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The Davey-Stewartson I equation is a nonlinear evolution equation originally derived in the context of
multidimensional, weakly nonlinear water waves. It has recently been exactly solved by the classical
inverse-scattering method for localized potentials, and also possesses nonlocal soliton solutions. We have
calculated Poisson-bracket relations for elements of the scattering matrix, as well as corresponding quan-
tum commutation relations. Commutation relations are found that are a (2+1)-dimensional generaliza-

tion of a Yang-Baxter algebra.

PACS numbers: 03.70.+k, 03.65.—w, 11.10.Lm

Exactly solvable systems have played a significant role
in our understanding of nonperturbative phenomena in
physics. Many quantum field theories in 1+1 dimensions
have been found to be integrable, allowing the calcula-
tion of exact S matrices and physical spectra. The Ising
model and other exactly solvable models of two-
dimensional statistical mechanics have helped to provide
a basis for modern scaling theory. Moreover, some of
the more interesting mathematics occurring in quantum
string theories, including loop spaces and Kac-Moody-
Virasoro algebras, also appears in integrable systems.

Associated with every known integrable quantum sys-
tem in two dimensions (or equivalently one space+one
time dimension) is a solution of the so-called Yang-
Baxter (YB) equations,!*? and the existence of a corre-
sponding ““Yang-Baxter algebra.” The YB equations
arise in various contexts, and have come to be regarded
as the criterion for exact quantum integrability.

It is certainly of interest to extend the study of quan-
tum integrability to more dimensions. Progress was
made in this direction when Zamolodchikov considered
the scattering of “straight strings” in a plane, and wrote
down a 3D generalization of the YB equations, called the
tetrahedron equations, as well as a conjectured solution.?
Baxter was able to verify this solution and to calculate
exactly the free energy of an equivalent classical statisti-

cal mechanical model.* However, the physical interpre-
tation of the Zamolodchikov-Baxter solution is some-
what problematic, and the tetrahedron equations are so
complex that little progress has been made in finding
other solutions.

An alternative approach to the search for new quan-
tum integrable systems in more dimensions is to exploit
our knowledge of existing integrable classical systems.
There now exist a number of nonlinear evolution equa-
tions in 2+1 dimensions [(2+1)D] which are solvable’
by the classical inverse-scattering transform (CIST).®
According to our experience in (1+1)D, each of these
classical systems should have a corresponding quantum
analog which is exactly integrable. In this Letter we
consider the quantum analog of such a classical system,
known as Davey-Stewartson.

The Davey-Stewartson (DS)’ equation is a nonlinear
partial differential equation in (2+1)D, originally for-
mulated as a model to describe the evolution of multidi-
mensional, weakly nonlinear water waves. Depending on
the choice of the parameters in the equation, it admits
two types of soliton solutions, localized lumplike solitons
and nonlocalized straight-line-like solitons. Classically,
the asymptotic scattering of the lump solitons is trivial,
but the line solitons experience a nontrivial phase shift.
For our purposes DS is an obvious choice because it is
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one of the simplest of the known more-dimensional in-  with r==xg¢* (¢* denoting the complex conjugate of
tegrable classical systems. It reduces in the (1+1)D lim- g). This time-evolution equation for g can be generated
it to the well-known nonlinear Schrodinger (NLS) sys- by a nonlocal Hamiltonian (which will depend on the
tem, whose quantum version, the §-function gas model,® choice made for 4, and A4,) via the Hamiltonian formu-
or quantum NLS model,’ is one of the best understood lation of classical mechanics, where g and r are the con-
of the quantum integrable systems. jugate variables.

We have calculated various classical Poisson-bracket As is the case for all nonlinear partial differential
relations between elements of the scattering matrix of equations solvable by the CIST, (1) appears as the com-
the underlying linear problem for DS I, enabling us to patibility condition for two underlying linear equations,
identify explicitly the classical action-angle variables. ) o
We have also calculated certain corresponding quantum 5—w=18— v+ Qy, (3a)
commutation relations and find them to be a (2+1)D 5 Y 5

eneralization of a Yang-Baxter algebra. o 9
y We first discuss the classical case. We will be con- ot e AW+1Q W-HJG 2V (3b)
cerned with the hyperbolic version of the DS equation, a where
nonlinear partial differential equation for a complex-
valued function ¢ =¢q(x,y,1), 0 q] p [1 0 ] w
0= s I=1o =1
.0 1| 92 92 ro 0 —1
1'5;1=~—2- 8x2+é)y gtid\q—iqA,, (1)
where A 7i(ax— %)
A= —%i(rx—ry) As ’ (5)
8 _ =—i|98 L9 (gr)
dx 8 . 2 |ox 9y v’ and y=y(x,y,t) is a 2% 2 solution matrix.
2) The first of these equations, (3a), can be viewed sim-
9 9 il o ) ply as a linear scattering problem in which g plays the
F 3y A= 3y (rq), role of the potential. (3a), for suitable choice of bound-
ary conditions, can be rewritten as a system of linear in-
| tegral solutions,
71y &k 0) =8gexpl2i(er +)0581+ [ [ e G- 010E)wE kD], 6)

where & =x+y and & =x —y with £ denoting the coordinate pair (£;,&,), x =xg +ix; is a complex parameter, X is a
real parameter, the indices i,j can each take on values 1 or 2 (where we use the notation 1=2 and 2=1), and all in-
tegrations are over infinite space. Also, for convenience of notation we use

v (€0, 1) =y (& k1, 1) expli (kg +1) 2,2,

and we shall suppress the argument, ¢.
We choose the Green’s function

G,ﬁ(é,x)=Gf(§,r€,-,-)=fil—exp[2i(r€§+l)1,-§,-][9(51+§2)9(—J,-l)—9(—§1—52)9(J,-l)], )
with £;; =K +m,,, x,J =x;+JiJ; (kg — )1, and K,j =k;. GL(£,x) is obtained by taking the appropriate limit of the

Green’s function of the more general D-bar problem. '°
We also will find it useful to define a solution, £, of an adjoint linear problem,

-~ 2 -~
Cu (&, Rin ") =owexpl =20 RE +a0n&d + [ [de' 3 818 kA0 0 (EDGH(E =& R, (8)
=1

Of fundamental interest in both the classical and the quantum problem is the “scattering matrix” or the ‘“‘scattering
data” of (6), which we define to be

Ty’ = f [ dgexpl—20GE+1) 76110 7 k)], ©)

For certain choices of the parameters «, A, and A’, T can be shown to have a very simple time dependence, and is thus
used in the CIST to “reconstruct” the potential g (x,y,¢) at arbitrary times, for appropriately given initial conditions.
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We can calculate Poisson-bracket relations between elements of T, where we define canonical Poisson brackets

ogh=i [ [z JL_@___@LAL]. 10

8q(&) 8r(&)  8r(e) &q(&)
We find, by use of the linear integral equations, (6) and (8), that

2 - _
{Tus (e, A", Tholr,u, ' =3 ffdé§aa(é,r?aﬁ,l')u'/a-ﬂ(é,K,X)C,a(é,155,/1')l[/aa(é,r,u). an

a=1
The solution ¥ and its adjoint ¢ satisfy

2
9
kz=:1 95k

This identity can be used to rewrite the integrand appearing in (11) as

Cik (&, Kijd g (€, 7,u) =O0.

{Tap (e, A 0"), Tys(t, 1)

2 - =t
= Z fdéa fdétil O(Ja(ga _5;))§aa (éaaiﬁ,’eaﬂ7}',)'l7aﬁ(§t’1’éﬁvK’}")C‘/a(étlhéa’fa&’#’)V‘}a5(éa’éasr’ﬂ)
a=1 o=
2 - -
+ 3 Jo f dea o E Rup A s E 7 00) Ja: o A |, (12)

a=1 J;§;=°°

In order to evaluate (12) it is necessary to find asymptotic expressions for ¥ and {. However, these can be found
easily by our using (6) and (8) and noting that it is possible to write G~ in the two alternative forms (7b) or (7¢).
Then

- lirr}r v (E,6,0) =68 expli(kg +A)Jié ] £ f—;fr o( 1Jkl)exp[Zi(f;§+l)Jk§k]Tkj(x,?»,l), (13)
P oS
and
 lim ;',-k(g,fk,-,x')=5ikexp[—2i(,e,§+x')1k5k]xf—;’t T (i, 1O+ T Dexpl = 20 (RR+ D&, (14)
r— t oo

Inserting (13) and (14) into (12), we arrive at an expression for {Tas(x,A,1"), T,s(z,u,u')} purely in terms of Ts.

Instead of writing down a lengthy expression, which contains terms up to quartic in 7, we instead give results in two
interesting limiting cases. First, letting A =A'=u =u"'=0 and T(x,0,0)=T%(x), we recover the scattering data of the
hyperbolic limit of the D-bar problem, and, making use of an identity easily derived from (6), find Poisson-bracket rela-
tions

{T{] (K),T{‘l (T)} = {T]Lz(K‘),Tle(‘C)} = {T%] (K),T%) (T)} =0, (lSa)
(T (), T5H N =Qr)25(kg + 18 — 11 — 1108 (k) — 11), (15b)

(Th (), Th ()} = L +276(xg — tRIO(, — 1) | Th (1), (15¢)

KR — flz—'if

as well as a number of other similar relations.
Alternatively, we can take the limit k;— + o0, kg— + o0, T(k,A,A')— T1(6,0'), where 0=xkr+1, ' =xr+L' are
kept finite. In this way, we recover the scattering data associated with a solution to (3a),

pit (€,0)=y,;(&,0)expl —2i0J,&;+i6%J;t],
analytic in the upper-half 6 plane, which is used in the Riemann-Hilbert approach to CIST. We find

’ ' — [ 1 d ! 1
{S5(6,0'),8,5 (6,0} =+ 5,5 (6,0')845(6,0") (Up—J,) —5‘,,Jafm&; (p+0,0)8,5(6—0,0")
+aﬂ51ﬂf—2;£7)s,; (6,0'—)S5(0,0'+0),  (16)

where we have defined
S1(0,0")=27J5(6—06')+T*(8,0').
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Similarly, the limit xk;— —oo, kg— + o gives us the
scattering data associated with a solution analytic in the
lower-half plane.

From the Poisson-bracket relations for the elements of
TL, given by (15), one can see that T1,(x) and T4 (£2)
are related to the original conjugate variables, ¢ and r,
by a canonical transformation. Furthermore, T4 (x)
and T4 (x) are action variables of the theory, and it can
be shown by use of the appropriate limit of the D-bar
formalism that they can both be expanded in powers of
1/xg, generating two infinite sets of constants of the
motion, including as members the total momentum and
energy Hamiltonian of the system. Thus the nonlinear
evolution equation, (1) and (2), is exactly integrable,
with proper boundary conditions (D bar).

The results, (16), for the Riemann-Hilbert formula-
tion of the inverse problem have a very different form
and reduce in the (14+1)D limit to well-known classical
relations of the YB type. This leads us to search for
analogous quantum commutation relations. We have
been able, in fact, to calculate such relations for an
operator version of DS I with ordering taken to be as it
appears in (1)-(3). (Note that we do not treat the
normal-ordered case.) If we replace the canonical
Poisson-bracket relations for g and r by their correspond-
ing canonical equal-time commutation relations, we can
modify our calculation slightly, now taking care to
preserve correct operator ordering throughout, and
derive commutation relations for elements of S* (or
similarly for S 7). We find generalized Yang-Baxter
commutation relations for S, given by (16), with
{S*,5*} replaced by [S*,S*] on the left-hand side of
the equation.

In the quantum case, as well as the classical case, it is
not obvious how to identify the generators of conserved
quantities in terms of 7% and T~. However, T* and
T ~ are related to T via integral equations, and the ar-
gument used in the D-bar approach to show that T{, and
T%, are time independent and can be expanded in powers
of 1/kg can also be made for the operator version of the
problem.

Quantum NLS is a (14+1)D nonrelativistic theory for
complex scalar bosons with a four-field interaction, or
equivalently, rewritten in first-quantized form, it de-
scribes a system of bosons interacting via a two-body 8-

2828

function potential. The exact energy spectrum can be
calculated by use of Bethe’s Ansatz, and this fact is inti-
mately connected to the existence of a corresponding YB
algebra.’ In a sense, quantum NLS serves as a para-
digm for other integrable quantum field theories in
(1+1)D, such as the Thirring model. We believe that
the same will be true for its (2+1)D generalization,
Davey-Stewartson, and that the generalized YB relations
will be useful in developing a generalization of Bethe’s
Ansatz to extract the physical energy spectrum of such
models, and also exact .S matrices.

This work was partially supported by the National
Science Foundation under Grants No. DMS-8507658
and No. DMS-8202117, the Office of Naval Research
under Grant No. N00014-76-C-0867, and the Air Force
Office of Scientific Research under Grant No. AFOSR-
84-0005. One of us (C.L.S.) would like to thank H. H.
Chen for his hospitality at the Laboratory for Plasma
and Fusion Energy Studies, University of Maryland,
where part of the work was completed.

IC. N. Yang, Phys. Rev. Lett. 19, 1312 (1967).

2R. Baxter, Ann. Phys. (N.Y.) 70, 193 (1972).

3A. B. Zamolodchikov, Commun. Math. Phys. 79, 489
(1981).

4R. J. Baxter, Commun. Math. Phys. 88, 185 (1983), and
Phys. Rev. Lett. 53, 1795 (1984).

5See A. S. Fokas and M. J. Ablowitz, in Nonlinear Phenom-
ena, edited by K. B. Wolf, Lecture Notes in Physics Vol. 189
(Springer-Verlag, Berlin, 1983), and references therein.

6V. E. Zakharov and A. B. Shabat, Zh. Eksp. Teor. Fiz. 61,
118 (1971) [Sov. Phys. JETP 34, 62 (1972)]; M. J. Ablowitz,
D. J. Kaup, A. C. Newell, and H. Segur, Phys. Rev. Lett. 30,
1262 (1973), and 31, 125 (1973).

7A. Davey and K. Stewartson, Proc. Roy. Soc. London A338,
101 (1974); M. J. Ablowitz and H. Segur, Solitons and the In-
verse Scattering Transform, SIAM Studies in Applied
Mathematics No. 4 (SIAM, Philadelphia, PA, 1981).

8E. H. Lieb and W. Liniger, Phys. Rev. 130, 1605 (1963).

9See L. D. Faddeev, Sov. Sci. Rev. Sect. C 1, 107 (1980);
H. B. Thacker, Rev. Mod. Phys. 53, 253 (1981), and refer-
ences therein.

10A. 1. Nachman and M. J. Ablowitz, Stud. Appl. Math. 71,
251 (1984).



