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Partial and Complete Linearization of PDEs
Based on Conservation Laws

Thomas Wolf

Abstract. A method based on infinite parameter conservation laws is de-
scribed to factor linear differential operators out of nonlinear partial differen-
tial equations (PDEs) or out of differential consequences of nonlinear PDEs.
This includes a complete linearization to an equivalent linear PDE (system)
if that is possible. Infinite parameter conservation laws can be computed, for
example, with the computer algebra package CONLAW.
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1. Introduction

With the availability of computer algebra programs for the automatic computation
of all conservation laws up to a given differential order of the integrating factors
(as described in [5, 6]) conservation laws have been found that involve arbitrary
functions, i.e. infinitely many parameters. In this paper we show how based on such
conservation laws a linear differential operator can be factored out of a combination
of the original nonlinear partial differential equations (PDEs) and their differential
consequences. Possible outcomes include

e a complete linearization into an equivalent linear system,

e a partial linearization in the sense that a linear differential operator is fac-
tored out, splitting the problem into a linear one plus a nonlinear problem of
lower order and often fewer independent variables (e.g. ordinary differential
equations (ODEs)),

e the derivation of at least one linear equation from a nonlinear system (with
the possibility of deriving further linear equations for the new mixed linear-
nonlinear system).

An advantage of the procedure to be presented is that conservation laws need
not be given explicitly in terms of the arbitrary functions. It is enough to have
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the conservation law determining conditions solved up to the solution of a system
of consistent and necessarily linear PDEs which have arbitrary functions in their
general solution.

The content of the paper is as follows. After comments are made on the
computation of conservation laws in Section 3, the four computational steps of
factoring out linear differential operators are illustrated using the Liouville equa-
tion in Section 4. Sufficient conditions for complete or partial linearizations are
listed in Section 5, followed by a discussion of computational aspects in Section 6.
A generalization involving the introduction of potentials in terms of which a lin-
earization becomes possible is explained in Section 7. In later sections 8 and 9, an
illustration is given of how the method works when nonlinear equations linearize to
inhomogeneous equations or to triangular linear systems. Further examples where
a complete or at least a partial linearization is possible are given in the appendix.

In this contribution we concentrate on computational aspects of the method
and give examples for all of the above scenarios. An extension of the method
discussing complete and partial linearizability through point and contact transfor-
mations will appear in a future publication [1], with numerous new examples and
a comparison with other linearization methods found in the literature.

2. Notation

We follow the notation in [3] and denote the original nonlinear partial differential
equations as 0 = A,, the dependent variables by u®, o, 3 = 1,...,¢ and the
independent variables by z?, i = 1,...,p. In examples dealing with functions u =
u(z,t) or u = u(z,y), partial derivatives are written as subscripts like ug,, =
0%u/(0z0y). If a formula already contains subscripts then 9; will be used for
0/0z. The multi-indices 7,7 denote multiple partial derivatives like u5 which in
our notation include u®. With #.J we denote the differential order, i.e. number of
partial derivatives represented by ;. Total derivatives with respect to =’ will be
denoted as D;. We apply the convention that summation is performed over terms
that involve two identical indices, one subscript and one superscript. For example,
the divergence of a vector field P would be denoted as D; P* (= 3, D;P?). The
procedure to be presented repeatedly uses adjoint differential operators as follows.
For given functions f4(2%), A =1,...,r, let linear differential expressions Hj, be
defined as

H, = agAanA7 k=1,...,s,
with coefficients af , = a ,(2") and summation over A and the multi-index J. The
corresponding adjoint operators H ;, are computed for arbitrary functions G*(x?)
by repeatedly reversing the product rule of differentiation for the sum G¥Hj, to
get

GFHy, = fAH ;. G* + D, P! (2.1)

where

H5.GF = (~1)*79; (a ,G¥) . (2.2)
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and P’ are expressions resulting from integration by parts with respect to 9 in
this computation.

3. Conservation Laws with Arbitrary Functions

Conservation laws can be formulated in different ways (see [6] for four different
approaches to compute conservation laws). The form to be used in this paper is

D;P' = Q“A, (3.1)
where the components P? of the conserved current and the so-called characteristic
functions Q® are differential expressions involving z*, uS. Other forms of conserva-
tion laws can easily be transformed into (3.1). One approach to find conservation
laws for a given system of differential equations 0 = A, is to specify a maximum
differential order m of derivatives u5 on which P?,Q® may depend and then to
solve condition (3.1) identically in 2%, u% for the unknown functions P?, Q“. Due
to the chain rule of differentiation in (3.1) the total derivatives D; introduce extra
derivatives u% with #K = m+1 > m, i.e. derivatives not occurring as variables in
Pt Q. Splitting with respect to these u$- results in an overdetermined and linear
system of PDEs for P? Q*.!

What is important in the context of this paper is that a differential Grobner
basis can be computed algorithmically and from it the dimension of the solution
space can be determined, i.e. how many arbitrary functions of how many vari-
ables the general solution for P?, Q“ depends on. In extending the capability of a
program in solving condition (3.1) by not only computing a differential Grébner
basis (for linear systems) but also integrating exact PDEs (see [8]) and splitting
PDEs with respect to only explicitly occurring 5 (which here act as independent
variables), the situation does not change qualitatively. The result is still either the
explicit general solution or a linear system of unsolved PDEs

0=Cp(z',ug, f4, k=1,...,r, (3.2)

for some functions f4 (27, ug) where this system is a differential Grobner basis and
allows one to determine algorithmically the size of the solution space. The functions
f4 are either the P, Q® themselves or are functions arising when integrating the
conservation law condition (3.1).

If the conservation law condition (3.1) is solved, i.e. P?, Q® are determined in
terms of z*,u9, f# possibly up to the solution of remaining conditions (3.2) then
it is no problem to use a simple division algorithm to determine coefficients L*
satisfying

Q°A, = D;P' + LFCy, (3.3)
identically in 2, u, fj‘. The coefficients L* are necessarily free of fj‘ because (3.1)
is linear and homogeneous in Q®, P? and this property is preserved in solving these

INote that regarding (3.1) as an algebraic system for unknowns Q¢ implies division through
A and does therefore not produce Q¢ which are regular for solutions u® of the original system
A, = 0. For details regarding the ansatz for Q® see [6].
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conditions, so C} are linear and homogeneous in f f as well and LF must therefore
be free of f4. We call relation (3.3) a conservation law identity because it is
satisfied identically in all z°,u% and f4.

4. The Procedure

The individual steps of our method are shown in detail to demonstrate that all
steps are algorithmic and can be performed by computer. The REDUCE package
CoONLAW has the algorithm implemented and performs it whenever a conservation
law computation results in a solution involving arbitrary functions possibly up to
the solution of a linear system (3.2).

Input. Input to the procedure is the conservation law identity (3.3)
Q*A, = D;P' + L*C, (4.1)

including expressions for all its constituents Q%, P*, L*, C}, in terms of x*, u®, f4.

To start the procedure the functions f* have to depend only on the variables
x'. If they depend on u$ then a linearization will necessarily involve a change of
variables. This case is treated in [1].

Step 1. If all functions f4 depend exactly on all p independent variables z* then
proceed to step 2. Step 1 is concerned with the case that not all f4 = f4(a?)
depend on all *. To add the dependence of, say f” on 27, one has to

e compute

7 = (QaAa — DiPi — Lkaf)LfB(q:i);,fB(aji’ajj)

which vanishes modulo 0 = 9; fZ and therefore must have the form
Z=M"9; (f")

with suitable coefficients M7 and summation over the multi-index J,
e compute the adjoint Zj as in (2.1) and (2.2) to bring Z into the form
7= DiP'+ 250,47 (4.2)

e rename P! + P’ — P! and add a new condition C,; = ajfB and multi-
plier L™t = 7% to arrive at a new version of the conservation law identity
Q*A, = D;P" + L*C), where the function fZ depends now on 7.

This process is repeated until all f4 depend on all .

Example 1. We illustrate the steps of the procedure with an investigation of the
Liouville equation

0=A:=uy, —e" (4.3)

Although it is not completely linearizable, we choose this equation because it
involves computations in each of the first three steps.
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For the Liouville equation a conservation law identity involving an arbitrary
function f(x) is given through

(fx+fuw)A:Dw(_feu)+Dy(fqu+fui/2)’ (4.4)

ie. Q= fotfug, P*=—fe*, PY= fou,+fu?/2, Cy = 0. Adding a y-dependence
to f requires to add to the right-hand side of our identity (4.4) the terms

Z = — fuytia — fyu’/2
which in adjoint form (4.2) read
Z = Dy(~ fyuz) + (uaw — uz/2) fy,
giving the new conservation law identity

(fo + fug)A = Dy(—fe" — fyuz) + Dy(frus + fUi/Q) + (g — ui/Q)fu (4.5)

Step 2. As the Q® are linear homogeneous differential expressions for the f4 one
can compute adjoint operators Q%* as in (2.1) and (2.2) by expressing

QAo = fAQY Ay + D; P
After renaming P* — P* — P’ the conservation law identity takes the new form

fAQ% Ay = D P + LFCy,. (4.6)
In the case of the Liouville equation we partially integrate

(fo + fus)A = f(uz — Di)A + Dy(fA)
and get the conservation law identity
f(ua—Da)A = Da(—fe"— fyua—[A) + Dy(fotin+fuz/2) + (toz—1uz/2) fy
= Dy(— fyts— fuay) + Dy(fxuw"'fui/m + (um_ui/Q)fu (4.7)

Step 3. Because the C are linear homogeneous differential expressions in the f4
we can compute the adjoint form of L*C} as in (2.1) and (2.2) by expressing

L*Cy = fAC 5 L* + D, P
After renaming P' 4+ P? — P the conservation law identity takes the new form
FAQY Aw = DiP' + fAC 4 LY. (4.8)
In our example partial integration gives
(tow — u3/2) fy = Dy((uae — u3/2)f) = f(tsa — u3/2)y
and substituted into (4.7) the new conservation law identity
fluz = D2)A = Dy(—fyus — fuzy) + Dy (fotte + fu3/2 + f (e —u3/2))

—f (e — uz/2), (4.9)

after simplification.

Step 4. This step does not involve any computation; it merely completes the con-
structive proof how linearizations are achieved.
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By bringing fAC 1. L¥ to the left-hand side of the conservation law identity
(4.8) we get
FHQY A — Ci LY) = D; P (4.10)
which still is an identity for arbitrary functions u®, f4. Applying the Euler oper-
ator with respect to f4 (for its definition see e.g. [3, 1]) to the left-hand side of
(4.10) gives the coefficient of f# and on the right-hand side gives zero as it is a
divergence,? i.e. we get

YA, =C Lk identically in u® for all A. (4.11)

The vanishing of D; P? on the right-hand side of (4.9) was therefore not accidental.
For the Liouville equation the identity (4.11) takes the form

(ty — D))A = —D,L =0  with (4.12)
L = Upy —u?/2. (4.13)

Integrating at first (4.12) to L = L(x) leaves the Riccati ODE
Upy — u2/2 = L(z) (4.14)

for u, to be solved, for example, through a linearizing transformation u(z,y) =

—2log(v(x, y)).

Output. The results of the procedure are expressions Q4*, C i, and L*. The relation
CiLF =0 (4.15)

is a necessary condition which can be solved by first regarding L* as dependent
variables and then solving

LF = L*(u9) (4.16)
for u® = u®(x%). The system (4.15)—(4.16) is a sufficient condition for the original
system A, = 0 if Q%* is an invertible algebraic operator and it is a complete
linearizing point transformation if (4.16) is purely algebraic in u®.

5. Scope of the Procedure

The degree to which the original system A, = 0 can be linearized depends on
properties of the conservation law identity that has been computed: the number
of functions f# and the number of variables each f4 depends on, the differential
order of derivatives of f4 with respect to 27, u5 in C and in Q. Some properties,
like the size of the solution space of remaining conditions (3.2), are essentially
independent of the extent to which these conditions are solved. Other criteria, like
the number of functions f4 and the number of their arguments, do depend on the

2To prove this statement without Euler operator we could choose the f# to be zero outside some
region R such that an integral over a volume with boundary outside R will vanish using Gauss
law on the right-hand side of identity (4.10) as P? are linear homogeneous in the f*. Because the
f4 are arbitrary inside R the coefficients of the f# on the left-hand side must vanish identically.
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extent to which conditions (3.2) were solved. The strength of the procedure to be
presented is to be able to handle a wide range of situations.

The following is a list of four scenarios, sorted from most special, fully algo-
rithmic (and most beneficial) to most general, not strictly algorithmic (and less
beneficial). We refer to the computational steps described in Section 4 as “the
procedure”.

e If the following criteria are met:

1. the size of the solution space of 0 = A, is equal to the size of the
solution space of 0 = C},

2. the conditions 0 = C}, involve ¢ functions f4 (equal to the number of
functions u® in A,) and all f4 depend on p variables (equal to the
number of variables u® depend on),

3. the functions Q% expressed in terms of f4 involve f4 only algebraically,
i.e. no derivatives of f4, and

4. functions f# do not depend on jet variables u$, i.e. f4 = f4(z?),

then the procedure will algorithmically provide a linearizing point transfor-
mation of the system A, = 0.

Example 2. The Burgers equation in the form

0=A1 = U — Uyy — ULy (5.1)
for a function u(z,t) cannot be linearized but in the potential form
0=Ag:=v; — Vpp — 1)5/2 (5.2)

for v(z,t) a conservation law identity involving a function f(z,t) is given through
fe"?A =D, (2.}"6“/2) + D, (2fxe”/2 - fe”/%x) +2eP(—fr = fra)  (5.3)
and the related linearization is
L = 2¢v/?
e"?A = Ly — Ly, =0.

A proof that every nonlinear PDE (system) that is linearizable through point or
contact transformations can be linearized this way will be given in [1].

e If criteria 1, 2 and 3 are satisfied but not 4 then a linearization is possible but
at the price of a change of variables, which will be a contact transformation if
it is invertible or otherwise it will be a non-invertible transformation depend-
ing on derivatives of u®. Furthermore, in all such cases the transformation
can be derived explicitly from the conservation law identity as will be shown
in [1].

o If criterion 3 is not satisfied then the partially or completely linearized equa-
tions may only be a necessary but not a sufficient condition for A, = 0.

e If criterion 1 is satisfied but not 2 then

— if functions f4 of fewer than p variables occur then one can add extra
variable dependencies through step 1 of the procedure,



298 Wolf

— if more than ¢ functions f# occur in 0 = C}, or functions f* of more
than p variables occur then one has to integrate more of the conditions
0 = C} in order to be able to linearize the original system completely
(a full treatment of this case will be given in [1]).

e If criterion 1 is not satisfied but the solution space of C} involves at least
one arbitrary function of one argument then the method will result in a
differential expression for uG which vanishes modulo 0 = A, and factorizes
into a linear differential operator acting on a nonlinear differential expression.
Typically this leads to a PDE for «® which is lower in differential order than
A, for one of the z*. In Example 1 in Section 4 and Examples 8, 9 and 10 in
the appendix an equation in one less variable results, i.e. an ODE.

The algorithmic beauty of the procedure is that the above wide range of situations
is covered by one and the same 4-step algorithm.

The case that a non-local linearization exists in which the L* depend on inte-
grals of u® is not covered directly as the computer algebra package CONLAW does
not compute non-local conservation laws. On the other hand single conservation
laws (without parametric functions) can be used to introduce potentials such that
the original system re-formulated in these potentials is linearizable. This approach
has been successful in all 6 linearizable evolutionary systems found in [4]. Examples
given in this paper are the system (7.1)—(7.2) in Section 7, the system (9.4)—(9.5)
in Section 9 and the system (10.8)—(10.9) in the appendix.

6. Computational Aspects

Given a nonlinear PDE system 0 = A,, what are possible computational hurdles
to be overcome in oder to find a linearization? The method described in Section 4
is algorithmic and does not pose a problem. The formulation of the conservation
law condition (3.1) and its analysis through computing a differential Grébuner basis
0 = C}, is algorithmic as well and could only become difficult because of a growing
size of equations.

A first computational challenge lies in the fact that for linearizable systems
0 = A, the conservation law condition (3.1) has a general solution involving
arbitrary functions. It is well known that systems of equations with a large solution
space are much harder to solve than systems with only few solutions or no solutions.
To incorporate many solutions, algebraic Gribner bases for algebraic systems have
to be of high degree and differential Grobner bases for differential systems have to
be of sufficiently high differential order. As a consequence, the length of expressions
encountered during the Grébner basis computation is more likely to explode and
exceed available resources.

The second challenge is to integrate a Griobner basis 0 = Cy, sufficiently often
to meet criterion 2 in Section 5. Because the general solution of the conservation
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law conditions involves arbitrary functions, any integrations to be done can only
be integrations of PDEs, not of ODEs.

The package CRACK that is used to compute the examples in this paper
differs from similar other programs (as listed in [2]) in that it has a number of
modules addressing the above problems. For example, the growth of expressions
is lowered by a module for reducing the length of equations by replacing them
through a suitable linear combination of equations as described in [7]. Integrations
are handled by a module that integrates exact PDEs, that is able to introduce
potentials to integrate certain generalizations of exact PDEs and that determines
monomial integrating factors to achieve integration (see [8]). A relatively new
module applies syzygies that result as a by-product of a differential Grobner basis
computation. This module allows to perform integrations more efficiently and to
avoid a temporary explosion of the number of functions of integration generated
in the process (see [9]). A module that integrates underdetermined linear ODEs
with non-constant coefficients is often useful in the last stages of the computation.
A description of the algorithm and its implementation is in preparation.

7. An Example Requiring the Introduction of a Potential

The following example demonstrates that a linearization of a nonlinear equation
or system may only be possible if it is reformulated in terms of potentials which
in turn might be found by studying conservation laws.

Ezxample 3. The system

0=A1 =t — Upp — 20utiy — 2(a + u?)v, — v*u® — bu® — auv® — cu, (7.1)

0= Ay := vy + Vpp + 2uvvy + 2(b + v¥)uy + 1?0 + av® + bou® + v (7.2)

with u = u(x,t), v = v(x,t) and constants a, b, ¢ results as one of the 15 cases of a
class of generalized nonlinear Schrodinger equations [4]. This system itself does not
have conservation laws involving arbitrary functions but it has the zeroth order
conservation law

VA1 + ulgy = Di(uv) + Dy (vpu — ugv + bu? — av2)
which motivates the introduction of a function w(z,t) through

Wy = UV, (7.3)

—wy = VU — ugv + bu? — av?.

The remaining system to be solved for r := u/v and w simplifies if we substitute
1
w=, log z (7.4)

with z = z(x,t). This substitution is not essential for the following but it reduces
the size of the resulting system for r(z,t), z(x, t) and eases memory requirements
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in the computation of conservation laws of the resulting system Ag, Ay:
0=A3:= 2rrtz§ + rizi + 2ar2r$z?g — 2brwz§ +2r% 2, 200
— 7‘22%$ +2ar3 2,200 + 20720 200 + 4c7‘22320,
0=Ay = ryzs +12s — ar’zy + bzy. (7.5)
The program CONLAW finds a conservation law with integrating factors
QS _ 7,,75/223;3/2(]071 + fN)’
Q4 = 7‘75/22;3/2 <_22mr(fzr - fr) - Tmzz(fr + f) + Zrmr(fr - f))

involving two functions f(x,t), f(x,t) that have to satisfy the conditions
0=Cy = —fi+ faa +cf —2afs,
0= 02 = ,}Et + frr + Cf~ - 2bf’£

The conservation law identity takes the form

Q*As +Q*Ay = D,P' + D, P" + L'C, + L*C» (7.6)
with some conserved current (P!, P*) and coefficients L', L? of Oy, Cy
L' =4y/zr, L?=4y/z/r. (7.7)

Derivatives f, fw in Q* can be eliminated by adding total z-derivatives
D, <r*5/2z;3/22z$r(fr — f)A4)

to the left-hand site of the identity (7.6) and to D, P*. The modified form of the
identity (7.6) is

0= 253/27"*5/2 (22$r(fr — f)D$A4 — 2y 2z, (fr — f)A4 + (fr+ f)Ag)
Dy (4/z/r(rf = )
+ D, (2251/27‘73/2(72]“952@7“2 - 2]?952357‘ + szwfr - Tmzr.f

+ 200 fT% + szr + 4zwafr2 + 4zwa7")>
+ L'Cy + L2Cs.

Partial integration of L'C; + L2C» until f, f appear purely algebraically makes
necessarily Pt = P* = 0. Because f, f are free we obtain the identities

0=r %2232 (As + 2r2, Dy Ay — 2rp2,Ay) = LI+ L1 +cL' +2bL2, (7.8)

0=r""2232 (A3 — 272, Dy Ay + 2rp2,Ay) = —L2 + L2, + cL? + 2aL} (7.9)
completing the linearization. For any solution L', L? of (7.8), (7.9), equations (7.7)
provide r, z,,. With z; from (7.5) we get z as a line integral, w from (7.4) and u, v
from r and equation (7.3).

In the following section the effect of our method on PDEs is investigated that
linearize to inhomogeneous equations.



Partial and Complete Linearization of PDEs 301

8. Inhomogeneous Linear DEs

If the general solution of conservation law determining equations involves a number
of free constants or free functions then individual conservation laws are obtained
by setting all but one to zero. The remaining terms are homogeneous in the surviv-
ing constant or function. The question arises whether our conservation law based
method is suitable to find linearizations that lead to linear but inhomogeneous
equations.

Ezample 4. For the (ad hoc constructed) equation
0= A :=2uu; + 2ty + 2u? + 1 (8.1)
the conservation law identity
(fo + FA = Dy (far + fru® + )
+ D, (—fmu2 + 2 fputty — foou® + 2fiuug + f )
+u?(frx — foax — froe + ftt)

involves functions f(z,t), f (z,t) and establishes a conservation law provided f, f
satisty

0= ft,x - frrr - ftrx + f~tt-

Our method gives the linear system

0=D,A = Ly + Lyyz, (8.2)
0=D¢A = Ly + Liga;
L =2

The system (8.2)—(8.3) represents the x and ¢ derivatives of the linear equation
O0=0L;+ Ly +1 (8.4)

which is equivalent to equation (8.1) and is an inhomogeneous linear PDE. Al-
though our linearization method does not quite reach (8.4), it nevertheless pro-
vides L = u? as the new unknown function which makes it easy to get to the
equivalent linear equation (8.4) through a change of dependent variables in (8.1)
or through an integration of (8.2), (8.3).

The way how homogeneous consequences can be derived from an inhomoge-
neous relation is to divide the inhomogeneous relation through the inhomogeneity,
i.e. to make the inhomogeneity equal 1 and then to differentiate with respect to all
independent variables and to obtain a set of linear homogeneous conditions in the
same way as equations (8.2) and (8.3) are consequences of (8.4). The application
in the following section leads to an inhomogeneous linear PDE with non-constant
inhomogeneity.
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9. An Example of a Triangular Linear System

A generalization of complete linearizability of the whole PDE system in one step
is the successive linearization of one equation at a time.

Ezample 5. Assume a triangular system of equations, like the (ad hoc constructed)
system

0=A1:=u, (9-1)
0= Ay 1= VU — UVVzy — V> (9.2)

with one equation (9.1) involving only one function, say v = u(x,t), and this equa-
tion being linear or being linearizable and a second nonlinear equation being linear
or linearizable in another function v = v(z,t). How can the method in Section 4
be used to recognize that such a system can be solved by solving successively only
linear equations?

In determining all conservation laws for this system with unknown functions
v,u and with integrating factors of order zero we get apart from two individ-
ual conservation laws with pairs of integrating factors (Q!, Q%) = (Zz ,—2) and

(a:v2 _ 2z

", ,—0) only one with a free function f(u,z):

qul - th

which indicates the linearity of A; but not the linearity of Ay in v once w(z,t) is
known.

The proper way of applying the method of Section 4 is to compute conser-
vation laws of 0 = As alone which now is regarded as an equation for v(z,t) only.
The function u(x,t) is assumed to be parametric and given. We obtain the identity

2fAg = Dz(fm7“)2 + fqu)Q - 2fum}z) + Dt(fUQ) - T)Q(ft + Ufpr + 2up fo + umcf)
which is a conservation law if f satisfies the linear condition
This provides the linearization
0= 2A2 = Lt — ume
L =2

The reason that now a linearization of Ay is reached is that in the second try wu is
assumed to be known and therefore u, g, ... are not jet-variables and hence the
condition (9.3) has solutions, otherwise not.

Examples where this triangular linearization method is successful are the

systems (17) and (18) in [4]. We demonstrate the method with one of them (system
(17)); the other is similar.

Example 6. The system

0=Aq1 := ut — Ugy — duvuy — duvy — 3vv, — 2u0? — w® — au, (9.4)

0= Ay = vt + vgw + 202Uy + 2uvvy + 2u%0% +0* + av (9.5)



Partial and Complete Linearization of PDEs 303

involves functions u(z,t),v(x,t) and the constant a. The single conservation law
0 = vA; +uly = Di(uv) + Dy (uvy — uzv — u?v? —0?)
motivates the introduction of a function w(z,t) through

Wy = uv, (9.6)

W = UV — UV — uZv? — v, 9.7)

Substitution of u from (9.6) brings equations (9.5) and (9.7) in the form

1
0=A3:=w — (—20,wy + Weev + wiv +v), (9.8)
v

0= A4 = vy + Vpp + 2Warv + 2w2v + av + 0™ (9.9)

This system obeys conservation laws that involve a function f(z,t) that has to
satisfy fi = fzz + af. Our procedure provides the linearization

V(A3 +Ay) = L + L), +al' =0, (9.10)
L' := ve¥.
The second linearized equation can be obtained by

e substituting v = L!/e™ into equations (9.8) and (9.9): to get the remaining
condition

0=As:=w — Wyy — 3w2 + 2w, LL(LY) 1 — (L')3e 3, (9.11)

e assuming that L' has been solved from (9.10) and treating L'(z,t) as a
parametric function when computing conservation laws for equation (9.11)
which turn out to involve two functions that have to satisfy linear PDEs,

e performing the linearization method to find that the remaining equation
(9.11) linearizes with L? = 3 to

e Ay =17 — L2, +2L2LL /L' — 3(1LY)%. (9.12)

Because the condition (9.12) is inhomogeneous for L? due to the term 3(L')3,
actually two homogeneous linear equations are generated which are the z- and
t-derivative of (9.12) divided by 3(L')* (see the previous section about linear
inhomogeneous equations). But as the function L? = €3 results in this process,
it is no problem to find (9.12) from (9.11) directly or from an integration of these
two equations. This completes the linear triangularisation of the original problem
(9.4)-(9.5) to the new system (9.10)—(9.12).

10. Summary

The paper starts with introducing conservation law identities as a natural way to
formulate infinite parameter conservation laws.

Conservation law identities are the input to a four-step procedure that returns
a differential consequence of the original system together with a linear differential
operator that can be factored out.
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Sufficient conditions on the conservation law identity which either guarantee
a complete linearization or at least a partial linearization are discussed.

The possibility to find a non-local linearization arises from the application
of single (finite parameter) conservation laws with the aim to introduce potentials
which satisfy infinite parameter conservation laws and thus allow a linearization.

In examples it is demonstrated how the standard procedure can lead to in-
homogeneous linear PDEs and how a successive linearization of one equation at a
time may be possible when the whole system cannot be linearized at once.

Appendix

In this appendix we list further examples of linearizations and integrations without
giving details of the calculations.

The first example of the Kadomtsev—Petviasvili equation demonstrates what
our method gives when a PDE has p independent variables and the conservation
law involves free functions of less than p — 1 variables. Although the result will be
less useful than in the other examples, we still include it for illustration.

Ezample 7. The Kadomtsev—Petviasvili equation
0=A =y + Uppre + 2Uppu + 2ui — Uyy

for u(t, z,y) has four conservation laws with a zeroth order integrating factor and
an arbitrary function f(t) as given in [6]. We comment on one of these four with an
integrating factor f;y® + 6fxy as the situation for the others is similar. Omitting
the details we only give the result of our method:

L'=y (utwmwy2 + 2ugpuy® + upy® + 2uugy’

—6uUtT — 6ULza® + OUgy — 12uzux + 6u2) ,

L? = —uyy® + 3upy® + 6u,xy — 6uz,
y(6zA —y>D;A) = —Ly — L.

The arbitrary function f(¢) involves only one independent variable ¢ and the con-
servation law 0 = Lj + L7 involves two functions L', L* and has derivatives with
respect to two variables x, y and is therefore not as useful as if it would be a single
total derivative.

The three following equations were shown to the author first by V. Sokolov
[10] who obtained their integrations earlier and independently. We add them here
to demonstrate that these results can be obtained in a straight forward procedure.

Ezample 8. For the equation
0=A=uyy —e"u2 —4, u=uzy) (10.1)

a conservation law with an arbitrary function f(z) enables to factor out D, leaving
an ODE to solve

A ~Ugy +u — 4 B
(uy — D) (\/u% _4) =D, ( T ) =0. (10.2)
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Another conservation law with an arbitrary function g(y) gives

e 1, 1
<uy e = Dy> A=D, (—uyy + U+ 2&”) = 0. (10.3)

Ll

Example 9. For the equation

1 1
OZA::uw<

+
Uu—r uU—Yy

) Uglly, u=u(z,y) (10.4)

a conservation law with an arbitrary function f(z) similarly to the above example
provides

o e ()=, (e Y o0

A second conservation law is obtained from an arbitrary function g¢(y) and is
equivalent to (10.5) after swapping = < y.

Example 10. For the equation

2
0=A:=1uz — U\/ugguy, u=u(z,y) (10.6)

r +

a conservation law with an arbitrary function f(z) gives

(miy) (jm N @) A+ Dy (ﬁ,@) =Dy (;flz + i\iu;) —0. (10.7)

A second conservation law is obtained from an arbitrary function g¢(y) and is
equivalent to (10.7) after swapping = < y.

The final example shows a linearization of a system that resulted in classifying
nonlinear Schrodinger type systems in [4].

Ezxample 11. The system
0=A1 1= U — Upy — 20Uy — 2uvy — 2uv? —u? —au — bv — ¢, (10.8)
0= Ao := v + Vgy + 200, + Uy (10.9)

involves functions u(z,t),v(z,t) and the constants a, b, c. The trivial conservation
law

0= Ay = D(v) + Dyp(vy +u+v?)
motivates the introduction of a function w(z,t) through
Wy =, (10.10)
—wy = vy +u+ v (10.11)
Substitution of w, v from (10.10) and (10.11) brings equation (10.8) in the form
I 611)mw2 — Wy @

2 2
0=A3 = wy + W, — W@ — Wepry — WapaWy — W5

4 2
—w, —wya+ wyb+ c.
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This equation admits a conservation law identity
feAs = Di[(e”)ef — e fi — e fa]
+ Dy [~ (€")azaf + (€")axfz — (€")zfrw + € foza
~ (@e")of +ac” £, + be" f
+e" [fu + afi = fewze — afea — bfs + cf].
From this follows the linearization

eYA3 = Ly — Lya — Lyggy — Lypa + Lpb+ Le =0,
L =¢".
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