arXiv:hep-th/0301213 v2 30 Sep 2003

UT-02-56
hep-th/0301213
January, 2003

Noncommutative Burgers Equation

Masashi Hamanaka! and Kouichi Toda?

LInstitute of Physics, University of Tokyo, Komaba,
Meguro-ku, Tokyo 153-8902, Japan

2Department of Mathematical Physics, Toyama Prefectural University,
Toyama, 939-0398, Japan

Abstract

We present a noncommutative version of the Burgers equation which possesses the
Lax representation and discuss the integrability in detail. We find a noncommutative
version of the Cole-Hopf transformation and succeed in the linearization of it. The lin-
earized equation is the (noncommutative) diffusion equation and exactly solved. We also
discuss the properties of some exact solutions. The result shows that the noncommutative
Burgers equation is completely integrable even though it contains infinite number of time
derivatives. Furthermore, we derive the noncommutative Burgers equation from the non-
commutative (anti-)self-dual Yang-Mills equation by reduction, which is an evidence for
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1 Introduction

The extension of ordinary integrable systems to noncommutative (NC) spaces has been
studied intensively for the last several years [I]-[24]. In the recent developments of NC
field theories, various new physical aspects of gauge theories were revealed [25] and several
long-standing problems in real physics were solved.

NC field theories can be described as deformed theories from commutative ones. In
terms of gauge theories, the deformation is essentially unique because it corresponds to
the presence of the background magnetic fields [25]. Among them, NC (anti-)self-dual
Yang-Mills equations are integrable and important [26]. The first breakthrough was the
great work [27] of Atiyah-Drinfeld-Hitchin-Manin construction [28] of NC U(1) instantons.

On the other hand, in the lower-dimensional theories, there are many typical integrable
equations such as the Korteweg-de Vries (KdV) equation [29]. These equations contain
no gauge field and the NC extension of them perhaps might have no physical picture.
Furthermore, the NC extension of (141)-dimensional equations introduces infinite number
of time derivatives and it becomes very hard to define the integrability.

Nevertheless, NC versions of them have been proposed in various contexts. They
actually possess some integrable properties, such as the existence of infinite number of
conserved quantities [T, [3]. Furthermore, a few of them can be derived from NC (anti-
)self-dual Yang-Mills equations by suitable reductions [7]. This fact may give some phys-
ical meanings to the lower-dimensional NC field equations. Now it is time to investigate
various aspects of them more in detail in order to confirm whether the NC field equations
presented are really integrable or not.

For this purpose, the Burgers equation [30] would be the best example. On the com-
mutative space-time, it can be derived from the Navier-Stokes equation and describes real
phenomena, such as the turbulence and shock waves. In this point, the Burgers equa-
tion draws much attention amongst many integrable equations. Furthermore, it can be
linearized by the Cole-Hopf transformation [31I]. The linearized equation is the diffusion
equation and can be solved by Fourier transformation for given boundary conditions. This
shows that the Burgers equation is completely integrable. The Burgers equation actually
sat in the central position at the early stage of integrable systems and have given much
influence on the subsequent studies. For example, the Hirota’s bilinear transformation
[32], which is a simple generalization of the Cole-Hopf transformation, plays a crucial
role in the construction of the exact multi-soliton solution of various soliton equations.
Therefore if the NC Burgers equation is linearizable and integrable even on the NC space-
time, it would be the first example of completely integrable NC equations and has much
significance for further studies on the topics.



In this article, we present NC versions of the Burgers equation and the Burgers hi-
erarchy which possess the Lax representations. We prove that the NC Burgers equation
is linearizable by a NC version of the Cole-Hopf transformation. This shows that the
NC Burgers equation is really integrable even though the NC Burgers equation contains
infinite number of time derivatives in the nonlinear term. The linearized equation is the
(NC) diffusion equation of first order with respect to time and the initial value problem
is well-defined. The NC Lax representation is derived from the compatibility condition
of NC versions of linear systems. Hence the integrability of the NC Burgers equation
with the Lax representation could relate to some symmetry and the existence of the NC
Burgers hierarchy might suggest a hidden infinite-dimensional symmetry which is consid-
ered as a deformed symmetry from commutative one. We also obtain the exact solutions
which actually reflect the effects of the NC deformation. Finally we derive the NC Burg-
ers equation from both NC (anti-)self-dual Yang-Mills equation and the framework of NC
extension of Sato theory. This would be the first step to the confirmation of NC Ward
conjecture and the completion of NC Sato theory. We also discuss general properties of
integrability in NC field theories mainly in section 3 and 6.

Note added: After submitting the present article and our paper [20], we were aware of
the paper [33] by L. Martina and O. K. Pashaev on arXiv e-print server, which contains

some overlaps with ours.

2 Review of Noncommutative Field Theories

NC spaces are defined by the noncommutativity of the coordinates:
(2", 2] = 6", (2.1)

where 0% are real constants and called the NC parameters. This relation looks like the
canonical commutation relation in quantum mechanics and leads to “space-space uncer-
tainty relation.” Hence the singularity which exists on commutative spaces could resolve
on NC spaces. This is one of the prominent features of NC field theories and yields various
new physical objects.

NC field theories have the following two equivalent descriptions:

e the star-product formalism
e the operator formalism

These are connected one-to-one by the Weyl transformation, which is briefly summarized
in Appendix A. In the present article, we mainly use the star-product formalism.



The star-product formalism

The star-product is defined for ordinary fields on commutative spaces. For Euclidean

spaces, it is explicitly given by

i NG 2! , y
frgl@) = exp (50900 ) flal)g(a”)

= f@)g(®) + 5070:f (2)9;g(x) + O(F°), (2.2)
where 01-(:0,) := 0/02" and so on. This explicit representation is known as the Moyal

product [34].

The star-product has associativity: fx (g xh) = (f * g) x h, and returns back to the
ordinary product in the commutative limit: ¥ — 0. The modification of the product
makes the ordinary spatial coordinate “noncommutative,” that is, [2%, 27], := 2° % 27 —
2wt =Y.

NC field theories are given by the exchange of ordinary products in the commutative
field theories for the star-products and realized as deformed theories from the commutative
ones. In this context, they are often called the NC-deformed theories.

We note that the fields themselves take c-number values as usual and the differentiation
and the integration for them are well-defined as usual. A nontrivial point is that NC field
equations contain infinite number of derivatives in general. Hence the integrability of the

equations are not so trivial as commutative cases.

The operator formalism

In order to make some comments on the integrability of NC field equations later,
let us introduce another formalism, the operator formalism, which is equivalent to the
star-product formalism.

This time, we start with the noncommutativity of the spatial coordinates (1) and
define NC gauge theory considering the coordinates as operators. From now on, we write
the hats on the fields in order to emphasize that they are operators. For simplicity, we
treat NC plane with the coordinates &', 2% which satisfy [2', 2% = i6, 6 > 0.

Defining new variables a, a' as
a=—=2%, a = —=%, (2.3)

where 2 = 2! +i2?, Z = 2! — i2?, we get the Heisenberg’s commutation relation:

[a,a'] = 1. (2.4)



Hence the spatial coordinates can be considered as the operators acting on Fock space 'H
which is spanned by the occupation number basis |n) := {(&T)“/W} |0}, a|0) = 0:

H = 2,Cln). (2.5)

Fields on the space depend on the spatial coordinates and are also the operators acting
on the Fock space H. They are represented by the occupation number basis as

o0

F=Y funlm)(n (2.6)

mn:

If the fields have rotational symmetry on the plane, that is, the fields commute with the
number operator 7 := a'a ~ (1)? 4 (2?)?, they become diagonal:

F=3 fumin 27
The derivation is defined as follows:
O.f =105, = [=i(67")iyd, f1, (2.8)
which satisfies the Leibniz rule and the desired relation:
O;a? = [—i(0~Y)pa®, 27 = 6,7, (2.9)

The operator d; is called the derivative operator. Hence we can define “differential equa-
tions” which are realized as recursion relations for the matrix element f,,,.

The integration can also be defined as the trace of the Fock space H:
/ drldz? f(3',3%) = 270Tvnf. (2.10)

Hence the solutions for “differential equations” are also well-defined.

3 Comments on Integrability of Noncommutative Field
Equations

Before NC extension of the Burgers equation, let us discuss what is the definition of
integrability of NC field equations.

Even on commutative spaces, it is hard to define what is integrability of field equations.
(See e.g. [35].) There are various definitions for it according to situations. Typical
definitions are as follows. Field equations are called integrable if they possess, for example,
the linearizability, the Lax representation, the existence of infinite number of conserved
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quantities, the bi-Hamiltonian structure, the exact multi-soliton solutions, the Painlevé
properties, the presence of algebraic geometry, and so on. (See e.g. [36, B7]) Among them,
the linearizability is the best definition because the linearized equation can be solved by
Fourier transformation for arbitrary given initial conditions.

On NC spaces, it becomes harder to define what is integrability of field equations. In
this case, there are two situations which should be discussed separately:

e space-space noncommutativity

e space-time noncommutativity

In the former, the situation is just the same as the ordinary commutative case because
NC field theories can be considered as just deformed theories. The fields are c-number
valued functions (or infinite-side matrices in the operator formalism) and the derivation
and the integration is well-defined as usual. The notions of time evolutions, Hamiltonian
structures, action-angle variables and inverse scattering methods are also well-defined.
Hence the above definitions for commutative field equations are also reasonable for those
NC equations with space-space noncommutativities.

In the latter, however, the situation changes drastically. The obstruction arises in
the notion of time evolution in nonlinear equations. For simplicity, let us consider the
(1 + 1)-dimensional NC space-time whose coordinates and noncommutativity are (x,t)
and [t,x] = if, respectively. The noncommutativity introduces infinite number of time

derivatives in nonlinear terms as

frglt,x) = 3Ol =002 f(t! al)g (", 2"

t=t=t (3.1)

where 0; = 0/0t and so on. Hence the notion of time evolution becomes vague and the
infinite number of derivatives of time might lead to acausal structure into the theories.
The initial value problem also seems to be hard to define. Therefore it becomes seriously
hard to discuss the integrability. In this case, only one possible definition of integrability
is the linearizability because linearized equations contain neither nonlinear term nor the
star-product.

The Burgers equation is defined on (14 1)-dimensional space-time and the NC exten-
sion belongs to the latter case. Hence it is worth studying whether it is linearizable and
how the initial value problem is solved.

4 Noncommutative Burgers Equation

In order to do it, we first present some NC version of the Burgers equation on (1 + 1)-

dimensional noncommutative space-time with the noncommutativity: [t,z] = 6. In this



section, we construct a NC version of the Burgers equation which possesses the Lax
representation.

A given NC differential equation is said to have the Lax representation if there exists
a suitable pair of operators (L, T') so that the following equation (the Laz equation)

(L, T+, =0 (4.1)

is equivalent to the given NC differential equation. Here the star-product does not affect
the derivative operator, for example, 0; x 9, = 9,0,. The pair of operators (L,T) and the
equation (] are called the Laz pair and the NC' Laz equation, respectively.

The NC Lax equation () is derived from the compatible condition of the following
NC version of the linear system

Lxvp = M, (4.2)
O B
o TTxU =0, (4.3)

where the eigenvalue \ is a constant. On commutative spaces, Eq. ([3) is an evolution
equation and the existence of the Lax representation () suggests the compatibility
of the linear systems. On NC spaces, however, the RHS of the equations (3] could
contain infinite number of derivatives of some variables and the geometrical meaning
might be vague. Therefore at this stage, the integrability of the Lax equation is not
trivial. In the next section, we will see a NC Burgers equation is actually linearizable,
which suggests the NC deformation would have good properties. Furthermore, we would
like to comment that the NC (anti-)self-dual Yang-Mills equation is integrable and derived
from the compatibility of linear systems with spectral parameters. (e.g. [A0])

Now let us construct the NC Burgers equation with the Lax representation by the
Laz-pair generating technique [38]. The technique is a method to find a corresponding
T-operator for a given L-operator and based on the following ansatz for the T-operator

T=08'L"+T (4.4)

Then the problem reduces to that for the T"-operator and becomes enough easy to solve
in many cases including NC cases [16], 20].

Let us apply this technique to the NC extension of the Burgers equation. The L-
operator of the Burgers equation is given by

LBurgors = am + U(t, Jf) (45)
The ansatz for the T-operator is now taken as

TBurgers - aacLBurgers + T]éurgorsa (46)
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which is the case for n = 1 in the general ansatz ([4]). The ansatz for n = 2,3,... gives
rise to the Burgers hierarchy, which is discussed in section 4.
Then the NC Lax equation becomes

[0 + u, T} = Uy Oy + Uy + Uy * U, (4.7)

urgers] *

where u, := Ou/Jx and so on. Here the term u,0, in the RHS of Eq. (1) is troublesome
because the Lax equation should be a differential equation without bare derivatives 0;.
Hence we have to delete this term to find an appropriate T’-operator so that the bare
derivative term in the LHS of Eq. () should be canceled out.In order to do this, we
can take the T"-operator as the following form:

Tléurgcrs = Aaﬂv + Ba (48)

where A and B are polynomials of u, u,, us, etc. Then the Lax equation becomes f0,+¢g =

0 and the condition f = 0 determines some part of A, B and finally a differential equation

g = 0 is expected to be the Burgers equation which possesses the Lax representation.
The condition f =0 is

Ap + [u, Ay = uy. (4.9)
The solution is A = w.> Then the differential equation g = 0 becomes
B, + [u, Bly = uy 4+ u * uy + Uy * u. (4.10)

Taking the dimensions of the variables into account, that is, [z] = —1,[u] = 1, [t] = -2,
hence, [B] = 2, we can take the unknown B as!

B = au, + bu?, (4.11)

where a and b are constants.’
Finally we get the NC version of the Burgers equation with parameters:

U — gy + (1 +a—buz xu+ (1 —a—buxu, =0, (4.12)

whose Lax pair is
LBurgors = (% + u,
{ TBurgcrs = 8% + 2u8m + (a —+ 1>um + bu?. (413)

3Exactly speaking, the general solution is A = u 4+ « where « is a constant. However this constant
can be absorbed by the scale transformation u — u+ /(2 — 23). In this article, we omit such constants.

4Here we don’t consider fractional terms such as ., * u~! and so on. This constraint corresponds to
By := (L?),>0 in the framework of Sato theory. (cf. section 9.)

5We note that u* u = u2.




In the commutative limit, it reduces to
Up — QUgy + 2(1 — D)uu, = 0. (4.14)

We note that the nonlinear term uu, in the Burgers equation should be extended not
as symmetric forms but as Eq. [I2) so that the NC Burgers equation should possess
the Lax representation.

This parameter family is a general form with Lax representation. Of course, some
parameters can be absorbed by a scale transformation.

However, on NC spaces, it is not clear whether the Lax representation has good prop-
erties or not in the integrable sense. In the next section, let us seek for the condition on
the constants that the Burgers equations should be linearizable.

5 Noncommutative Cole-Hopf Transformation

In commutative case, it is well known that the Burgers equation is linearized by the
Cole-Hopf transformation

1 1y,
— 28, logp = =22, 5.1
u=_Ology = (5.1)
Taking the transformation for the Burgers equation ([EETZ), we get"
b—1Y\ 2
wt = a¢xw - <CL - B ) % (52)

Hence we can see that only when ac = b — 1, the Burgers equation reduces to the linear
equation 1, = a,,.” The linearizable Burgers equation becomes

Up — QlUpy — 2acutty = 0. (5.3)

We note that the scale transformations ¢t — (1/a)t and u — (1/c)u absorb the constants

a and ¢ in Egs. (&) and (B3), respectively.
This transformation (&) still works well in NC case. Then we have to treat the

inverse of ¢ carefully. There are typically two possibilities to define the NC version of the

6Here we can set the constant C(t) zero in Eq. ([£3) after the linearization without loss of generality
because it can be absorbed by the scale transformation 1) — v exp {:l: J e t"dt }

"Without loss of generality, we can take a > 0. Then the linear equation is just the diffusion equation
or the heat equation where a shows the coefficient of viscosity.



Cole-Hopf transformation:®

1
(i) wu=—txyp (5.4)
c
1
(i) wu= ;w—l * 1y (5.5)
In the case (i), we can see that when a +b = 1,¢c = —1,% the NC Burgers equation

reduces to the equation: (9, — 1, x1¥ 1) % (¢y — atb,,) = 0. Hence the solutions of the NC
diffusion equation'®

wt = a¢:c:c> (56)

give rise to the exact solutions of the NC Burgers equation via the NC Cole-Hopf trans-
formation (B4). The naive solution of the NC diffusion equation (BH) is

N
Yt m) =1+ he™iw e =14 Zh e kIO gokittkia (5.7)
i=1
where h;, k; are complex constants. The final form in (B7) shows that the naive solution
on commutative space is deformed by 270 que to the noncommutativity. This reduces
to the N-shock wave solution in fluid dynamics. Hence we call it the NC' N-shock wave
solution. The explicit representation in terms of u is hard to obtain because the derivation
of 771 is non-trivial. However we can discuss the asymptotic behaviors at t — fo00. The
effect of the NC deformation is easily seen. In fact , exact solutions for N = 1,2 are
obtained by L. Martina and O. Pashaev [33] and nontrivial effects of the NC-deformation
are actually reported.

If we want to know more general solutions, it would be appropriate to take the Fourier
transformation under some boundary conditions. The calculation is the same as the
commutative case. The initial value problem is also well-defined, that is, the initial
condition u(t = 0,z) = —tb, Y~ ‘ _is an appropriate one.

Let us comment on multl—sohton solutions with no scattering process. Defining 2 :
x4 vtz := x — vt, we easily see

f(2)xg(2) = f(2)9(2) (5.8)
8There would be other candidates, such as u = =% % 1, * »~? where a + § = 1. However they do
not seem to lead to linear equations because 0;9~% = —1~* x ;1% x »~% makes it complicated.

9Here we omit the possibility: @ = 0,b = 1 because the NC Burgers equation [@IJ) becomes trivial
in this case.
0Here we can also put a > 0 as in commutative case.



because the star-product ([BJl) is rewritten in terms of (z, z) as
iv@(az—/azu—az/agu)f( , i (59)

2//

f(z,2)xg(z,2) =e 2, 292", 2")

z
2/

ESTIENY

This situation is realized when all k; are the same: k; = ky = --- = ky = k(=: v/a)
including one-soliton solutions. The NC one shock-wave solution [33] is essentially the
same as the commutative one because of the above observation. In fact, their one shock-
wave solution is reduced to our solution (B) by putting k1 = 0 in [33]. The condition
k1 = 0 is taken without loss of generality and then the effect of NC-deformation disappears.

We note that the solution ¢! of the diffusion equation (E8) do not yield all solutions
of the NC Burgers equation because the NC Cole-Hopf transformation (B.4]) is a one-way
map. However the transformation ¢ — g, *x1°°! gives rise to the solution of the directly
transformed equation (9, — ¥, x ') * (¢y — at)y,) = 0 from the NC Burgers equation,
where g, is the so-called NC transition operator which satisfies 9,9, = (¥, *x"')*gy. The
existence of g, would be guaranteed [25] and in principle we can construct all solutions
of the NC Burgers equation via the inverse of the NC Cole-Hopf transformation.

In the case (ii), the same discussion leads us to the similar conclusion that when
a—0b= —1,¢c = 1, the solutions of the NC diffusion equation (B8) yields the exact
solutions of the NC Burgers equation via the NC Cole-Hopf transformation (&1).

The region where the NC Burgers equation ({LI2) can be linearized is shown in Fig. [

b
c=1

4N

Figure 1: The region where the NC Burgers equation can be linearized

It is interesting that the condition on a,b is equivalent to that each part of two co-
efficients of u, x v and u * u, in the NC Burgers equation ({IZ) vanishes. The result is

summarized in Table 1.

HHere we also omit the possibility: a = 0,b = 1 for the same reason as in the case (i).
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Table 1: The Linearizable NC Burgers Equation
‘ ‘ NC Cole-Hopf transformation ‘ NC Burgers Equation
(1) U= —1, xp" Up — QlUgy + 20Uy xu = 0
(i) u=1"tx1, Up — Qg — 200U * Uy = 0

This is formally consistent with the condition that the matrix Burgers equation should
be integrable [, which would be reasonable because the variable u in the NC deformed
Burgers equation can be rewritten as the infinite-size matrix by the Weyl transformation.
Of course, the notions of time evolution are different.

In the commutative limit, the linearizable NC Burgers equation reduces to commuta-
tive one (B3) with ¢ = +1.

6 Conserved Quantities of the Noncommutative Burg-
ers Equation

Here we would like to comment on conserved quantities of NC Burgers equation. The
discussion is basically the same as commutative case because both the differentiation and
the integration are the same as commutative ones in the Moyal representation.

Let us suppose the conservation law

dJ(t,x) OK(t,x)

= 1
ot Ox (6.1)
then the conserved quantity is given by an integral
Q) = / © (¢, 2)d. (6.2)
The proof is straightforward:
dQ 0 [~ = oJ(tx), e OK(t,x) ,
%—E/_ooj(t,x)dx—/_ooiat da:—/_ooiax dxr =0, (6.3)

unless the integrand K (¢, x) vanishes or is periodic at spatial infinity. The convergence
of the integral is also expected because the star-product naively reduces to the ordinary
product at spatial infinity due to: 9, ~ O(z™1).

On commutative spaces, the existence of infinite number of conserved quantities would
lead to infinite-dimensional hidden symmetry from Noether’s theorem. In Liouville sense,
the existence is necessary condition for complete integrability unlike dynamical systems
with finite-dimensional degree of freedom.

On NC spaces, this is also true and the existence of infinite number of conserved quan-
tities would be meaningful. Many NC field equations with infinite number of conserved
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quantities have been found by the bi-complex method [I}, 2, 13]. The bi-complex method
also seems to be applicable to the NC Burgers equation. However this time, it is not so
trivial whether Noether’s theorem is valid or not.

7 Reduction from the Noncommutative (Anti-)Self-
Dual Yang-Mills Equation

On commutative spaces, there is a famous conjecture, Ward conjecture [39]. The state-
ment is that almost all lower-dimensional integrable equations can be derived from (anti-
)self-dual Yang-Mills equation by reductions. This conjecture is almost confirmed now
0]

It is very interesting to study whether this conjecture still holds on NC spaces or not.
In this section, we show that the NC Burgers equation could be derived from a NC (anti-
)self-dual Yang-Mills equation by reduction, which is one example of NC Ward conjecture
[20).

Let us consider the following NC (anti-)self-dual Yang-Mills equation with G = U(1)
(Eq. (3.1.2) in [E0]):

awAz - azAAw + [Awa Az]* - 0, aszZ - aZAzb + [Azfn AZ]* - 07
azAZ - 3214,3 + aﬁ)Aw - 8111141?1 + [A27 Az]* + [va AlD]* = 0 (71)

where (z, 2, w,w) and A, 3,5 denote the coordinates of the original (2 + 2)-dimensional
space and the gauge fields, respectively. We note that the commutator part should remain
though the gauge group is U(1) because the elements of the gauge group could be operators
and the gauge group could be considered to be non-abelian: U(oo). This commutator
part actually plays an important role as usual in NC theories.

Now let us take the simple dimensional reduction 0; = 03 = 0 and put the following
constraints:

A;=A3 =0, A, =u, A,=au,+ (1->bu’ (7.2)
Then the NC (anti-)self-dual Yang-Mills equation ([Z]) reduces to
Uy — AUy, + (T +a—bu, xu+ (1 —a—bluxu, =0. (7.3)

This is just the NC Burgers equation ([L12) with w = ¢, 2 = x. We note that without
the commutator part [A,, A,],, the nonlinear term should be symmetric: (u, xu+uxu,),
which cannot lead to the Lax representation as is commented below Eq. (EIZ). This
shows that the special feature in NC gauge theories plays a crucial role. Therefore the
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NC Burgers equation is expected to have some non-trivial property special to NC spaces
such as the existence of U(1) instantons.
Essentially the same argument is presented in [33] from a different viewpoint.

8 Noncommutative Hierarchy Equations

Now let us look for the Lax representations of the NC Burgers equation with the higher-
dimensional time evolution by the Lax-pair generating technique:

[LBurgcr57 Thn + atn]* = 07 (81)

where the dimensions are given by [t,] = —n, [Tnn] = n and the noncommutativity
could be introduced as [t,,z] = i0,. The Lax representations (BIl) is derived from the
compatible conditions of the NC linear systems:

LBurgers * ’QD = )\wa (82)
0
8—:ﬁi + Totnn ¢ = 0. (8:3)

This time, Eq. (83)) is not an evolution equation. However as the previous discussion,
some geometrical meaning would be expected. Then, the existence of infinite number
of hierarchy equations would suggest infinite-dimensional hidden symmetry which is ex-
pected to be deformed symmetry from commutative one.

Now let us take the other ansatz for the operator Lpyrgers = O + u as

T(n+1)th—h = a;ULLBurgers + T(/n—l—l)th-h‘ (84)

Then the unknown part is reduced to 7, ), which is determined so that Eq. (&) is
a differential equation. The results are as follows.

e For n = 1, the NC Lax equation gives the (second-order) NC Burgers equation

ET2).
e For n = 2, the NC Lax equation gives the third-order NC Burgers equation.
The Lax pair is given by

LBurgers - ax + U(t, [L'), T3rd—h = aiLBurgers + Térd_ha (85)
where
OiLBurgers = O + u0? + 2u, 0y + Ugy. (8.6)
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Substituting this ansatz into the NC Lax equation, we can take more explicit form

on T4 4 as
Than = A0; + BI, +C, (8.7)

where A, B and C' are polynomials of u, u,, u;, etc. In the similar way to the n =1
case, the unknown polynomials satisfy the following differential equations

Ay + [u, Al — 2u, =0,
By + [u, Bly — 2A x uy — Ugy — 2up xu = 0,
Cp+ [u, 0y — Axtpy — B *uy — ty — 2u> — Uy xu =0, (8.8)

and the solutions are:

A=2u, B=u,+3u?
C = QUgy + by * u+ cu * uy + du?, (8.9)

where the coefficients a, b, ¢ and d are constants.

Then the last equation of (BS) yields the third-order NC Burgers equation with

parameters:

Uy — QUgzy + (14 @ — D) Ugy x U+ (2 — @ — C)U* Uyy + (3 — b — c)u>
+(b— d)ugxu* + (c —b—d)urugxu+ (3 —c—d)u*xu, =0, (8.10)

whose Lax pair is

LBurgers = aﬂc +u, (8 11)
Tsan = 02+ 3ud? + 3(up + u?)0y + (@ + 1)Uge + by x u + cux uy + dudy™

The parameter family of this equation formally coincides with four integrable equa-
tions given in Theorem 3.6 in [41], that is, two type of the third-order NC Burgers
equations and two type of NC modified KdV equations up to scale transformations:

— the third-order NC Burgers equation: (a = —1,b=c=d =0)
Uy + Ugge + UK Uy + 3u2 + 3u? % u, = 0. (8.12)
— the third-order (conjugated) NC Burgers equation: (a = —1,b=c¢=3,d =0)

Uy + Ugze — Slge * U — 3U2 + 3uy x u® = 0. (8.13)
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— NC modified KdV equation via NC Miura map from NC KdV equation [2]:
(a=-1,b=0,c=d=3)

Uy + Ugzy — Uy % u? — 3u® * u, = 0. (8.14)

Our result gives the Lax representation of the Miura-mapped NC KdV equa-
tion.

— NC modified KdV equation: (a = —1,¢=0,b=d = 3)
U + Upgy + 3[U, Ugy]s — 6U* Uy xu = 0. (8.15)

This has another Lax representation:

{ L = 02 + 2ud,,

T = 405 + 1202 + 6(u? + uy)d,. (8.16)

Let us comment on the linearizability. This time, the linearizable condition by the
NC version of Cole-Hopf transformation leads to the restricted situation a = 0,b =
1,¢ = 2,d = 1 where the third-order NC Burgers equation (&I) becomes trivial.
The result shows that the linearizable condition is too strict for the third-order NC
Burgers equation (8I0) due to the nonlinear effect.

For n = 3, the NC Lax equation gives the fourth-order NC Burgers equation.

The Lax pair is given by
LBurgers = 890 + U(t, [L’), T4th—h = a;Z’LBurgers + Tzith—h' (817)

Substituting this ansatz into the Lax equation (El), we can take more explicit form
on Ty 1 as

Tyny = AO2 + BO? + CO, + D, (8.18)

where A, B,C' and D are polynomials of u,u,,u;, etc and are determined in the
similar way to the cases for n = 1,2 as differential equations

A = 3u, B =3u,+6u’
C = Uy, + duy *u+ Sux uy + 4u?,
D = augpy +btgy x U + ctt % Uyy + dui

tFeuy * U+ fuxug xu+ gu® * uy + hut, (8.19)
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where the coefficients a, b, ..., h are constants. Then we can get the fourth-order
NC Burgers equation with parameters:

Up — QUggzr + (1 4+ @ — D) Ugge x U+ (3 — @ — C)U * Ugyy

+(4—b— d)ugy x Uy + (6 — ¢ — d) Uy * Ugy

_|_

b—€)tpe xu? + (c—b— fluxu, xu+ (6 —c— g)u* * Uy

_|_

2

+

e — Rh)uz*xud + (f —e — h)uxug *u

+

(4
(
(d—e—flulxu+(4—e—guprxuxu, + (8—d—f—gluxu?
(
(

g—f—h)u*xuyxu+ (4 —g—h)ud*u, =0. (8.20)

In this way, we can generate the higher-order NC Burgers equations. The ansatz for
the (n + 1)-th order is more explicitly given by

n!
T(n+1 -th — 0 L + T(n+1 th — (9"+1 ‘l— Z m(ak 0" k ‘l— ZA a" l (821)
o 1=0

where A; are homogeneous polynomials of u, u,, u,, and so on, whose degrees are [A;] =
[ + 1. These unknown polynomials are determined one by one as Ay = nu and so on.

9 Sato’s Approach to the Noncommutative Hierar-
chy

In this final section, we present NC versions of the Burgers equation and the Burgers hier-
archy in the framework of the Sato theory 2] by using the pseudo-differential operator.
We look for the Lax representation of the NC Burgers hierarchy.

Let us introduce the following Lax operator as a pseudo-differential operator:

L =0, +uj+us0, " +uz0,” +ugd% + -+, (9.1)
where the infinite number of fields w,, (m = 1,2, ...) depend on infinite number of
variables (t1,ts,t3, ...). The action of the operator 07 on a multiplicity function f(z) is

given by
ay - f:= Z( ) flon! (9.2)
>0

where the binomial coefficient is defined as

(3)= " =
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We note that the definition can be extended to the negative powers of d,.The examples
are,

a:;lf = fagl_fxa;2+fxxa;3_a
a:c_g'f = fa;?’_?’fwa:c_ﬁt_'_e’fmax_s_”'v

where 9! in the RHS acts as an integration operator [*dz. For more on foundation of
the pseudo-differential operators and the Sato theory, see e.g. [43], 44l A5).
The noncommutativity for them can be introduced arbitrarily. Thus we do not fix the
noncommutativity here. At the end of the present section, we comment on this point.
The Lax representation for the NC Burgers hierarchy in Sato’s framework is given by

[04,, — Bm, L], =0, (9.4)
where B,, is given here by
Bm = (L koo ok L)Zl =: (L )*21. (95)
m times

The suffix “> 1”7 represents the positive power part of L™. A few concrete examples are

as follows:
Bl = a:c)
By = 0%+ 2u10,,
By = O+ 3u0% + 3(ug + ui + (u1),)0s. (9.6)

The replacement of the products of fields in the commutator with the star products
means the NC extension. In this approach, the geometrical meaning of the Lax repre-
sentation is also vague. However we can expect that the Lax equations actually contain
integrable equations as in the previous sections.

Now let us discuss the existence of the NC Burgers hierarchy. The NC Burgers hier-
archy could be derived by putting the following constraint for the Lax equations (.4

L =5 (:: LBurgers)a (97)
which implies
u, =0, k=234, .... (9.8)

This means that the Lax equations (4] can be represented in terms of one kind of field
u; = u, which guarantees the existence of the hierarchy. Now we can see that the Lax
equation (@A) just gives a differential equation.

The hierarchy equations are as follows:
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e For m = 1, the Lax equation (@4 reduces to u;, = u,, which means t; = z.

e For m = 2, the Lax equation (@) becomes the second order NC Burgers equation

ou
Oty
This is just one of the linearizable NC Burgers equation with ¢, = t. (See Table 1.)

= [Ba, LBurgers)x = [0 + 2u0y, Oy + U]y = Upy + 20 * 1. (9.9)

e For m = 3, the Lax equation (@4 is the third order NC Burgers equation

ou
8—153 - [B?n LBurgers]*

= [0% 4302 + 3(u® + uy)Oy, O + ul,

= Ugge + 3U* Ugy + 3U + 3u® * u,. (9.10)

This just coincides with the third order NC Burgers equation (812).

e For m = 4, the Lax equation ([@4) is the fourth order NC Burgers equation

0

% (02 4+ 4ud? + 6(u® + uyp) 02 + 4(u® + Uy * U + 2 * Uy ) Dy, Oy + Ul
4

Ugzgr + AU * Upgy + gy * Uy + OUy * Ugy

H6U? % Uy + dUugunty + Su K uZ + du® x u,. (9.11)

In this way, we can obtain infinite number of NC hierarchy equations which possess
the Lax representations with no parameter. The results for m = 2, 3 suggest that this ap-
proach gives rise to integrable equations directly. The relationship between this approach
and the Lax-pair generating technique is B, = (Tnn)>1. Hence the Lax-pair generating

technique would yield wider class of integrable equations than Sato’s approach such as
the modified KdV equations (BI4) and (BTIH).

Let us comment how to introduce the noncommutativity of infinite-dimensional pa-
rameter spaces: [t;,t;] = i6”. A natural one is 6'2 # 0,03 #£0,...,6*" 12" £ 0,... and
otherwise = 0. However the noncommutativity #?"~1?" =£ 0 introduces infinite number
of derivatives with respect to to,_1,t2,. If we respect the notion of time evolutions, it is
reasonable to take the special possibility: 62 # 0 and otherwise = 0. Then problematic
directions are t; and t,-directions only. However, we know that the NC Burgers equation
is actually integrable and the integrability is guaranteed in t;, to-direction. In the other
directions, time evolution is well-defined and the hierarchy equations can be considered
as infinite-side matrix evolution equations because of & = 327 _o Umn(t3, 14, .. .)|m)(n].
Then the situation belongs to infinite-dimensional version of matrix Sato theory and var-
ious discussions would be possible. This time, the results in [4I] are applicable to the
present discussion and the third order NC Burgers equation is proved to be integrable.
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10 Conclusion and Discussion

In this article, we gave NC versions of the Burgers equation and the Burgers hierarchy
which possess the Lax representations. We proved that the NC Burgers equation is
linearizable by the NC versions of the Cole-Hopf transformations (B4) and (BH). The
linearized equation is the (NC) diffusion equation of first order with respect to time and
the initial value problem is well-defined. We obtained the exact solutions of the linearized
equation and discussed the effects of the NC deformation. Furthermore, we rederived the
NC Burgers equation from both NC (anti-)self-dual Yang-Mills equation, which would be
an evidence of NC Ward conjecture. Finally we showed the NC Burgers hierarchy in the
frameworks of the Lax-pair generating technique and the Sato theory, which would lead
to the completion of NC Sato theory.

The results show that the NC Burgers equation is completely integrable even though
the NC Burgers equation contains infinite number of time derivatives in the nonlinear
term. The linearized equation is the (NC) diffusion equation of first order with respect
to time and the initial value problem is well-defined. This is a surprising discovery and a
good news for the study of NC extension of integrable equations. There would be many
further directions such as NC extension of the Hirota’s bilinear method which is a simple
generalization of the Cole-Hopf transformation. The existence of NC hierarchies for other
integrable equations have been already proved in [I6, 46]. Hence if we succeed in the bi-
linearization, the NC Sato theory must be constructed. Then we can discuss the structure
of the solution spaces and the symmetry underlying the integrability. The discretization
of the NC Burgers equation is also considerably interesting in recent developments of
integrable systems.'? The further study is worth investigating.
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A Equivalence between the star-product formalism
and the operator formalism

The two formalisms of NC field theories, the star-product formalism and the operator
formalism are equivalent and connected by the Weyl transformation. The Weyl transfor-
mation transforms the field f(z!, 2?) in the star-product formalism into the infinite-size
matrix f(&!, %) as

o 1 ~ o .
FG3% = g [ bk Flh ke 75, (A1)

where

Flhr ko) = / do'da? f(at,2?)eite +haa) (A.2)

This map is the composite of twice Fourier transformations replacing the commutative

1

coordinates ', 22 in the exponential with the NC coordinates #', #? in the inverse trans-

formation:

fat, 2?)
- / |
fky, ko) Weyl transformation
N !

A~

f(@t 22).

The Weyl transformation preserves the product:
frxg=1-4 (A.3)

The inverse transformation of the Weyl transformation is given directly by

fla!, 2?) = / dky e (! + % f(@t,a%)a" - %). (A.4)

The transformation also maps the derivation and the integration one-to-one . Hence the
field equation and the solution are also transformed one-to-one. The correspondences are
the following (See e.g. [4]]):
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The star-product formalism| <« Weyl transformation — lThe operator formalisml

ordinary functions [field] infinite-size matrices
f(a',a?) f@a%) = 32 funlm)(nl
m,n=0
star-products [product] multiplications of matrices
(fx(g*h) = (f*g)*h) (associativity) (f(gh) = (f@)h (trivial))
2", 29], =69 [noncommutativity]| (2%, 27] = i0%
Oif [derivation] O;f == [—i(07Y)i;a7, f)
%/A_/
=: 0; '
(especially, ol =67 ) (especially, 017 = 6,7 )
/d:pldxz f(zt, 2?) [integration] 20Ty f (21, 22)
n! o

(2r2/9) 7 eilmen)e

m!
7"2

2(—1)" L (212 0)e~ "7

[matrix element] |n)(m|

=

where (7, ) is the usual polar coordinate (r = {(z')? + (2%)?}?) and L2(z) is the Laguerre

polynomial:

o) = (%) (), (A5)
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