij = =7
Ajlk Ajhg Ml
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D.4. Exact calculation of the Wess—Zumino action density (two-soliton)
By substituting Egs. (39), (D7), and (42) into Eq. (25) for (m, n, p) = (i, v, p), we have

1
E(B/wp + BVW + Bp/w)v

0y A2 0,A
8pA12 apAzl

Tr [(8,0)0 ™ (8,0)0 " (8,0)0 '] =

] 1 Al Ap
B = e

BMA” aMAzz

A Ay
3MA12 3MA21

0yA11 0,A
apA“ 3pA22

(D15)

where

1 A Ap
|0‘|A2 BMAHBMAQQ

2t ab@y; cosh(2X3) + 2r7 ab@s; cosh(2.X))

[0 D)+ 652 = 2] acia cosh (i + X0 — i012)
)y (r“) F) — (D - <2>) acPy cosh(X; + X +iOp) t — F
n ( D _ 2y 4 (s - (2)) bc8is cosh(X) — Xa — iO1,)

— -(}’I(LI) — l’M ) (S(l) SLZ))- bc%lz COSh(Xl - Xo+ i®12)
= = = 5 s (D16)
2 [a cosh(X; + X5) + bcosh(X; — X5) + ¢ cos@lz]

A Ay
81,_A12 8MA21

1
o] A2

2sf})abd11 cosh(2X>) + 2s(2)abd22 cosh(2.X7)

+ _(r(l) @) 1 (5D 1 Y] acds cosh(X; + Xa — i©12)
N - (r(” Y — 9+ (2>) acday cosh(X; + Xs + iO12)
+ (rf}) + rff)) + (s(l) (2)) bcers cosh(X] — X; — i©g)

— (r§})+r,<f)) (sf})+s§?>) b1 cosh(X; — Xs + iO1»)
— - , (D17

2
2 [a cosh(X; 4+ X3) + b cosh(X| — X3) + ¢ cos@lz]

AL 0,A2
apA“ apAzz

+f

oA

2 [#Dr2 r§}>r52)] ab[Dy, sinh (2X3) — Doy sinh (2.X))]

_ ( (1 +I’(2))(S(l) S/(oz)) (r(l) (2))(S(1) (2))]
V- ac[D s1nh(X1 + Xo —i01p) — Dy smh(X1 + X5 +i017)]

_ (l’(l) 2))(S(1) s,(02)) _ (r,(ol) (2))(S(1) ng)):l .
bc [%12 sinh(X1 - X, — i®12) + %12 smh(X1 - X7+ i@lz)]

2
2 [a cosh(X| 4+ X3) + b cosh(X; — X3) + ¢ cos@lz]
(D18)
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Table D1. Summary of coefficients.

Space Uy E

(Metric) +,+,—,—) +,+,+,+)

D ik (A= d)Onj + Ap) —(Ajhk — D(Ajae + 1)
Ajhk Ak

Bk (Aj — M)A + Ag) (Aj = )y + Ag)
A A

&k (v — ) (hj + Ar) —(hj — M) + Ag)
ik ik

- ji (Aj — h)? —(jhe + 1)
ijk kﬂk
Ajhi Ajhi

€k (h; — M) (hj — M)
ik ik

1
o] A2

A1 0,A
apAlz 3pA21

20 Y = s rPyabd sinh (2X5) — (VS — Vs )abdy sinh (2, )]

— 0 SHED =) = (¢ + 5 = 1) [acda sinh(X + Xo — i©15)

—| V= s‘(,z))(sg) + r,(oz)) - (r,(ol) — s,(oz))(sf)l) + rP) [ acdyy sinh(X; + X3 + i01)

— D+ 5D+ D) — (D 4 52D+ 2| beers sinh(X) — X — i©)2)

- (r,()l) — s‘(,z))(sﬁ,l) — rﬁ,z)) — (rﬁ,l) — SE,z))(S,(,l) — rf,z)) beey, sinh(X) — X +1012)

2
2 [a cosh(X; + X3) + b cosh(X; + X3) + ¢ cos@lz]
(D19)

a, b, ¢ are defined in Table 1 and D, d jk, €k, €k, € i are defined in Table D1 for each real
space respectively. F and f are some constants. Note that

(gjk» %jk) = {(—E’bkj, %jk) on [Ul(g.’bkj, — %jk) onl, (D20)

(dj, €)= (dij, Sire) on Uy, E, (D21)

which implies that Egs. (D16)-(D19) are all pure imaginary functions on U; and hence Eq.
(D15) is real-valued on U;. By Eq. (28), the Wess—Zumino term is real-valued on U;. On the
other hand, we find that Egs. (D16), (D18) are real functions and Egs. (D17), (D19) are pure
imaginary functions on E. Therefore, Eq. (D15) is a pure imaginary function on E. This implies
that the Wess—Zumino term is real-valued on [E because of (cf. Eq. (28))

Pz = _SL (Tr (016364) X" + Tr (02004) x* — Tr (6360160,) x° — Tr (046162) x*) . (D22)
T
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For convenience, to discuss the asymptotic behavior of Eq. (D15), we consider the asymptotic
limit

{ X1 is a finite real number|X5| > | X;]. (D23)

By the same calculation as mentioned in Sect. 4.2, we have

; Al Axp B —2rﬂ)ab£%11 cosh’? X 4+ 6(cosh X>)
o1A% |8, A1 8,82 1Xa 3| X7 | - [a cosh(X; + X5) + b cosh(X; + X3) + ®(1)]2
B —ZrLI)abQZS“ + O(sech.Xy)
" [(a + b) coshX; + (a — b) sinhX;tanhX> + G(sechX>)*’
1 A Ay B —ZSﬁ)abdn cosh’? X, + 6(cosh X>)
(o182 |8, A12 8. A 1Xa 3| X1 | - [a cosh(X; + X5) + b cosh(X; + X3) + @(1)]2
B —2s,(})abd11 + O(sechX?)
" [(a+ b) coshX; + (a — b) sinhX;tanhX> + O(sechX>)]*’
1 9,11 0y A 2 (r(vl)rfoz) - r,(ol)r,(,z)> ab@; cosh X, sinh X; + O(cosh X3)
lo1A% |8, A11 8,822 [Xa > X1 | - [a cosh(X; + X5) + b cosh(X; + X5) + @(1)]2
2 (rgl)r,(oz) — r,(ol) r,(,z)) ab@; tanhX; + O(sechX3)
B [(a + b) coshX| + (a — b) sinhX;tanhX> + O(sechX>)]*’
1 3, AL 9y Aa| 2 (sil)rﬁ,z) — s(pl)r(uz)> abdy cosh X; sinh X, + O(cosh X3)
1A% 8,812 B Aoy 1Xa ]3> X | - [a cosh(X] + X3) + b cosh(X; + X3) + @(1)]2

2 (sf,l) rfoz) - sgl)rgz)) abd 1 tanhX; 4+ O(sech.X>)
[(a + b) coshX; + (a — b) sinhX;tanhX> + O(sechX>)]*
Therefore, for fixed X; and | X3| > | X;|, we can conclude that

‘X2|2|X1| —4a2b2C,wp92>11d11tanhX2 + @(SGCth)
[(a + b) coshX; + (a — b) sinhX;tanhX> + G(sechX>)]*
Yoo F32a*0*Cpiy D11
(aeXt + beX1)*

uvp

= $2CHUPD11d11S€Ch4(X1 + 51) for fixed X,

where the phase shift factor is §; := (1/2) log(a/b). and C,,, := (rf})sf)l) +s§})r$,1)> rﬁ,z) -
(rﬁ})sﬁ,l) + Sﬁ)rg)> rf,z).

D.5. Asymptotic form of WZ Wy action density (n-soliton)
Without loss of generality, we consider one of the asymptotic regions of type %k, which is
labeled by (the other cases are equivalent to this one)

8‘j={+1,]=1,...,1<—1 024

—1, j=K+1,...,n
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and define

n
D25
> e X; BV X 4 Xy — Xi -+ X

By Egs. (D3), (D4), and (D5), we can conclude that

Zx a(1, ex = +1, =1)cosh(Xz + Xk)
A>~2 o WX~ —5.X)).
{+a(1, ex = —1, =1)cosh(X g — Xx) + Z (cosh(Xz — &;X)))

A1, ex = +1, =1)exp(Xg + Xk)
Ry +A(1, Ex = —1’ —l)exp(X]? _ XK)
A= 6 (cosh(Xz — ;X)) ,
. +A(-1, ex = +1, 1)exp(—X ¢ + Xx) T Z (cosh(Xz —¢,X)))
+A(=1, ex = —1, 1)exp(—Xg — Xx)

2 (Zk) 11 (%) A(er,ees8n) = A(=e1,.0,—n) ( |

n

+ ) 6(cosh(Xg —¢,X))).

A Zx | AQ, ex = +i, =1)exp(X +iOk)
BT AL ek =+, Dexp(-Xg+i00) [ T

21 (Zk) 12 (%) (X;.0x) — (—X;.—Ok)

(D26)

By Egs. (D25), (42), and direct calculation, we have the asymptotic form of the NLoM action
density:

Tr [(aﬂo)afl(al‘o)afl]
ddgk a(l, eg = +1, —1)cosh(2X z)
+ Y O(cosh2Xg —&;X)))

A =LK

a(l, eg = +1, =1)cosh(Xz + Xx) "
6 h( Xz — ¢ X;
|:+Cl(1, EK = _1, _I)COSh(XE — XK) + j_lij;K (COS ( K & /))

8dkk a(l, ex = +1, —=Da(l,ex = —1,=1)+ Y 6 (sechX;)
Jj=1.j#K

[a(1, ex = +1, =1)4+a(1, ex = —1, —1)]cosh Xk
+[a(1, ex =+1, =1) —a(1, eg = —1, —=1)]tanh X sinh Xk
+ Z sechX
J=1j#K
Xg—*£oo

57 2dgksech? (Xx £ 8k) for fixed real number Xk,

a(l, ex = +1, —1)
a(l, ex = -1, —-1)

1
where the phase shift factor is 8¢ 1= 3 log [ ] and dkx 1s defined in Table 1.
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By Egs. (D25), (42), and direct calculation, we have the asymptotic form of the Wess—Zumino
action density:

—44CK) tanh X o + Z 0 (sechX;)
B % J=1j£K
wp = 7
[a(1, ek = +1, =1) +a(1, ex = —1, —1)]cosh Xk

[a(l ex = +1, =1) —a(1, ex = —1, —1)]tanh X% sinh Xk

|o|?
+ Z sechX
J=1j#K
where
k) = (r;msgm n SLK)V(VK)) rﬁ,’?) _ ( (OK) 4 O (K)) 1K), 5= Z 8,19,
J=1j#K
and

o = A(lv K = +17 _I)A(_l’ Ex = +1’ 1)
T oA, ek = —1, —DA(=1, ex = —1, 1)

d:=AQ, ex = +i, —1)A(-1, ex = +i, 1).
By Eq. (59) and the fact that
C(K) + C(K) + C(K) - O

nvp iy P

we have
Tr [(aﬂa)a_l(8v0)0_1(8p6)o_1] — 0

in the asymptotic region. Therefore, the Wess—Zumino term is asymptotic to zero for the n-
soliton case.
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