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THE »-MATRIX AND AN ALGEBRAIC-GEOMETRIC SOLUTION OF
THE AKNS SYSTEM

Zhijun Qiao!

We construct an approach to finite-dimensional integrable systems with nonlinear evolution equations
from the standpoint of the r-matrix and an algebraic-geometric solution, illustrating the method with
the well-known AKNS equation. We present the r-matrix of the constrained AKNS flow and obtain the
algebraic-geometric solution of the AKNS equation.

1. Introduction

The ideal aim for soliton equations or nonlinear evolution equations (NLEESs) is to obtain their explicit
solutions. The Ablowitz—Kaup—Newell-Segur (AKNS) equations are a very important hierarchy of NLEEs
in soliton theory [1]. It can yield the KdV, MKdV, NLS, sine-Gordon, sinh-Gordon equations, etc. All these
equations are solvable by the inverse scattering transform (IST) [2] and usually have N-soliton solutions [3].
One of the research branches in this field is the periodic boundary value problem associated with those
special NLEEs. Some of the early studies on this problem were done by Lax [4] and Dubrovin, Krichever,
and Novikov [5]. They used the Bloch eigenfuctions and some analysis tools on a Riemann surface and
successfully obtained the algebraic-geometric solutions (or finite-gap solutions) of some well-known nonlinear
equations such as the KdV and Toda equations. But algebraic-geometric solutions of the AKNS equations
were not given. In the present paper, we resolve this problem from the standpoint of the r-matrix and a
constraint connecting finite-dimensional integrable systems with NLEEs.

We present notation used here: dp A dg denotes the standard symplectic structure in the Euclidean
space R*Y = {(p,q): p= (p1,---,pN); ¢= (q1,--- ,qn)}, N > 1; (-, -) is the standard inner product in
RY; [, -] is the usual commutator; ® is the tensor between two matrices; I is the 2x2 unit matrix; and
C>(R) is the set of all C*-functions on the real field R. In (R*M,dp A dq), the Poisson bracket of two
Hamilton functions F' and G is defined by
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A1, ..., An are N arbitrarily given distinct constants; A and p are two different spectral parameters; A =
diag(A1,...,An); and
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2. The constrained AKNS flow

We consider the traceless 2x2 matrix

1 0 N G —q
0 -1 = A=A D;  —Dig;

which is called the Lax matrix. We then have

1 N N2E;
§A2TrL2(/\):/\2+2>\<p,Q>+<p7Q>2+2H+Z—)\]_)\j.’ )
j=1 /

where

Ej:2quj—1“j, j:].,...,N.

The finite-dimensional Hamiltonian system generated by the above Hamilton function H is

OH
=g = —(q, 9)p + Aq,
(H) : S (3)
e =——— = (p,p)q — Ap.
2 94

It can be easily seen that (H) is just the well-known Zakharov—Shabat—AKNS spectral problem [6]

with the constraints

u:_<qvq>’ U=<p,p>,

A= );, and y = (g;,p;)T. We therefore call the Hamiltonian system (H) the constrained AKNS (c-AKNS)
flow, which coincides with the nonlinearized AKNS system via the Lax-pair nonlinearization method [7].

3. The r-matrix and integrability

Let L1(A) = L(A) ® I and Lo(p) = I ® L(p). Then the following theorem holds.

Theorem 1. The Lax matrix L(\) defined by Eq. (1) satisfies the fundamental Poisson bracket

{L(A)@L(N)} = [T12(>‘a /1')7 LI(A)] - [7'21 (/1'7 )‘)’ L2 (/1‘)]’ (5)

where 112 (A, 1) and 791 (u, A) are the standard r-matrices

2
ri2(Ap) = —=P, r21(; A) = Pria(p, \) P (6)
w—A
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with

10 00
0 010
P =
01 00
0 0 0 1
Proof. The fundamental Poisson bracket {L(A)$L(u)} is a 4x4 matrix [8] whose entrices are given

by
{LSL() Ytmn = {LN) ks L(1)1n }-

A direct calculation therefore leads to (5). Equation (6) is called an r-matrix because it satisfies the
Yang—Baxter equation

[rig, mik) + [rig, mjk] + [reg, mae] = 0, 4,5,k =1,2,3,
which completes the proof.

Remark 1. In fact, because r-matrix relation (5) is concerned only with the commutator, the r-matrix
r12(\, ) can be also chosen as

o= -2 pireg  G=(""
T ) —— +1® ) = )
s p—=A c d

where the elements a, b, ¢, and d can be arbitrary functions a(A, pu,p,q), b(A, 1, p,q), c(A, 1, p,q), and
d(\, p,p,q) in C*°(R) with respect to the spectral parameters A and p and the dynamic variables p and
q. This shows that for a given Lax matrix, the associated r-matrix is not uniquely defined. Here, we give
the simplest case: a =b=c=d =0, i.e., the c-AKNS flow has standard r-matrix (6), which is obviously
nondynamic.

An immediate consequence of Eq. (5) is

{L2(N)SL? (1)} = [Fr2(A w), L1(N)] = [Fa1 (1, A), La ()], (7)
where
1 1
Py ) = 3 Ly FOLY () - i (A ) - LY Lh (), ij = 12,21,
k=0 =0

Thus, Eq. (7) leads to

4{Tr L*(N), Tr L (u)} = T{L*(N)FL* (1)} = Tr{LI(N)FL3 (1)} = 0,

which guarantees the involutivity of those integrals of motion obtained in Eq. (2). Therefore, we have

{El‘,Ej}:{H,Ej}:{FS,Ej}:O, i,j:1,2,...,N, 820,1,2,...7

where
N . .
Fo=) XE;=2(Ap,¢)— > ((Mp,p)(Aq,q) — (Mp,q)(A*q,p)). (8)
j=1 J+k=s—1
In addition, Ey, Es, ... , Ex are functionally independent on a certain region of R?"; hence, we obtain the

following theorem.
Theorem 2. The c-AKNS flow given by (3) is completely integrable in the Liouville sense.

Remark 2. Here, the c-AKNS flow is proved to be integrable from the standpoint of the r-matrix
and Lax matrix and not the Lax pair.
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4. The AKNS hierarchy and its involutive solution

This section deals with the AKNS hierarchy of NLEEs. We connect the ZS spectral problem [6] and

the AKNS hierarchy [2] with the finite-dimensional Hamiltonian systems (H) and (Fy), s = 0,1,.... We
start from ZS spectral problem (4), where X is an eigenvalue, y = (y1,y2)" is the corresponding vector

eigenfunction, and v and v are two potentials that either decay at infinity or have periodic boundary
conditions. Then the AKNS hierarchy of NLEEs associated with (4) is derived as follows:

u
< ) =JG,, s=0,1,2,..., (9)
v
ts

where {Gy = J1KG,_ 1}, is the Lenard sequence with G_; = (0,0)T and Gy = (v,u)T, the two
symmetric operators K and J are

2ud~lu 0 —2ud~ v 0 -1
K= . J=2 (10)
0—2v0"tu  —2007 1w 1 0
(0 =0/0x and 99~! = 9719 = 1). A representative equation (s = 2) of (9) is

1
Ut = _iuzz + U2U7 Ve = ivrfc - UQ’U’) t=t. (11)

We consider the Hamilton functions Fy defined by (8). The Poisson bracket {Fs, H} =0,s=0,1,...,
implies that all the canonical Hamiltonian systems (Fy) and (H) are completely integrable in the Liouville
sense. Therefore, their Hamilton flows commute with each other.

Let (p(z,ts),q(x,ts))T be a solution of the consistent canonical Hamilton equations (H) and (Fy),
called the involutive solution [9]. We then have the following theorem.

Theorem 3. Higher-order AKNS equations (9) are satisfied by

U= —<Q(Z‘,ts),Q($,ts)>, U= (p(x,ts),p(x,ts», s=0,1,....

In particular, Eq. (11) is satisfied by the solution

u = _<q(x’t2)aq(x’t2)>v v = <p(x,t2),p(x,t2)>, (12)

where (p(z,t2),q(z,t2))T is the involutive solution of the consistent Hamiltonian systems (H) and (Fy).

Proof. Taking Eq. (3), ¢;, = 0F,/0p, p:, = —0F,/0q, and the key equality

K( <p(x,ts),p(w,ts)>> _ J< <Ap(x,ts),p(x,ts)>>,

_<Q(x7 ts)a q(a:, ts)>

where the operators K and J are defined by (10), into account, we can verify that higher-order AKNS
equations (9) are satisfied by

u:—<q(x,ts),q(x,ts)>, v = (p(x,ts),p(x,tS», s=0,1,....

830



5. Algebraic-geometric solution

In the following procedure, we obtain an explicit expression for Eq. (12), i.e., we derive an algebraic-
geometric solution of AKNS equation (11). For this, we rewrite Lax matrix (1) as

L (AN BY
S\l —Aan )]

where

N N
A()\)=1+Zﬁpj% B()‘):_Z)\
j=1 7 Y j=1 7

j=1 J
We can substitute the following fractional forms for B(X) and C(A):
(0, 9)QB(\) (P, p)Qc(N)
B(\) = —LUxE) \) = BPIYAA)
(A) KO) c) KOy
where
(2, 9)QB(\ Z Ik H (A=),
j=1 k=1,k#j
N N N
.p)QeMN =307 I (A =x)  EN=][0~
J=1  k=1,k#j j=1
Respectively choosing N—1 distinct real zero points uf, ..., u% | and uf,... , u$_; of Qp(N) and Qc(N)
leads to
N-1 N-1
j=1 j=1
N-1
<Aqv q> B
A , 13
g A 13)
Ap, N-1
D) gy -3 (14)
(p,p) =
A% Ag. N-1
<<q>q> 1<<q§>_A2+ Z HjBNka (15)
q,q q, kel g<k
Ap, Ap,
I e R DR (16)
p.p p.p i

where the two constants are

N N
A =>"N, A= > N
j=1

k,j=1,j<k
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Evidently, (13), (14), (15), (16) are equivalent to

Ag,
S b =4y - 00
= (4,9)
oo (Ap, p)
> 0 = 4 ),
Pt (p,p)

(17)

N-1 2 No1 (A2q, )
Al—zui?) 3 (wd)’ :2A2—Af+2<7’,
k=1 k=1 q,Q>

N—1 2 No1
A%p, p)
A — ¢ =24 —A2+2< R
( ' Hk) = (H’“) 2o (p,p)

On one hand, u, = —2(q,q.) = —2(q, 0H/Ip) = —2(Aq, q) — 2ucy(t), where the function ¢o(t) is only
dependent on ¢t. From Eq. (13), we thus obtain

N-1

9 B
92 logu =24; —2 kZ:l ur — 2¢o(t).

On the other hand, us, = —2(q, q¢1,) = —2{q,0F>/0p) = —2(A%q,q). Combined with Eq. (17), this
gives the equality
1

8 N-1 2 —
7 logu = (A1 > uk) =D (1) — 245+ A7,
2 k=1 k=1
We thus obtain

u(@,t) = u(zo, to) exp </ t K

N-1
—|—/ [2A1—22Hk — 2¢o(t > t =19, (18)

k=1

Zuf) Z uk —2A2—|—A2 dt +
=1

where z¢ and ¢y are two fixed initial values. Similarly, v(z,t) has the representation

N-1 N-1

¢
v(z,t) = v(xo,to) exp (—/ {( ch) uk — 245 + A |dt —
to k=1

k=1

N—1

_/ 241 =2 puf — 2co(t )]m), t=ts. (19)
zo k=1

Because Egs. (18) and (19) solve nonlinear soliton equation (11), we only need to calculate the four key

expressions Zé\;l(uf)k, J = B,C and k = 1,2, to obtain their explicit form. For this, we follow the

approach in the case of the Toda lattice equation [10, 11]. For the two sets of Darboux coordinates u}’,

J=B,Candj=1,...,N —1, we then have the key equalities

=2

—1
(u])F = Cp(T ZRes MNdlog©®(A(P)—¢—Ky), J=B,C, k=1,...,N—1,

1 sl_oos

J
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where Cj(T") is a constant [10, 12] only determined by the compact Riemann surface T of genus N — 1,
12 = POVK(N),

002 = (0, =/ P(z71)K(271)|:=0),

= fg) w is the Abel map in which Py is an arbitrarily chosen point on I', w = (w1, ...,wn_1)T

3

N—-1 N—-1 H ()\ A )
~ k;ﬁl k=1 k
w; = T = , d\
: ; . Z N INTZeY
is a normalized holomorphic differential form, and r;; is the normalized factor. The jth component ¢;(z, t)
of the (IN—1)-dimensional vector ¢ is equal to

N-1 2
m(Ql +M+%+a<>+a(m>>
I=1
with the arbitrary constant QY and functions C(t), Ci(z) € C=(R). The vectors Kp and Kc in CVN—1 are
the two Riemann constant vectors respectively associated with the Darboux coordinates uj and ,uc. The
Riemann theta function [13] ©() is defined on the Riemann surface T.

Calculating the residue at oo,, s = 1,2, for k = 1,2 yields

N-—1
> n=C —31 of
j=1
N-1
o el o
_1 _1__1 JoyJ
2 )" = )+ gyloe gy — gy 108 0i0%,

where ©7 = 0(¢ + Kj +1ns), J = B,C, and

Py
7757j=/ wj, s=12,

XOs
is the jth component of the (N —1)-dimensional vector 7.
Substituting the above equalities in (18) and (19) and sorting them, we obtain the explicit solution of

(5)
1=ty \OF -
or [.0? BB g ep\?
><6—2Bexp</to[@log91@2+<b+%log9—23> ]dt , (20)
v(x, t) = v(xg, to)e” W to)=2(0—co)(z=w0) 95

(G
Ct:tg @g

o1

soliton equation (11):
@B

u(, 1) = u(zo, o)t + 20— e=r0)
@2

=T

oY o2 e 0. o9\’
X G—?GXP <‘/to [@IOgGQ @1 + b+8_10g @C dt 5 (21)
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where a = A3 — Co(T') — 245 and b = A; — C1(T') are two constants, cg = co(t) € C*°(R) is a given function
of ¢, and xy and to are the initial values. Therefore, we obtain the following theorem.

Theorem 4. AKNS equations (11) have a pair of explicit solutions (20) and (21) given by the form
of the Riemann theta function, which are called the algebraic-geometric solution.

An analogous calculation process can also yield the algebraic-geometric solution of higher-order AKNS
equations (9). But that is a more complicated case, which we omit here.

6. Conclusion

A motivation for writing this paper originates from our work on finite-dimensional integrable systems
described in [10]. Indeed, with the example of the AKNS equations, we show that a procedure for algebraic-
geometric solutions is successfully extended from finite-dimensional integrable systems to integrable NLEEs
or soliton equations. This procedure can be applied into other NLEEs. Zhou [12] gave the algebraic-
geometric solution of the Jaulent-Miodek equation. Afterwards, Zhang [14] and Du [15] also obtained
the algebraic-geometric solutions of some soliton equations using this method. Of course, there are other
methods for solving soliton equations or NLEEs. Recently, Deift, Its, and Zhou [16] obtained the ©-
function solutions of some NLEEs such as the KdV, MKdV, and nonlinear Schrédinger equation using the
Riemann—Hilbert asymptotic method. All these methods are still under development.
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