Journal of Nonlinear Mathematical Physics Volume 15, Number 1 (2008), 104-116 ARTICLE

Superposition formulas for integrable vector
evolutionary equations on a Sphere

M Ju BALAKHNEV

Orel State Technical University, 29 Naugorskoe st., Orel, Russia, 302020
E-mail: balakhnev@yandez.ru

Received September 10, 2007; Accepted November 19, 2007

Abstract

The superposition formulas for solutions of integrable vector evolutionary equations on
a sphere are constructed by means of auto-Bécklund transformation. The equations
under consideration were obtained earlier by Sokolov and Meshkov in the frame of the
symmetry approach.

1 Introduction

In work [1], a classification of vector integrable evolution equations of the form

3
Zt = Zggx + 5 (ln f2)$zaza: + f1zz + foz, 2 =1

(1.1)

was presented. Here z(z,t) is N-component vector of Euclidean space V' with the standard

scalar product (-,-) and fo = fa(2, 22), fi = f1(2, 22, Zaz), Jo = fo(2, 24, Z22) are scalar
functions. The special form of the second coefficient in the right hand side of (1.1) is

followed from the integrability conditions (for more details see [1]).

If functions f; depend on scalar variables that are constructed by product (-,-) only,
then eq.(1.1) is called isotropic. If we extend the set of dynamical variables by adding
the variables (x,y) = (z, Ry), where R is a constant symmetric matrix, then eq.(1.1) is

called anisotropic.
According to [1] there exist four different isotropic equations of form (1.1):

2= Zggp — 32y + =
v 2 2\ 22 zi(1+4az?)

T

3 (a®(zg, Zaz)?
2t = Zgzr + 3 (1(—1—36761,:5) —a (zix — zi) + zi) zZy + 3 (22, Zaz) 2,
1 3 (1—
Zt Zprx T Dm <1H +22> Zaoxr — % ( Z) (zx7 zxx) zZ+
z5 2 z
3 <(1+Z) Z%:}: a(l+z) (Z:v’zm)Q 2 > 2 2
+ = - +2z:(1—2)) 24, 2 =1+az;,
2 z2 22 22 v ’ v
(22y Zax) 3 22,

2t = Zggx — 3 Zrx a Zg-
z2 2 22
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There are some other articles devoted to the vector equation in R having the form
of conservation laws were presented in [2], and a special case was considered in [3]. In-
tegrable anisotropic evolutionary equations on the n-dimensional sphere were classified in
[4]. However, superposition formulas were found only for a few equations, namely for the
vector Schwarz-KdV [2], two generalizations of the mKdV [5], and the Landau-Lifshitz
generalization [6].

In this paper we construct superposition formulas for eqgs.(1.2), (1.3), for a special case
of (1.4), and for the anisotropic Schwartz-KdV equation. In section 2 the constructing
method of a superposition formulas is described in detail by example of an anisotropic
equation. It will be shown that this equation is connected with the vector generalization of
the Landau-Lifshitz equation. Section 3 is dedicated to egs.(1.2) — (1.4). The superposition
formula for the anisotropic Schwartz-KdV equation and some properties of the vector
Schwartz-KdV (1.5) are studied in section 4.

2 Algorithm of calculations

Proposition 1. If an integrable vector equation of the form (1.1) has the auto-Bécklund
transformation (ABT)

Yo=f2zz+9y+hz, (2.1)

where f, g, and h are scalar functions of variables y, z,y,, and z,, then

f=V 1z, z2) oy, y,) L.

The proposition may be checked by a direct calculation. Firstly, we denote two equa-
tions of the form (1.1) as z; = F(z) and y, = F(y). Secondly, we differentiate (2.1) with
respect to ¢ in virtue of these equations. Then excluding vector y,, and all its z-derivatives,
we obtain an identity with respect to vector variables y, z,, 2., and z,.,.. By equating
the terms with z,., to zero one can find that f = \/fg(z, zz) fo(y, y,) L

Below we demonstrate how to construct a superposition formula (SF) for the anisotropic
integrable equation

2y, Z 3 (22 2z, Zaz)’ Zy)?
2t = Zgzz — 3 ( - me)zxx + 5 <£ + ( xz4am) + <Zx2> > 2, (22)
xT xT x x

and its auto-Bécklund transformation [1]:

p(l+(y,2) — (y +2)? (Y, 22)
Yo = <\/ o — 1) <z$ — m(y + z)> . (2.3)

xT

Here and hereafter the abbreviations (w, w) = (w)? and (w,w) = w? are used.

According to Prop. 1, if y and z are solutions of (2.2) associated with transformation
(2.3), then the following relation

Vi +(y,2) — (y+2)2 = Vy2 + /22 (2.4)

is satisfied.
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By a direct calculation we find that the equation

u(1+(y,Z))—<y+z>2:<(ﬂ—i)(1+(y,Z))>2 25)
22 (¥, 22) ’
where
5 — lD—l z_%x _ (wazarai)z + <Zx>2 ~ lD_l y_%x _ (yarvyxx)z + <yx>2
— 5 2 4 2 y Y= 9w 2 4 2 s

is compatible with egs.(2.2) and (2.3). In other words, if we differentiate (2.5) with respect
to t in virtue of (2.2) or if we take the total z-derivative of (2.5), then using (2.3), (2.5),
and its differential consequences we get an identity.

We start from the usual assumption that the diagram

”T T“ (2.6)

for the ABT (2.3) is commutative [7]. Here p,u,v,q are vector solutions of (2.2) and p,
v are parameters. This means that the four vector equations

M(l + (u’p)) — <’U, +p>2 (u’pm)
oo (HEEE ) (o ).

. (\/u<1+<v,p>>—<v+p>2 _1>
o P2

(2.7)
v(1l ,u)) — u)? , Ug
oo (PR s ihe)
o [p(1+(q,v)) — (g +v)? (q,v2)
s (e 1) (oo i )
and the eight scalar equations
VuZ+Vp2 = Vu(l+ (u,p)) — (u+p)?,
v +/p2 = Vv(1+ (v,p) — (v +p)?, (2.8)
V& + Va2 = /(1 +(q,u) — (g +u)?,
V@& + Vo2 = Vu(l+(g,v) — (g +v)%,
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p(l+ (u,p) — (u+p)? _ <<a—ﬁ><1+<u,p>>>2
P2 ’

v(1+ (v,p) — (v +p)* _ <(?7—15 ( +<v,p>>>2

P> (v,p,) ’ (2.9)
v(1+(q,u) —(g+u)? _ <<q—a><1+<q,u>>>2

’UJ% (q’ull?) ’
p(l+(g,v) - (g+v)* _ <<q~—@><1+<q,v>>>2

'Ug (q,’Um) ’

are satisfied.
From (2.7) we find:

YP.tv1q+p2ut3v+@ip=0. (2.10)

Taking into account (2.8), we have ¢ = 0 and ¢; are some functions of scalar variables
contained in eqs.(2.7). From (2.9) we find variables (g, v;), (q,u:), (u,p,), (v,p,) and
substitute them into (2.10). Then we multiply this equation by the vectors u, v, p, q and
obtain eight equations: four equations that are constructed by product (-,-) and the other
four ones are constructed by product (-,-). Solving these equations and egs.(2.8) we find
all zero order scalar products with g and ¢, q2. Substituting all obtained quantities in
(2.10) we have the SF for solutions of (2.2)

(u=v)* (¢np+ (V=) (n (v +p) u—¢ (u+p)’v))
(€ (w+p)? —n(v+p?)*

q= : (2.11)

where
E=(u—v)—p (u=v)"+¢* n=(u—v)" = (u—v)" +
b=\ (b p) — fut p)2 (0 +p) — (o p)? p= 2 =20,

In the last step to check the validity of (2.11) we differentiate it with respect to ¢ in
virtue of (2.2). With the help of (2.11) we exclude g from this equation as well as all its
z-derivatives and all scalar products containing them. Then using the first two equations
(2.7) we can see that (2.11) is identically satisfied. All these tedious calculations were
performed on the computer [8]. In detail these steps are described in [5].

Expression (2.11) coincides with the SF of the vector generalization of the Landau-
Lifshitz equation [6]. It was proved in [4] that (2.2) is integrable in R™. The divergent
form of (2.2) in R" is

z, 2z 3 (22 z,2)? z)?
2= D, <zm—3(sz)z$+—<z—‘;+( 4”*“) +<>>z>. (2.12)

2 z 22

If we pass on to the coordinates {y = zr~!, r = V22} in (2.12) then the equation is
equivalent to the system of one vector and one scalar equation, where the vector equation
for y is the generalization of the Landau-Lifshitz equation

3 3
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3 Isotropic case

The ABT for (1.2) has the form [1]:

b= (2= T2y 12).

(3.1)

f= \/uso(l +@zd)™) (ne+2) = (L+pp), ¢=1+(y2)

From Prop. 1 it follows that the relation
2

Yz 2

Zz 3.2

2= (3.2)
holds. By a direct calculation we establish that the equation

~L 14

§-2=2(yz) (33)
where

~ Dfl y%x (y:mymm)Q (1 + 2(1:1/%) = Dfl Z%x (Z:B’Zmr)Q (1 + 2(12%)

y==L, — 4 2 » 2= Ly 2 4 2

U Yz (1+ay3) z; zp (1+azg)

is compatible with egs.(1.2) and (3.1).
Then the ABT (1.2) can be written in the symmetric form as

Yy . Zz — g —Z (

VYi vz 2AVE+ VYR
We denote sinh? y = ay? and sinh? z = a z2 for simplicity. With the new notations,
egs.(3.2) and (3.3) become

Y+ z).

cosh(y+2)—1 _
Y= (,u ) ’ y—Z:2M(y,Zm) <1

B sinh(y + 2) )
tanh z (cosh(y +2) —1) )

The algorithm of the further calculations is similar to the one presented above. The
SF for solutions of (1.2) reads

N4
q= %(W&mw“l(u—w (v sinh?(u 4 p) v — py sinh®(v +p)u)>,

where
¢ =p(u—v)?+4sinh’(u—v), n=rv(u—v)*+4sinh?(u— ),
Q=&+n+&n—ge " —ne " e P (e —e ") (E—m),

Q=&+n+in—8e" " —ne" " e (e" —e") (§ —m),
sinh? u = au?, sinh? v =awv?, sinh® p=ap?.
In the last expression it is possible to exclude variables u, v, and p using relations

cosh(u+p)=1+p(1+ (u,p)), cosh(v+p)=1+v(1+ (v,p)).
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Now we consider the ABT for (1.3) from [1]:

%Fbﬂm+<@Jﬂﬂ—Ma@J»_w%@f>y+<@Jﬁﬂ+M®+f>%

1+ (y,2) 1+ (y.2)
9 9 (3.4)
P p(d+paly —2)?%) (1+az$)‘
(y +2)?
By a direct calculation, we have found that the expression
g—2zZ+2(1
oay I EH20 5wz f .

2ua
is compatible with eqgs.(1.3) and (3.4). Here

2 2
. _ *(Yus Yuz)
yzDﬁ<Mﬁm—£%~—J;%;—y$,

L +ay;

2 2
~ -1 2 4 a(z ) 2 ) 2
Z:Dx <a(zxx_za:)_ 1_:_661;% _ZJ:>'

Further, we substitute (3.5) in (3.4) and take the square of both sides of the equation.
Using y? = 22 = 1 and (y,y,) = 0 we find f. The result is the ABT (3.4) in the symmetric
form

J— 3 2—22
Yot =y o2 - By 2) (3.6)

Substituting the obtained f into (3.5) we have the following expressions

(:2:) = 12— ) (- 2) -

and

2(5 - 521+ pa)
pAly—2)?+a(y—2)?2)°
where ¢ =1+ (y,2), y> = 1 +ay?, and 22 = 1 + a 22.
The SF for solutions of (1.3) is
£—n G—n F—¢

1= Pt r_g¥  F7_g"

where
Poe 2(v — ) (€ 1) (a +€) |
i (v (1= () (@ +77) (a+€2) = 2(6 = 0)(1 +av))
Gy 2(v — ) (€ —n) (a+7°) |
v (1 (1= () (a+77) (0 +€) = 2(6 = n)(1 + ap))

24av(l—(v,p))
4v(1+ (v,p))

o _2t+ap(l—(up))

2 _
Tt (wp)
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Let us turn to eq. (1.4). The ABT for (1.4) has the form [1]:

Y, = (Zx —(y,z2)y +p (z -1+ (yf(ml)fp(; S;;)Z))> (z —(y,2) y) > ;

( ) (3.7)
ap(y,z
p=U0E) o Pt ap (1~ (y,2)?)
It follows from Prop. 1 that
y—1 _ 2 2 2 _ 2
1 =", wherey"=1+ay;, 2" =1+az;,
Z p—
or in the equivalent form
Z(Y —pZ
(y,z,) = M, where Y2 =y —1, 22 =2z —1. (3.8)
ap
A direct calculation shows that
1— ) (G —2)—2u(Y2+2%2-20pY 7
(y,2) = ( )G~ %) 5 (2 ) (3.9)
2u(p(Y24+22)-2Y Z)
is compatible with egs.(1.4) and (3.7). Here
G D! <61tym % a’ (2y2—(i) (yg;;ym)2 LA-yas y)) 7
— — a
Joo e : (3.10)
EZDfl Az 1 a (22_1) (ZI,ZIm) + (1_2) (1+Z)
T \1l-z 2 22 (1 —2)? a ’
Then (3.7) can be rewritten in the symmetric form
Yoz _p(Z-V)(Zy-Yz) (1-3)(p(Zy+Yz)-Zy-Yz) (3.11)

Y Z e(Y2+22)-2YZ 2(@(Y2+ZQ)—2YZ)
To simplify the expression for ¢ we introduce the following notations
sinh¢ =b7! (YQ—ZQ) (Q—E)_l, k=2u, a=4b

and obtain

kbsinh¢ (22 —Y?) +Y?+ Z? + 2 coshCY Z
7 cosh¢ (Y2 + 22) +2Y Z '

Because (3.11) is cumbersome, we can not construct the SF for (1.4). Now we consider
the simpler cases of equation (1.4)

2t = Zapow +3z§, zZy + 3 (22, Zaz) 2, (3.12)
2

2t = Zgux _3%%35)Zm +3Z—$2$zx, (3.13)
Zl‘ z$

which were pointed out in [1].
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Equation (3.13) is integrable on R™ [2] and has the divergent form

2
zi =D, (zm—?)(z’ziim)zm%—?)%z) . (3.14)

If we pass to the coordinates {y = zr~!, r = v/22} in (3.14), then the vector y satisfies
(3.12). Therefore, we consider only (3.12).
The ABT for (3.12) was presented in [1]:

W¢ﬂ>

ym:zm—y,zmy—2< -—— ) (z2=(y,2)y). 3.15

w2 (1 20 ) (o - v2)w) (3.15)
We square left and right hand sides of (3.15) and find (y, z;). Substituting the result

into (3.15) we receive that

Y =z _N(y—z)Z(y+z)+ ya — 22 (y—z). (3.16)
The SF for solutions of (3.12) is
¢ =" (uw=v)*(€np+ (u+0) (€W —pYutn(u—p)Qv)), (3.17)

where
£=2v(u—pv)—pu(u-p)° n=2p(v—p)—v-p)?
(=—(w-p)—(u—p)n)°.

In addition, it can be verified that the expression

j-z=pn(y-=2)° (3.18)

where § = D;Y(y,,v,), Z = D; (24, 2,), is compatible with eqs.(3.12) and (3.15). Ac-

T
cording to (3.18) the transformation (3.15) can be rewritten as

~ > 2 2
y—=z Yz — =
Y, = 2z — 5 (y—i—z)—i—ﬁ('y—z)

As the obtained ABT depends on the quasi local variables § and Z, then the SF can also
depends on quasi local variables u, v, and p. To introduce these variables explicitly one
must perform the substitutions (u,p) =1— (@ —p)/(2p), (v,p) =1— (0 —p)/(2v) into
(3.17).

Also if we write (3.18) for each pair of solutions {p, u}, {p, v}, {q, u}, {q, v} and
exclude the quasi local variables, then the following scalar SF for (3.12) is obtained:

p(u=p)° —vw-p)°"=pnlg-v)" ~v(g—u)
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4 Anisotropic Schwartz-KdV equation

Let us now consider the anisotropic Schwartz-KdV equation

3
2t =Zppe + 3 (In f), (22 + ziz) + 3 (24, 222) 2+

n g f ((zm>2 ~ (=)? <z,Zx<>z$>6_ (z,zx>2)2> 2 22— 1, (4.1)
and its ABT [4]
Yo =1 f (Y, 2) + 9(2)*) (22 — (y, 22) y)+
+uf (Y, 22) + 92, 22)) (Y, 2) y — 2), (4.2)

> 2
<z>2<zm><2 - PR y—i

—~

2

f=

According to Prop. 1 we have

(VI =) = n(y,2) + V)2 (2)2). (4.3)

Using the algorithm described above we have found that
(. 22) = (-2 (v, 2) +2) VHy}
U2 Y eV
(2. 2.) ((y,2) (VFTuTy — V2T 2) + 2T Tw] )
_ (4.4)
2 (VHyy +ViF{z)2)

(wov.) (VT y = V2T 2 = 2 (9. 2) VT ) VW)
y2 (VHyly +V{z}2) V=)

is compatible with eqs.(4.1) and (4.2). Here y? = (y)?, 2% = (2)? and

2f2 (<y>2 <y:v7 ymm> - <y7ym><y7y:m:>)2

Dm :’j = <y:m:>2f - <y>4
N Af*y, y.)t + 85 W)y, ya)® + W) + 47, v.) (Yo Y (0)*
fly)b ’
2 2 2 2/, \2 2
2y 20y +] WYY
f(y)
D,z = ¢{z}.

Taking into account (4.3) and (4.4) the ABT for (4.2) can be transformed into the
symmetric form
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Vb y, ~ VIl 2 = G2 Vil (o)

WV Hy y+VH{z}2)

2z (= (VTlwYv = VI(el2) +2VT () 2w) VIR s
2 (VHyty+VHzl2) '

(v (v (VI 2 = VITudy) + 2T ) VT
v? (VHyty+VH{z)2) '

For solutions of (4.1) we have constructed the following SF
g— tvEptp-v)(wiu—pnv) _ (4.6)
\/(MV§p+ (n—v)(v¢u—pnv))
where

fZUU—<’UJ,’U>, 77:“104‘<U,P>a CZUP+<’U,I)>,

P =(p)? v’ = (u)?, v* = (v)*.

The scalar SF can be derived from diagram (2.6) and equations of form (4.3):

v (g.w) + /@7 W) _ p(Gwep) + /() 01 (@)
plgv) +V(@?()?)  v((v,p)+(v)*(P)?)
If we make the reduction (-,-) = (-,-) in (4.6), then we get the SF for the vector
Schwartz-KdV equation on a sphere (cf. [2])

v (u—0Pp+ (v = ) (v (0 + pPu— o lut p)v)
(h(u+p)— (v+p)v)°

and hence (4.7) can be rewritten as

q

)

v (g+u)* (v+p)* =’ (u+p) (g+v)
This relation is an analogue of the well known integrable discrete model in [9]:

u(n+1,m) —u(n,m) un+1,m+1)—un,m+1) v

u(n,m+1) —u(n,m) u(n+1,m+1) —un+1,m)

The isotropic Schwartz-KdV equation on sphere S™ was obtained in [1]. Also we can
take the limit transition a — oo in (1.2) and get

2y, Z 3 22
2t = Zyggx — 3 (:72”5),2” + 3 ﬁ 2y, 22=1. (4.8)
X x

Next, if @ — oo in ABT (3.1) then as a result we obtain the transformation

vo= (Vi ) - 1 @) —1) (2 {22l g m) o)
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The ABT of the isotropic Schwartz-KdV on R™ was constructed in [2]:

Y, =nz," (2(y —2.2.) (y — 2) — (y — 2)°24). (4.10)

The reduction y? = 22 = 1 in (4.10) coincides with the result of the reduction (-, ) =
(,+) in (4.2), but it does not coincide with transformation (4.9). Transformation (4.9) is
compatible with (4.8), hence it is also the ABT for (4.8). We have constructed the SF for
(4.8) with the help of (4.9).

Firstly, according to Prop. 1 we obtain

VY2 zilt = <\/,u’ (1+(y,z)) — \/// (1+(y,z)) — 1>2. (4.11)

Secondly, we have established that the following equation

5—2:21(5’!: ( (\/u (1+ (y, 2 —\/,u’(l—i-(y,z))—l)2>, (4.12)

where
Yz Yz Zz 2y

is compatible with egs.(4.8) and (4.9).
Using (4.11) and (4.12), equation (4.9) can be transformed to the form

1
Yo 2z _ (y+2) (4.13)

VT VA

that precisely coincides with the result of the reduction (-, ) = (-,-) in (4.5).
For simplicity we denote

cosh2301 :,u(1+(u,p)), cosh2g02 = y(1+('v,p)),
cosh? o3 = v (14 (g, u) ), cosh® o4 = pu (14 (g,v) ).

If one write four equations (4.11) for the pairs {p, u}, {p, v}, {q, u}, {q, v} and assume
commutativity of diagram (2.6), then the scalar SF for solutions of (4.8) follows

Y1+ 3 =w2+ pq

with above defined ;.
The SF for pairs of solutions of (4.8) connected by transformation (4.9) has the form

a=v (W V En(u-02GGp+ @~ W)nE+1D2G(E - - G)u
+ (W =) Em+1DPG(E - - ) v),

where
o= ¢ (u—v)’ ’
((€=m (Ee-na+n8G-0)-a&) ((E-n (G -16+a-6)-as)
=2 (1t @)~ (1 +@p) —2) Q=0+ Enlu—v)
n= %(\/ﬂ/ (14 (u,p)) — \/u’ (14 (u,p)) —2)2, Go=(E—n)?+uén(u—v)
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Proposition 2. Let u, v and p be solutions of (4.8). If solutions v and p are connected
by ABT of the form

v =mp;? ((0,p,) (v—p) ~ (1= (v,9)) P, ). (4.14)

and u, p are connected by the following ABT

Uy = (\/l@ (1+ (u,p)) — \/M2 (1+ (u,p)) —1)2 <px— %(u%—p)), (4.15)

then

(Vo2 (Lt (wp)) = foa (1 () — 1) 0 (1~ (0.9))* w202 =0 (4.16)

is compatible with eqs.(4.8), (4.14), and (4.15).

In the scalar limit, eqgs.(4.8), (4.14), and (4.15) take the forms

3 u?
Ut = Uggpx — 5 ui:y (417)
20z Py
= el 4.18
(v—p)? (4.18)

(pm (1 + UQ) + (1 +P2) um)2
Uy Py (1 + up)2

po = (4.19)

correspondingly. In the same limit, (4.16) becomes an identity according to eqs.(4.18) and
(4.19).

The Schwarz-KdV equation (4.17) is a special case of the Krichever-Novikov equation.
The ABT (4.18) can be obtained from the ABT for KN equation [10]. Equation (4.17)
is invariant under the linear-fractional transformation of u. It can de verified that ABTs
(4.19) and (4.18) are not connected by the linear-fractional transformation of u, v, and
p. However, each pair of solutions {v, p} and {u, p}, connected by transformations (4.18)
and (4.19) accordingly, satisfy the scalar limit of (4.13):

1, .
Y2 — 22 Y = Z(y_Z) (1 +yz)7
where § = D;Zl (y:m:/y:v)Q’ zZ= D;Zl (Z:m:/zm)Q-
We have also established that equation (4.8) does not change under the transformation
z, = y,/y2. Obviously, (4.17) admits the transformation z, = y;!. Probably, this fact

explains the existence of two ABT (4.18) and (4.19) for (4.17).
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