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Abstract

The g-discrete two-dimensional Toda lattice equation with self-consistent sources is
presented through the source generalization procedure. In addition, the Gramm-
type determinant solutions of the system are obtained. Besides, a bilinear Backlund
transformation (BT) for the system is given.

1 Introduction

Soliton equations with self-consistent sources (SESCSs) have important physical applica-
tions, e.g., the areas of hydrodynamics, plasma physics, solid-state physics, among others
[13]-[17]. There are several ways to study SECSs, such as the inverse scattering method,
the Daboux transformation, and the bilinear method (see Refs [18]-[22]). Recently, a
valid algebraic method called ’source generalization procedure’ [7] has been proposed to
construct and solve SESCSs, starting from Hirota’s bilinear form of the original equations
without sources. We describe the process of the source generalization procedure as follows:

1. to express N-soliton solutions of a soliton equation without sources in the form of
determinant or pfaffian with some arbitrary constants, say c; ;.

2. to introduce the corresponding determinant or pfaffian using arbitrary functions of
an independent variable, e.g. ¢; ;(t).

3. to seek coupled bilinear equations whose solutions are the above generalized deter-
minants or pfaffians. The coupled bilinear equations that we derive are the equations with
self-consistent sources.

The procedure has been successfully applied to the KP equation, the 2D Toda lattice
equation, the BKP-type equation, the discrete KP equation and so on[7, 23, 24]. We
will take the KP equation as an example to explain the process of source generalization
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procedure in the next section. Meanwhile, the so-called g-discrete integrable systems have
attracted some attention (see [8]-[2]) recently. In Ref. [8], the authors proposed the g-
discrete version of the two-dimensional Toda lattice equation and gave its determinantal
solution. The g-discrete two-dimensional Toda lattice equation is given by

5q?7$5q2@’y7'n(x,y) Tz, y) — g2 2Tn (T, ) -5q2@’y7'n(x,y)
= Tns1 (2, 5 Y) a1 (@82, y) — Tn(@S@, 45 y) T (2, 1), (1.1)

where the g-difference operators d,¢ , and 5qg , are defined by
2

F(z) — F(qf) o _ Fy) ~ Flayy)
(I-q)z 5q2ﬁ’yF( )= 1-q)y

Then equation (1.1) can be written in the equivalent form

5q?7a:F($) =

(1 + a(@)b(y))7a (@72, 65 y) (2, y) — T (g5 2, y) o (@, 5y)
= a(@)b(y)Tn i1 (2, 5 Y) 1 (] 2, y), (1.2)
where a(z) = (1 — ¢1)z and b(y) = (1 — ¢2)y. Equation (1.2) is in quadratic form which
is similar to the discrete KP equation (or Hirota-Miwa equation)[20, 3]. However, we
can find an obvious distinction between the equation (1.2) and the discrete KP equation.

That is, the latter can be expressed as the following form using Hirota’s bilinear difference
operators,

[216%(_Dk1+Dk2+Dk3) + ZQeé(Dkl_DkQ"'Dk;g) + 236%(_Dk1_Dk2+Dk3)]f . f — O7 (13)

where k1, ko, k3 are discrete variables, and z1, 29, 23 are constants satisfying z;+z9+23 = 0.
Here Hirota’s bilinear difference operator is defined by

exp(éDz)fz *gz = fz+69z—6-
but as for the equation (1.2), we can not express it as the form
F(D:B,Dya Dn)Tn -1y = 0,

where I denotes the combinations of Hirota’s difference operators D, D, and D,,. There-
fore it would be interesting to study the g-discrete two-dimensional Toda lattice equation
with self-consistent sources. The purpose of this paper is to construct and solve the g-
discrete two-dimensional Toda lattice equation with self-consistent sources utilizing the
source generalization procedure.

2 Source generalization procedure to the KP equation

In this section, we will take the KP equation as an example to briefly review the process of
source generalization procedure. The KP equation is a 2+ 1-dimensional nonlinear partial
differential equation which can be transformed into the bilinear equation [5]

(Dy — 4Dy Dy +3D2)7 - 7 =0, (2.1)
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where D is the Hirota’s differential operator
D;ch?f g = (aar - 8$’)l(at - 8t’)nf(x7 t)g(xla t/)‘x:$,7t:tl'

Firstly, we give the Grammian determinant solution the equation (2.1):
T
T = det(ﬂij —|—/ fifjdx)lgi,jgj\[, ﬁij = constant,

with each functions f; and f] satisfying

ofi _o"fi Ol w1 O

or, 0z Oxy - dzn’ (r1=z, e=y, z=1) (22)
Secondly we generalize 7 to the form
f:det(aZj)1<Z7j<N :pf(1727 7N7N*7 71*)7 (23)

where pfaffian elements are defined by

with 3;;(t) satisfying

Bii(t) = Bi(t), i=jand 1<i<K<N, K,NeZT,
T Bigs otherwise.

Following the source generalization procedure, we introduce other new functions g; and
h; expressed by

gj :2\/ Qﬂj(t)pf(daal’ ’N,N*a"' ’jA*,"' 51*)5 J=12- K, (24)
h] :2\/ Qﬁj(t)pf(d0717 757"' 7N7N*7”' 71*)7 ]: 1727”' 7K (25)

where the dot denotes the derivative of the function (;(t) with respect to ¢, and new
pfaffian entries are defined as

. . om - o

pi(dy,, dn) = pi(dy,. dy) = pi(di, dn) = pE(dy,, ) = pf(dpm, i) = 0.
Then we can show that the f, g; and h; so defined satisfy the bilinear equations:

K

(D} —4D,D, +3D3)f - f =3 g;hy, (2.6)
j=1

(Dy+D2)hj- f=0, j=1,2,--- K. (2.8)

Equations (2.6)-(2.8) are just the KP ESCS in the bilinear form. They can be proved
through pfaffian identities, and here we omit the process of proof. In Ref. [24], we
have also given the nonlinear forms of the bilinear system (2.6)-(2.8). These results are
consistent with the results in Ref. [25].
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3 Gramm-type determinant solution of equation (1.2)

In [8], the Casorati determinant solution of equation (1.2) has been given. Now we will
give the Gramm-type determinant solution of this equation. The Gramm-type determinant
solution can be expressed in the form

Tul(@,y) = [Molvxw = [m{? (z,y)]

o0
=leij + 3 @)@ T (@ ) h<ijen, (3.1)
s=0

(—=m

where each c¢;; is an arbitrary constant, and functions wgm) (z,y) and @

) .
i (w,y) satisfy
the relations

. (m+1)( (m )( (m—l)(

5qg,x<p§m) (z,y) = T,y) = @

_ o _(—m —_(—m-—1
Sy wy) = 5" (g, y), 5qgvy<p§» '@,9)=-¢, " V@ dy). (32

z,y), 048 4 Pi z,y),

In the following, we prove that 7,(x,y) actually satisfy equation (1.2). In fact, we get the
following relations from (3.1) and (3.2):

(n) (n)

Oge ey (2,y) = o\ (2, 1)@} " (g, y), (3.3a)
5q5,ym(j N@y) = " V(2,8 (@, ay), (3.3b)
"“( y) = mi (@, y) = —o" (@, ) e "V (@), (3.3¢)
S, y) = mi (2,y) = "D (@)@ (), (3.3d)

Then we have the difference formulas

. M o) 2, y)"
Tn(Ql €, y) = a(x) q_S(_") (q(%x y) gb a((x _yl) 5
Mo oD (z, y)"
Tn— 1((]11' y ¢( n) qlx y) -1 ’
My ¢V (2, )T

(. dly) = .
% 42) b(y)‘ (@ gly) by

. My o0 (@) o0 (@ y)T
1+ ———Im(fz,gy) = | 6 (gfwy) @) -1 :
a(@)bly) 2 A CN47) 1 b(y) ™

where ¢(™ (z,y) and ¢(~™ (z,y) denote the following 1 x N matrices, respectively:

(—n

x,y)), (@1 V"

¢ )( v )(1' y) L105\7)( )(x,y),@g_n)(x,y),--- 7@N )(xay))

(1 (2,9), ¥y
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Substituting the above results into equation (1.2) yields the determinant identity

M o (z,y)" ¢V (z,y)"
0=[Mo|| 6™ (gfw,y)  ala)™! -1
oD (2, ¢y) 1 by)
‘ o™ (z,y)T ‘ My oD (z,y)T
o 196 y)  a(z)™! o Dz, qhy)  bly)!
+‘ oot # Mo o™ (z,y)"
o (g8, y) —1 D (z,q)y) 1 ’

which is just a Jacobi identity of determinants [5]. This indicates that 7,(x,y) in (3.1) is
a Gramm-type determinant solution of equation (1.2).

4 Construction of g-discrete two-dimensional Toda equation
with self-consistent sources

In this section, we will apply the source generalization procedure to the g-discrete two-
dimensional Toda equation. We first change the function 7,(z,y) in (3.1) to form

fal@,y) = [M|ywn = |Cij + mi (2, )]

= |Cij + ZSD(SM (7,y)p Sinil)(ﬁﬂ,y)hgi,jg]v, (4.1)

where each parameter Cj; satisfy

C.. = C](y), i:1,2,---,Nand1<j<K<N,KGZ"’,
K Cijs otherwise.

Here we have assumed that each function c;(y) satisfies Ac;j(y) = ch(qu), where
Ncjly) = cj(qu) — ¢j(y). According to the determinant identity in [5], f,(z,y) can
also be expressed as

M -1

by
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Then we have the formulas

M, —1 ¢™(z,y)T
fal@tz,y) =alz)|  Cly) 1 0 , (4.2a)
o (g, y) 0 alx)!
M, —1 ¢ D(z,y)T
fa(@,a3y) =by) | Clady) 1 0 : (4.2D)
V(@ qhy) 0 b(y) ™
M 1 ¢ (z,y)T
Fas1(z,d5y) = C(ahy) 1 0 ; (4.2¢)
(2, q5y) 0 1
Mﬁl -1 ¢ (z,y)" "D (z,y)"
1 C 1 0 0
R AR IR N S S
" D(z,q5y) 0 1 b(y) !

(4.2d)

Following the source generalization procedure, we introduce new functions defined by

gim(z,y) = alz)\/Lcj(y) ‘ q;(—n])\/{x,y) _01 ' . j=1,2- K, (4.3a)
hj,n(xay) = (_1)j+N \/ ch(y) ‘ Mj ¢(n)(m’y)T { , J=12,- K, (43b)

where Mj denotes the N x (N — 1) matrix eliminating the j—th column from the matrix
M. We can show that functions in (4.1) and (4.3) satisfy the bilinear equations

(1 + a(@)b(y)) fuldS 2, 65 y) a2, y) — Fuldfe,y) fulz, dyy)

K
= a(@)b(y) fot1 (2, 5Y) fa-1(a82,9) + Y gin(al e, v hjm(z, a5Y), (4.4)
j=1
fo(@7 2, 9)gjn+1(2,y) — a(®) fot1(2,9) 950 (@72, y) — ful®,¥)gjnt1(di 2, y) =0,
(4.5)
hjn (a1, y) frov1(z,y) — a(@)hj 1 (2, y) fo(qi 2, y) — hjn(z,y) frri(qfz,y) = 0.
(4.6)

Now we verify that the functions f,(z,y), gjn(x,y), and hj,(z,y) so defined are really
solutions of equations (4.4)-(4.6). In fact, if we set

_ M -1 - N
gjy”(x’y) = é(—n)(x’y) 0 ) hj,n(x’y) = | Mj ¢(n)(x7y)T ‘ >
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we have the following difference formulas:

M o™ (z,y)T
fn+1($ay) :‘ gz_ﬁ(_"_l)(x,y) fy s (4.7&)
a _ M o™ (z, y)T
fulqie,y) = a(z) gy a@)l | (4.7b)
M oD (@) 60 (@, y)T
fari(afe,y) = a®(z) | ¢V (z,y) 0 1 : (4.7¢)
o gtz y)  —a(z)? a(z)~!

. M -1 . M 1
Binote) = | gon By o |» Beleton) =] gonggenyy o | 08
M —1 ¢(x, )
gin+1(aiz,y) = —a(z) ¢( ")( fey) 0 a(e)™t |, (4.8b)
l(ac, y) O 1

M; ) (2, )T ) (a,y)T
hjnt1(z,y) (Z§—n—1)j(x7 0 0 . , (4.9a)
2| M ¢ (2, )T o) (2, y)T
hjn(di'@, y) (z) $§_n)(q?x7y) —a(z)? a@)-t | (4.9b)

where (Z§—n) (z,y) is a 1 x (N — 1) matrix eliminating the j—th column from ¢(—™)(z,y).
Substituting (4.2)-(4.3) into equation (4.4) yields the determinant identity

Ml -1 ¢(n)(x,y)T gb(n_l)(x’y)T
_ M -1  Clady) 1 0 0
O‘““)b(y”' C(y) 1' Gy 0 a@)! -1
o V(x,qfy) 0 1 b(y) ™
M, —1 ¢ (z,y)T My -1 ¢ (a,y)"
- C) 1 0 ~ Clayy) 1 0
o (gry) 0 alz)? oD (z,qdy) 0 by) ™
M, 1 6D (z,y)T M, -1 ¢™(z,y)T
+|  CW) 1 0 Cld5y) 1 0
¢ (g, y) 0 -1 oDz, gdy) 0 1
M, 1 ¢™(z,y)T ¢V (z, )T
| om —1‘ C(dy) 1 0 0 ]
(g z,y) 0 || Dz, qdy) 0 1 by) |
Cl(y) 1 0 0

The determinant identity above can be proved through the Laplace expansion of a 2(N +
2) x 2(N + 2) matrix that is equal to zero. Hence equation (4.4) holds. Similarly, substi-
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tution of (4.7)-(4.8) into equation (4.5) gives the Jacobi determinant identity

M -1 ¢ (z,y)"
a(@)[|M[| ¢ (gfz,y) 0 alx)!
o V(z,y) 0 1
M -1 M ¢ (x,y)"
| o (gfa,y) 0 H ¢ (2, y) 1

+‘- M _1H_ M ¢t (z, )"
o V(ay) 0 || ¢V (fz,y)  alz)?

Substituting (4.7) and (4.9) into equation (4.6), we get the determinant identity

] =0.

ag(x)[ ) M ¢(n)(x,y)T ) Mj ¢(n+1)(x’y)T ¢(n)(x’y)T
¢(—n—1)(x, y) 1 ég—n)(q?% y) —a(x)fQ a(x)71
_‘ M oMWz, )T || M o) (2, )" M (2, y)T
S agey)  a@ || o (ay) 0 1
M ¢(n+1) (x’ y)T gb(n) (CE, y)T
+| M; o™ (2, y)T | @(’”’1)(90,?/) 0 1 ] =0,
o (ggx,y)  —al@)"? a(2)

which can also be verified through the Laplace expansion of a 2(IN +2) x 2(N + 2) matrix
that is equal to zero. Therefore functions in (4.1) and (4.3) are Gramm-type determinant

solutions of equations (4.4)-(4.6), and equations (4.4)-(4.6) construct the g-discrete
dimensional Toda lattice equation with self-consistent sources.

two-

5 Bilinear Bicklund transformation of equations (4.4)-(4.6)

In this section, we will give the bilinear Bécklund transformation for equations (4.4)-(4.6).

Proposition 1. The system (4.4)-(4.6) has the bilinear Bdcklund transformation

Mn(@82,Y) frr (2,9) = afur1 (@, 9) (@S2, y) — whal(z, ) frop (@2, y) =0,

AGjn (@77, Y)9j 1 (T,Y) — agjn1(2,9)9;,,(47 7, y)
—ngm(m', y)gj,n—i—l (Q?x7 y) =0,

A (652, YR g1 (2, Y) = @l (2, 9) 5 (a8, y)
_iu’hjvn(x? y)hj,nJrl(Q?x’ y) = 0’

:U‘frlLJrl(x’ y)g],n(:ﬂa y) - fr/L(x’ y)gjerl(x, y) + ijn(xa y)g_lj,nJrl(x? y) = 0?

:U'fn(x7 y)h;’,n+1(x7 y) - fn+1(x7 y)h;,n(x7 y) + ajfr,LJrl(xa y)h]‘7n(1’, y) = 07

(5.1)

(5.2)

(5.3)
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(L + ab) fu(,y) frir (682, a5Y) — Fala2, y) friq (2, d5y)

K
/ ,U, ’
0 (@, @Y (02, 9) = = Y 2 gin(aT ) g (2, 05), (5.6)
j:

—
<

where a = a(x), b="0b(y), and X\, p, v and 0; are arbitrary constants.
Proof. Let f,(z,y), gjn(x,y) and hj,(z,y) be solutions of equations (4.4)-(4.6). What

we need to prove is that f, (x,y), g;-m(a:,y) and h;,n(x,y) in (5.1)-(5.6) are also solutions
of (4.4)-(4.6). In fact, according to the relations (5.1)-(5.6), we have

P =[(1 + ab) fulgfx, 45 y) ful,y) — abfari (2, 45y) fu1(afz, y)

K
— falaf 2, y) fu(@, a5y) = g5 (@82, 9 hyin (@, 3Y)) Frr (2,45 ) Froa (0, )

j=1
— a1 (@, a5 y) fa1 (g, y)[(1 + ab) £ (a5w, a5 y) fr (2, y) — Fulaia,y) oz, dyy)
K
—abfr 1 (2,059 fo 1 (@2 y) =Y g u(a¥w Yk, (2, g5 )]
=1

= (1 + ab) [ ful@,y) o1 (082, Y) (@, 45 Y) Frgr (a8, a5 )
— far1(2, a5 y) (@S, a5 y) famr (@, y) fu a5z, y)]
— falax,y) o (@, a5 y) friy (2, a5 y) foo 1 (a5, y)

F for1 (2, 05 Y) far (682, ) o (af e, y) fo(2, db y)

K
+ @05 y) o (052, 9) 850 (a8 2, Y) 1 (2, 05 y)
j=1
— Frr1 (2, 45 Y) Ful @S, y) gjn—1 (a5 2, y) R (2, 45 )]
= fu(2,45y) froy (a8, ) (1 + ab) fu(@,y) frir (a8, 5 y)

K
—fal@f e, y) i (@, 059) + D g5 (a8 2, ) pa (2, 05 y)]
j=1

—far1(@, a5 y) fr(afa, ) (L + ab) fu1 (2, y) fr (gl x, a5 y)
K
— fne1 (@2, ) (2, 659) + Y g (@8 YR (2, 45y)]
j=1
= vlfula, ) fo (082, ) Fria (2, S0) Fo(ai, y)
— Farr (2, 5 Y) o (5 , y) fu (@S y) Fo 1 (g0, y)] = O,

The above result indicates that f, (z,y), g;,n(m,y) and h;-m(x,y) satisfy equation (4.4).
Much in the same way, equations (4.5)-(4.6) can also be satisfied for f,(z,y), g;m(a:,y)
and h;-m(a:, y). Therefore we have completed the proof of the proposition. |
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6 Conclusion and discussion

In this paper, we apply the source generalization procedure to the g-discrete two-dimensio-
nal Toda lattice equation. As a result, the g-discrete two-dimensional Toda lattice equa-
tion with self-consistent sources is presented. Besides, the bilinear Béacklund transfor-
mation for the g-discrete Toda equation with self-consistent sources is given. When the
system has K (K > 1) pairs of sources, we can obtain the N-soliton (N > K) solu-
tions of the g-discrete two-dimensional Toda equation with self-consistent sources. When
we set each function c¢;j(y) to be constant, the sources become zero, and the g-discrete
two-dimensional Toda equation with self-consistent sources is reduced to the original g-
discrete two-dimensional Toda latice equation. Accordingly, the N-soliton solutions of
the g-discrete two-dimensional Toda equation with self-consistent sources are reduced to
the solution of the g-discrete two-dimensional Toda equation. Hence the g-discrete Toda
equation with self-consistent sources can be viewed as a kind of coupled generalization of
the g-discrete two-dimensional Toda lattice equation.
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