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Abstract

In this thesis, we discuss systematic methods of finding conservation laws for
systems of partial differential equations (PDEs). We first review the direct
method of finding conservation laws. In order to use the direct method, one
first seeks a set of conservation law multipliers so that a linear combination
of the PDEs with the multipliers will yield a divergence expression. Once a
set of conservation law multipliers is determined, one proceeds to find the
fluxes of the conservation law.

As the solution to the problem of finding conservation law multipliers is
well-understood, in this thesis we focus on constructing the fluxes assuming
the knowledge of a set of conservation law multipliers. First, we derive a
new method called the flux equation method and show that, in general,
fluxes can be found by at most computing a line integral. We show that
the homotopy integral formula is a special case of the line integral formula
obtained from the flux equations. We also show how the line integral formula
can be simplified in the presence of a point symmetry of the PDE system
and of the set of conservation law multipliers. By examples, we illustrate
that the flux equation method can derive fluxes which would be otherwise
difficult to find. We also review existing known methods of finding fluxes
and make comparison with the flux equation method.
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Chapter 1

Introduction

A conservation law of a system of partial differential equations (PDEs) is a
divergence expression which vanishes on solutions of the PDE system. The
origin of conservation laws stems from physical principles such as conserva-
tion of mass, momentum and energy. Furthermore, conservation laws have
applications in the study of PDEs such as in showing existence and unique-
ness of solutions for hyperbolic systems of conservation laws [1], and as well
as in developing numerical methods such as finite element methods [2, 3].
Naturally, two questions that one might ask are:

1) How does one find conservation laws for a given PDE system?
2) And if so, can one find conservation laws systematically?

Traditionally, conservation laws were derived from rather ad-hoc approaches.
Although there is a well-known systematic method of finding conservation
laws for variational PDEs due to Noether [4], the applicability of Noether’s
method is limited by the fact that there are many interesting PDE systems
which are not variational as written. To tackle the above two questions at
once, a systematic approach of finding conservation laws, called the direct
method, has been developed recently [5-7]. There are two main steps to the
direct method:

1) Determine a set of conservation law multipliers so that a linear combina-
tion of the PDEs with the conservation law multipliers yields a divergence
exTPTession.

2) Having determined a set of conservation law multipliers, find the cor-
responding fluzes to obtain the conservation law.

It is known that conservation law multipliers can be found using the method
of Euler operator. In this thesis, our focus is on tackling the general prob-
lem of finding fluxes once a set of conservation law multipliers has been
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determined. In Chapter 2, we present the background on conservation law
multipliers and their equivalence classes. Then, we will highlight the inti-
mate connection of conservation law multipliers and conservation laws of a
given PDE system.

In Chapter 3, we present a new method called the flux equation method.
From the flux equations, the key result is that, in general, fluxes can be found
by at most computing a line integral. Various examples will illustrate the
computational efficiency and simplicity of using the flux equation method to
derive conservation laws. We also show how the line integral formula can be
simplified in the presence of a point symmetry of the PDE system and a set
of conservation law multipliers. By examples, we will use the flux equation
method to derive conservation laws which are otherwise difficult to find with
existing known methods.

In Chapter 4, we review known methods of finding fluxes and make com-
parison with the flux equation method. We will discuss general methods of
constructing fluxes such as the matching method and the homotopy integral
formula, as well as more specialized methods such as Noether’s Theorem
and the method of a non-critical scaling symmetry. In particular, we will
show that the homotopy integral formula is in fact a special case of the line
integral formula obtained from the flux equations.



Chapter 2

Conservation Laws and
Conservation Law
Multipliers

This chapter introduces the background material on conservation laws for
PDEs. In general, there are many conservation laws for a given PDE sys-
tem such as trivial conservation laws. Since trivial conservation laws do not
give new information specifically about a PDE system, it is natural to con-
sider conservation laws up to equivalence in a manner to be made precise
later. The central objects in the study of conservation laws are the sets of
conservation law multipliers. The key property of sets of conservation law
multipliers is that their existence implies the existence of conservation laws.
Conversely, it turns out for non-degenerate PDE systems, every conservation
law up to equivalence must arise from a set of conservation law multipliers.
In general, the correspondence between sets of conservation law multipliers
and equivalent conservation laws can be many-to-one. However, if a PDE
system admits a Cauchy-Kolvalevskaya form and the sets of conservation
law multipliers satisfy some mild conditions, then there is a one-to-one cor-
respondence between each set of conservation law multipliers and each set
of equivalent conservation laws.

2.1 Conservation Laws

Before defining conservation laws for PDEs, we first introduce some notation.
Let R = {R°(x,u,0u,...,0%u) = 0})_, be a system of N PDEs defined
on a domain! D C R™ with at most k-th order partial derivatives of u(x) =
(u(x),...,u™(x)) with respect to x = (z*,...,2").
Using standard notations, we denote C*(D) as the family of functions
which are continuously differentiable in D up to the k-th order. We call
functions belonging to the family C'*°(D) smooth functions.

"We will always refer to a domain as a connected open subset of R™.
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To avoid confusion that may arise, we use u(z) = (u!(z),...,u"(z)) ex-
clusively to denote a solution of the PDE system R with C¥ (D) components
By equality of mixed partial derivatives, for any V(x) = (Vi(x),...,V™(x))
with C*(D) components and a fixed r = 0, ..., k, there are (n+r ) dlfferent
r-th order partial derivatives of V?(z) for each component p = 1,...,m.
Hence for each r =0, ..., k, we define the Euclidean space U, ~ Rm(nﬂ )

labelled by U = (U*,. .., Um) and its prolongation. The concept of prolon-
gation is best explained by an example. Let n =2, m =2 and U = V(z,v)
with C?(D) components. Then at each (z,y) € D, we have the following
points:

vt u*) = (v, v2)|(x ) € Uo = R?,
U, U, U2, U2) = (Vi V,, V2, v2)|(x ) €U ~ R*,
1 g7l g7l 772 772 72 1 11 171 172 172 12 6
(Um,ny,Uyy,Um,ny,Uy ) = (Vm,ny,Vyy,Vm,ny,Vyy)‘( W) € Uy ~ R°.
We denote all the Euclidean spaces Uy, . .. ,Uj, by the k-th prolonged space?
Uk = Uy X - -+ XUy, and we denote the k-th prolongation of a point U € Uy
by the point U®) € ¢Y*). For example, if n = 2, m = 2, and U = V(z,y)
with C?(D) components, then U (2) is the point in the second prolonged
space U?) given by
U@ — (Vl V2, Vl Vl V2 V2 v vl oyl op2 o2 VQ){( cuU® ~R12.

v Vax Yoy Yyy Yoz Yoy Vyy/l(zy)

Note that since each U, has m(”“ 1) many components, %) has in total
n+k
mZT:O (”+r 1) = m(”zk) components; i.e. YK) ~ RrR™("EY).

For con\;enience, we often use square brackets [z, U] to denote the de-
pendences for functions defined on D x U¥). For example, given a function
f:DxU® - R, we use f[z, U] to denote the value of f evaluated at z € D
and U®) € Y®): ie. f(x,U®) and f[z,U] mean the same expression. For
example, the expressions of the PDEs of R can be denoted as R?|[x, U] for
each ¢ = 1,...,m. In particular, R?[z, U] vanishes for all ¢ = 1,...,m on
any C*(D) solution U = u(x) of the PDE system R.

As usual, a function f : DxU®*) — R is continuous at (z, U*)) € Dxy*)
if f is continuous at both z € D and U® e y® ~ R, Similarly,
f:DxU® = Ris differentiable at (z, U*)) € DxU®) if f is differentiable

at both z € D and U® e y*) ~ Rm(nM) For example, the function

2The k-th prolonged space U™ defined here is a simplified version of the k-th order jet
space. For details, see [8] for generalizations.
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flz, U] = /(Uy)? + (Uy)? is differentiable (in fact smooth) everywhere on
D and U\ {0}.

We also use the repeated index summation convention throughout unless
otherwise specified.

Definition 2.1.1. Let D' x V*®) be an open connected subset of D x UK).
A local conservation law of the PDE system R is a divergence expression
which vanishes on solutions u(x) of the PDE system R defined on D’ X V&)
more precisely, there exists smooth functions {® : D' x V) — R}, such
that for any x € D' and any C*(D') solution u(z) € V¥,

D;®'[z, U|U =0. (2.1)

(z)

A global conservation law is a local conservation law which holds on DxU®) ;
i.e. D' x V¥ can be extended to all of D x U,

The expressions {®' : D’ x V*) — R}?:l are called flures and D; denotes
the total derivative with respect to 2 which is a differential operator acting
on smooth functions defined on D x U*) given by,

D; = 3xz+z J+i UP’

where we have used the multi-indez notation for the capital index J and 7.

Definition 2.1.2. A multi-index J = (j1,...,Jn) is a vector with n compo-
nents of nonnegative integers, where |J| = " | j; denotes the length of J.

For example, points in %) can be efficiently labelled by using the multi-
index notation; i.e. if U = V() with C/I(D) components, then we denote
for each component p=1,...,m,

ajl a]n
[ -
S Qi Qadn (@),

where we define U = U” if J is the null multi-index 0 = (0,...,0). The
multi-index notation is also useful when we need to take multiple total
derivatives at once. For example, we denote

Dy=Dy---Dy Dy Dy---Dy--D,.
—_— N Y

Jitimes Jotimes Jntimes
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On occasions, we use ¢ to denote the multi-index which has a one in the -th
component and zeros in all other components.

In general, two multi-indices I, J can be added and subtracted component-
wise provided that each component remains nonnegative. For example, if
U = V(z) with C!’I*1(D) components, we denote

on HIitl Hin
P = e p
Ui = g it pain ¥ @).
Example 2.1.3. Let R[(t,z',...,2"),u(t,z', ..., 2")] = ug—> 1 Ugizi = 0
be the heat equation in n spatial dimensions with D = [0,00) x R"™.

Defining ®*[(t,z!,...,2"),U] = U and ®![(t,z',...,2"),U] = —U,: for all
i=1,...,n, one can see that these fluxes yield a global conservation law

D®'[(t, 2, ... 2™), U] + D;®[(t, 2, ..., 2"), U]

U=u(t,xt,...,z™)
= (Ut > U“>
=1

Example 2.1.4. Let R[(t,z),u(t,z)] = w + uuy + gz = 0 be the gen-
eralized Korteweg-de Vries (KdV) equation in one spatial dimension with
D =1[0,00) xR and ¢ > —2.

=0.

U=u(t,xl,...,.z™)

Letting ®'[(t,z), U] = & and &*[(t,),U] = L5

yield a global conservation law

2
+UUgz — %, these fluxes

Dy®'[(t, ), U] + D, ®*[(t, ), U] S = U(Ut + UUs + Usea) |y — (1)

=0.

Example 2.1.5. Let R[(t,x),u(t,z)] = uy — (*(u)uz), = 0 be a nonlinear
wave equation with smooth wave speed c(u) in one spatial dimension with
D =[0,00) x R.

Defining ®¢[(¢,z),U] = xtU; — 2U and ®*[(t,x),U] = —xtc*(U)U,

+t [ v c2(p)dp, one can verify these fluxes yield a global conservation law

Dy®[(t,x),U] + D ®"[(t, ), U] ) xt(Utt—(cQ(U)Ux)m)\U:u(t’x)

=0.

The PDEs presented so far all possess global conservation laws.
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Example 2.1.6. Let R[(t,z,y),u(t,z,y)] = ut — \/u2 +uZ = 0 be the 2D
flame equation.

Since R|(t,,y),U] is smooth everywhere except at 0 € U®¥), the 2D
flame equation has only local conservation laws, as we will see in Chapter 3.

To motivate the definition of conservation laws, let’s discuss how conser-
vation laws can arise naturally in the study of PDEs. Firstly, if the PDE
system R has an additional time variable ¢ € [0,00); i.e. D = [0,00) X £
for some bounded spatial domain €2 C R", then integrating a global conser-
vation law over z = (z!,...,2") € Q and applying the divergence theorem
yields

D, /Q B[(t, ), u(t, 2)]d"z = — /8 #((t0).u(t, )]s,

Hence, if each ®[(¢,),u(t,z)] vanishes on the boundary 9 for all ¢ €
[0,00), then [, ®[(t, ), u(t,z)]d"x is a conserved quantity in time. Sec-
ondly, if we multiply a global conservation law by any compactly supported
smooth function ¢(x) on D, i.e. ¢(x) is smooth and vanishes on the bound-
ary 0, then integrating by parts yields

0= / () D [z, u(w)|d"e = — / &'l u(@) | Dip()d"s.  (2.2)
Q Q
Thus, this could yield a weaker formulation of the PDE system R; since
each of the ®'[x, u(x)] may contain only up to (k — 1)-th order of derivatives
of u(x)3.

The study of existence and regularity of solutions of the PDE system R
and their relation to conservation laws is not the subject matter of this thesis.
Our main focus here is to derive fluxes for a given PDE system R. Thus
to avoid vacuous statements such as the existence of conservation laws to a
PDE system with no C*(D) solutions, we adopt a simplifying assumption
that the PDE system R of interest has a solution u(x) of the PDE system R
defined on some open neighbourhood of x € D that is sufficiently smooth?.
How smooth the solutions need to be will depend on the particular PDE
system R. For example, we will assume throughout that a solution u(z) of

3In general, the set of fluxes can depend up to the maximal order of derivatives ap-
pearing in the PDE systems and in the set of conservation law multipliers; see [12] or later
in Chapter 2 and 3.

4This is the case if the PDE system R admits a Cauchy-Kovalevskaya form. See
Appendix B.
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a k-th order PDE system R has at least k times continuously differentiable
components. We leave the extension of the results on conservation laws of
weak solutions for future investigations.

2.2 Equivalence Class of Conservation Laws

Given two local conservation laws of the PDE system R both defined on
D' x V¥ adding them together yields another local conservation law and
multiplying a local conservation law by a scalar over R also yields a local
conservation law. Thus, the set of local conservation laws for a given PDE
system R defined on D’ x V¥ satisfies the axioms of a vector space.

Definition 2.2.1. The vector space over R of local conservation laws of the
PDE system R defined on D' x V&) with component addition and scalar
multiplication is denoted by

CL(R; D' x V) = {(@1 ") ‘ Bach ' : D' x V¥ — R smooth, }

Di®'[2,U]|ypy =0
We simply use CL(R) to denote CL(R;D x U®).

In practice, some (local or global) conservation laws are not as useful as
others. For example, this is the situation if a conservation law arises through
differential identities, such as

D,(e) + Dy(m) =0,

Dy (Uy) + Dy(~Us) = Uys — Uy, = 0.

Moreover, if for some smooth functions C? sz, U], a conservation law has
fluxes of the form

= Y Ci,l,UID;R[2,U],
o |J|<k

then ®'[x,u(z)] = 0 identically on any solution u(z) of the PDE system R.
For example,

D.(e"U"RY(x,y),U]) + Dy(cos(xy) D R?[(z,y), U)) Umule) 0.
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These two types of conservation laws are called trivial conservation laws.
Since trivial conservation laws do not provide new information specifically
about the PDE system R, we are only interested in finding non-trivial con-
servation laws. Hence, we consider two conservation laws as equivalent if
the difference between their flux components yields a trivial conservation
law. This leads to the following definition of an equivalence class of local
conservation laws.

Definition 2.2.2. CL(R; D' x V®)) = {[®] : & € CL(R; D' x V®)} is
the set of equivalence classes of local conservation laws of the PDE system
R, where ®, ¥ € CL(R) are equivalent if and only if ® — ¥ is a trivial
conservation law. Again, we simply use CL(R) to denote CL(R;D x U®)).

To keep the notations simple, we will often just use ® in short to denote
the equivalence class of [®], while keeping in mind that conservation laws
are distinguished up to their equivalence.

2.3 Euler Operator

Definition 2.3.1. The FEuler operator with respect to component UP for
p = 1,...,m, denoted by &,, is a differential operator acting on smooth
functions defined on D x U*) given by

0
— E J
|J|<k

If m =1, we omit the subscript p and simply write £ as the Euler operator.

The fundamental property of the Euler operator is captured in the fol-
lowing theorem.

Theorem 2.3.2. Let D' be a bounded® simply-connected open subset of D
and let V%) be a connected open subset of UK. For any smooth function
f:D'xVF) R, there exists smooth functions {® : D' xV*) — RY?_| such
that flz,U] = D;®'[z, U] everywhere on D' x V*) if and only if €,(f[z,U]) =
0 everywhere on D' x V®) forall p=1,...,m.

SIf D’ is unbounded, an additional assumption on f is needed to warrant interchanging
the order of differentiation and integration as we will see in the course of the proof. For
example, the order of differentiation and integration can be interchanged provided there
Of[=, U]

is an integrable function g(x) on D’ such that B3
I

‘ < g(z) for every multi-index I

with |I| < k and at every point in V.
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Proof. Suppose f[z,U] = D;®![z, U] identically on D’ x V*). Choose any
U®) € Y®). Then for any s € R and any smooth function &(z) = (¢'(z), ...,
€™ (x)) compactly supported on D', the divergence theorem yields:

d d ;
n _ P* ,
5 | U tst@ldts = o @ U+ se@)as
d .
e _ (I)Z i = .
a5 Jops [z,U]dS; =0

Since D’ is compact, we can interchange the derivative and the integral sign
of the above expression and evaluate the integral at s = 0:

d . d .
0= (ds le[x,U—i-sé(af)]d x) » —/D/ e (f[x,U+s§(x)]) S:Od x
- [ ¥ sl UDs @) i
<k
= [ S 07 (Dol ) Ve = [ gttt
1<k

where the second last equality follows from repeatedly integrating by parts
for each multi-index J and the fact that {(x) vanishes on the boundary of D’.
Since £°(x) can be chosen to be any smooth functions compactly supported
on D" and &,(f[z,U]) is continuous on D', E,(f[z,U]) = 0 identically for
all z € D' for all p=1,...,m. Since this is true for an arbitrary choice of
U®) e Y& the forward implication is proved.

We delay the proof of the converse of this theorem until Chapter 3 when
we have access to a fundamental divergence identity relating the Euler op-
erator. 0

The connectedness assumption on V*) in Theorem 2.3.2 is crucial. Con-

sider the expression f[z,U] = % which is smooth on two disconnected

subsets V' = {U®) € y®|U > 0} and V) = {U®) e y®|U < 0}.

On V¥, In(U) is well-defined and D,(In(U)) = Y% = f[z,U]. While
on VM, In(—U) is well-defined and D,(In(-U)) = __—[ﬁ” = f[z,U]. Thus
even though &(f[z,U]) = 0 everywhere on V) = Vg_k) U V™| there can-
not be a single smooth function ®*[z, U] which equals In(U) on Vik) and

simultaneously equals In(—U) on )

10
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Example 2.3.3. Let R[(t, 2, ..., 2"),u(t,zt, ..., 2™)] = ut—> 1 | Ugizi =0
be the heat equation in n spatial dimensions with D = [0,00) x R™.

The expression of the heat equation itself is a divergence expression defined
on the entire D x U*) since

R((t,z',...,.a"), U] = U= Uy
1=1"

= Dy (U) + D$i (—Umz‘) .

Thus, according to Theorem 2.3.2, the expression R[(t,z", ..., 2™), U] should
vanish identically on D x U*) upon applying the Euler operator €. Indeed,
this is the case since

0 1 n — —
7Dt87[]t <R[(t,$ yeres X )7U]) - 7Dt(]') _Oa
0 1 n _ o —
Dy 57— (R[(t,a: . ),U]) = Dyii(—1)=0.
Hence, summing the above expressions yields (R[(¢,z!,...,2"),U]) = 0

identically on D x Y%,

Example 2.3.4. Let R[(t,z),u(t,z)] = ut + uugy + Ugge = 0 be the gen-
eralized KdV equation in one spatial dimension with D = [0,00) x R and
c> —2.

The product of U with the expression of the generalized KdV equation itself
is a divergence expression defined on D x U*) since

U- R[(ta J")a U] = UU+ UC+1U:E + UUzzq
U2 Uc+2 U2
= D - Dz wx_i .
t(2>+ <c+2+UU 2)

Hence, according to Theorem 2.3.2, the expression U - R[(t,x), U] should
vanish identically on D x U (k) upon applying the Euler operator £. Indeed,
this is the case since

;[](U-R[(t,x),U]) = Ui+ (c+ D)UUy + Usga,
Do (U RI(0).U1) = —Dy0) =~
—Dxag (U R[(t,x),U]) = —D,(U) = —(c+ 1)Uy,
_DWE)U(LI(U R[(t,a:),U]) = Dyya(U) = —Upga.

11
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Thus, summing the above expressions yields &€ ( U - R[(t,x), U]) = 0 identi-
cally on D x U®*),

2.4 Conservation Law Multipliers

Definition 2.4.1. Let D' x V¥ be a subdomain (i.e. a connected open
subset) of D x UK. A set of smooth functions {A, : D' x V*) — RI™ |
is called a set of local conservation law multipliers of the PDE system R if
there exists smooth functions {®' : D' x V) — R} | such that everywhere
on D x Yk ;

Aolz, UIR% [z,U] = D;®'[z, U]. (2.4)

A set of global conservation law multipliers of the PDE system R is a set of
local conservation law multipliers of the PDE system R which is defined on

all of D x UP)

Thus equivalently, by Theorem (2.3.2), {A, : D’ x V®) — R}™ | is a set
of local conservation law multipliers of the PDE system R if and only if

Ep(As[z,U)R[z,U]) = 0, everywhere on D’ x V& forall p=1,...,m.
(2.5)
Hence to find a set of conservation law multipliers, one can proceed to solve
the system of PDEs (2.5) for the unknowns A, [z, U].
From the definition of a set of local conservation law multipliers, we see
immediately that the existence of a set of local conservation law multipliers
implies the existence of a local conservation law.

Theorem 2.4.2. Suppose {A, : D' xV*) — RY™_ is a set of local conserva-
tion law multipliers of the PDE system R, then there exists a corresponding
local conservation law for the PDE system R.

Proof.

D;®'[x, U] U = A,[z,U|R% [z, U] Vo) = Ay[z, u(z)|R% [z, u(z)] = 0.

O]

Example 2.4.3. Let R[(t,z',...,2"),u(t,z', ..., 2")] = uy—> 1 Ugizi = 0
be the heat equation with D = [0,00) x R™.

5This procedure using Euler operators to find sets of conservation law multipliers is
discussed thoroughly in [7].

12
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One can see easily that one choice of a global conservation law multiplier
is A[(t,z),U] = 1 since

1-R[(t,z),U] = Dy(U) — Dy (Uy).

T

In general, 1 is always a conservation law multiplier if R[(¢,x), U] is already
a divergence expression.

Example 2.4.4. Let R[(t,z),u(t,x)] = ut + uuy + Ugzy = 0 be the gener-
alized KdV equation in 1D with D = [0,00) X R and ¢ > —2.

One can see that Alz,U] = U is a global conservation law multiplier
since

U2 Uc+2 U2
Cx TxT =D e D:c :m:_i .
U(Uy + UUy + Usga) t(2>+ <C+2+UU 2)

Example 2.4.5. Let R[(t,x),u(t, )] = uy—(c*(u)uz )z = 0 be the nonlinear
wave equation with smooth wave speed c(u) with D = [0,00) x R.

One can check that Az, U] = =t is a global conservation law multiplier
since

U
2t(Uy — (A(U)U,),) = Di(xtUs —2U) + D, (—xth(U)Uw + t/ c%,u)d,u) )

There is a partial converse to Theorem 2.4.2, i.e. every global conserva-
tion law of the PDE system R up to equivalence of trivial conservation laws
arises from a set of global conservation law multipliers. In particular, this
is the case if we assume the PDE system R is non-degenerate’.

Theorem 2.4.6. Suppose the PDE system R is non-degenerate. If there
exist smooth functions {® : D x U®) — R}?_, where D;®'[x, U]‘U:u(x) =0
on any smooth solution u(xz) of the PDE system R, then there exists a set
of global conservation law multipliers {A, : D X Uk — R}™ | and a trivial

conservation law with flures {T' : D x U®) — RY_| such that everywhere
on D xUF:

Di(®'[z, U] — ¥'[z,U]) = Ag|z, U|R% [z, U].

"See Appendix A for the definition of non-degenerate PDEs.

13



2.4. Conservation Law Multipliers

Proof. From Theorem A.0.5 from Appendix A, D;®'[x,U] ‘U wz) = 0 on
any smooth solution of a non-degenerate system R if and only if there exist
smooth functions A, j[z, U] such that

D%z, Ul = > A2, UID;R[2,U] (2.6)
o |JI<k

for any (z, U(k)) e D x U%). By repeatedly integrating by parts on each
multi-index J of equation (2.6), we see that

D;i®'[x,U] = D' [x,U] + Y (-1)ID;(Ag sz, U R [z, U],
o J|<k

where U'[z, U] = Z 5717, UlD R’ [z, U] for some smooth C sz, U],
ol J|<k

ie. {Ui[z, U]}, are trivial fluxes.

Letting Ay [z, U] = Z (~1)V'D (A, 5]z, U]), then everywhere on D x U®):
[J|<k

D;i(®'[z, U] — ¥'[x,U]) = Ag|z, UIR% [z, U].
O

Hence, given a non-degenerate PDE system R, equivalence classes of
global conservation laws are intimately connected with global conservation
law multipliers. In general, given a PDE system R, there can be many sets
of conservation law multipliers that give rise to the same equivalence class
of conservation laws. However, one can show that if the PDE system R
admits a Cauchy-Kovalevskaya form® with a certain condition on the form
of global conservation law multipliers, then each equivalence class of global
conservation laws of the PDE system R can be identified with one set of
global conservation law multipliers of the PDE system R. To state this
more precisely, we define the vector space over R of global conservation law
multipliers for the PDE system R as:

Definition 2.4.7. The vector space over R of global conservation law mul-
tipliers of the PDE system R with component-wise addition and scalar mul-
tiplication is denoted by

8See Appendix B for the definition of PDEs with a Cauchy-Kovalevskaya form.
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2.4. Conservation Law Multipliers

Ay : D xU® = R smooth foro=1,...,m
M(R) =< (A1,...,Ap) D xUF) = R smooth fori=1,...,n
Aylz, UIR% [x,U] = D;® [z, U] on D x U*)

Theorem 2.4.8. If the PDE system R has a Cauchy-Kovalevskaya form
with respect to the variable * and each set of global conservation law multi-
pliers in M(R) does not contain U%p, U;, ce U/fi’ then there is an one-to-one

linear correspondence between CL(R) and M(R).
Proof. See [6]. O

From now on, we will focus on PDE systems that admits a Cauchy-
Kovalevskaya form. In particular, N = m, i.e. the number of PDEs of R
must match the number of dependent variables present in the PDE system
R.
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Chapter 3

Flux Equations and Line
Integral Formula

In this chapter, we present the main result of this thesis; i.e. the flux equa-
tions and a line integral formula for the equivalent fluxes. In particular,
given a set of conservation law multipliers of a PDE system R, the corre-
sponding equivalent fluxes must satisfy the flux equations. Moreover, the
equivalent fluxes can be found by using a line integral formula derived from
the flux equation. We also show how the line integral formula can be sim-
plified in the presence of a point symmetry of the PDE system and a set
of conservation law multipliers. This chapter will begin by showing a fun-
damental divergence identity. From the divergence identity, we derive the
flux equations and consequently the line integral formula. Examples will be
presented to illustrate the applicability and computational efficiency of the
flux equation method.

3.1 The Flux Equations

We first derive an elementary divergence identity which essentially comes
from integration by parts. Before presenting the result, we first need to
extend the utility of the multi-index notation introduced in Definition 2.1.2.

Definition 3.1.1. A finite sequence of multi-indices {J;}]_, is an incre-
mentally increasing sequence if J; = J;_1 4+ 4 for alll = 1,...,r and for
some sequence {i;}]_, C N.

For example, if Jy = (0,2,1), J; = (1,2,1), Jo = (1,2,2) and J3 =
(1,3,2), then the sequence {Jl}?zo is incrementally increasing, where i1 = 1,
ip = 3 and i3 = 2. Note that if {J;}]_, is an incrementally increasing
sequence, |J;| = |Jo| + [.

To save writing, we will from now on implicitly assume the dependence on
[z, U] when the argument [z, U] is omitted for functions defined on D’ x V*),

16



3.1. The Flux Equations

Theorem 3.1.2. Let f : D' x V®) — R and g : D' x V) — R be smooth
functions. Then for any multi-index P with r = |P| < k and any incremen-
tally increasing sequence {J;}]_, with Jo = 0 and J, = P, everywhere on
D' x V*)  one has

(Dpf)g = f(-1)7 ng+2 VD4 [(Dp_y, i F)(Da19)] .

Proof. For any (x,U®)) € D' x V) we prove this by induction on r.
For r =0, Jy = 0 = P and hence employing the empty sum notation:

(Dpf)g=fg=f(-1 )‘P‘(ng)

= {(~1)/"/(Dpg) +Z DDy [(Dp_y i H)Das9)]

For r > 0, notice that {Jl};’:_ol is also an incrementally increasing sequence
with Jo =0 and J,_1 = P — ZAT Hence by the induction hypothesis, since
‘Jr—l‘ =r—1:

(Dpflg=(D; i f)g=(Ds._,(Di.f))g
= (Dirf)(— )" HDyJ,_,9)

+Z DD (D), (D)D)

= f(—l) (Di.(Dyg,_y9) + (=1)""'D;, [f(Ds,_,9)]

r—1

+ 31D [(Dp_yy 55 (D 19)]

=1
= F(=D)PU(Dpg) + (=177, [(Dp,, (D, 19)]

r—1

+ Z(—l)l_lDiz [(DP_JI_I_{Zf)(_Dqu)g}

=1

= FDPIDpg) + 3 (1D [(Dp o £)(Da19)]

=1
U

There is one particular incrementally increasing sequence which will be
convenient to use.

17



3.1. The Flux Equations

Definition 3.1.3. A finite sequence {J;}]_, is an ordered incrementally
increasing sequence if it is an incrementally increasing sequence and the
sequence {i}]_; C N satisfies iy < ij4q forl=1,...,r — 1.

For example, if Jy = (0,0,0), J; = (1,0,0), J» = (1,1,0) and J3 =
(1,2,0), then the sequence {.J;}?_, is ordered incrementally increasing.

Given any multi-index P = (p1,p2,...,pn), let {J;}]_, be the unique
ordered incrementally increasing sequence such that Jyp = 0 and J, = P.
It’s straightforward to verify that

for 0 <1 <[Pyl : Jy =11,
for [Pyl <1< |Pgl:  Ji=Pay+ (1 —[Pyl)2;
(by induction) D
for [Pyl <U<|Pyl:  Ji= Puy+ =Py,
where P;y denotes the first i indices of P;i.e. Py = (p1,p2;---,0i,0,...0)
and for convenience we define Fg) = 0.
Given two multi-indices I = (i1,...,4,) and J = (j1,...,Jn), we denote

J<Tif 5y < foralll=1,...,n. Thus, by choosing the ordered incremen-
tally increasing sequence for Theorem 3.1.2, we obtain the following.

Corollary 3.1.4. Let f : D' x V¥ - R and g : D' x V¥ — R be smooth
functions, then for any multi-index P with |P| < k, everywhere on D’ x Pk

(Dpf)g = f(—1)|P|(ng)+Z D; Z (—)(Dp_; :f)(Dyg)

=1 Pli—1)<J<P(iy—i

Proof. Pick any point in (z,U®) € D' x V¥). Choosing {J;}/_, be the
ordered incrementally increasing sequence in Theorem 3.1.2 yields:

(Dpf)g = F(=D)P(Dpg) + > (~1)"1 Dy, [(Dp_y, 5Dy 19)]
=1

For any [ such that [P;_y)| <1 < [Py, Ji = P(i_l)—i—(l—]P(i_l)\)f and i; = 1.
In other words, as [ — 1 ranges from |[P;_1)| to [P| — 1, Pi—y) < Ji-1 <
Pi—1y + (pi — 1) = Py — i. Thus the set of multi-indices {.J;_; : |Pi—1| <

18



3.1. The Flux Equations

I <[Py} is the same as the set of multi-indices {J : P;_1) < J < Py — i},
Hence, by summing over ¢ = 1,...,n first, we can rearrange the sum as:

(Dpf)g = f(~1)P(Dpg)+>_ D > (—)(Dp_ ;1) (Dg)

=1 P(i_1)<J<Pgy—i
]

Now we are in the position to prove a fundamental divergence identity
that relates to the Euler operator &,.

Theorem 3.1.5. Let f : D' x V¥ — R be a smooth function and also let
7 : a,b] — V®) be a differentiable curve?. Then for any x € D and s € |a, b],

d

252 = n"lz, v ()IE(fla, v(s)]) + DiW' (n, f)la, 7(s)]

where NPz, y(s)] = d'yssfs) and

W (1, £, (s)]

= Z Z (1) ((Dmp) (DJaUﬁf>> [z, 7(s)]-
[I|<k—1 |J|<k—|I|-1 I+J+i
li-n=0 J@=J

Proof. Since by definition of V*), Y5 (s) = Dp(7*(s)), applying the chain
rule on any z € D’ yields

et = 30 () P

|P|<k

= > 2f A Den,(9)). (3.1)

P
|P|<k OUp

OA differentiable curve v : [a,b] — V® c U™ is a differentiable curve which preserves
the structure of U™, ie. if UP = ~”(s) then each components of y(s) in the prolonged
space U®) must satisfy Uf = D;(U?) = Dr (v°(s)) = 77(s) for any multi-index I. For
example, for any 2 € D and any smooth function V(z) = (V!(z),...,V™(z)), we can
define the linear curve « : [0,1] — Up defined by v”(s) = sV?(z). By preserving the
differentiable structure of U*), ~(s) prolongs to a differentiable curve v : [0,1] — U®
with components 77 (s) = Dy (sV*(z)) = sV{ (x).
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3.1. The Flux Equations

Using Corollary 3.1.4, for each multi-index P and at each point in D’ x V*);

0 0
(Def) b =1 (Dol )

0| S e (Dag)

P_1)<ST<Ppy—i

Combining equation (3.1) with the definition of the Euler operator &, yields

o flA(s)] = 1l 7 (9)] > o (D ) feato)

‘ ~pl ) (D328 VY (s
" ;Dz P|Z§k ( 1) <(DP—J—Z77 ) <DJ8UIPD>) [ 77( )]
| Pi—1) ST< Py —i

= 1"z, v ($)IEp(flx, 7 (5)])

' - in” oF x,7v(s
LT I VY (011 (Digs) ) ot
| Pli—1) ST< Py —i

To simplify this further, notice that J < F;) — 7 implies J has zero entries
after the i-th element; i.e. J; = J. Moreover, for P;_;) < J, the multi-

index I = P — J — 1 has zero entries in the first (i — 1)-th elements; i.e.
I(;_1) = 0. Hence, we can substitute for P = I'+.J+4 with conditions J;) = J

and I(;_;) = 0. In particular, since |I| + |J|+ 1= |+ J +i| = |P| < k, we
can rewrite the sum as

%f [, 7(9)] = 0°[2, ()€, (S, 1(5)])

+Di| Y. > (=p ((Dmp) (DJanf)) [, 7(s)]

[I|<k—1 |J|<k—|I|-1 I+J+i
li-=0  J@u=J

20



3.1. The Flux Equations

Using this divergence identity, we can now complete the proof of the
Euler operator property; i.e. the converse of Theorem 2.3.2 from Chapter 2.

Proof of the converse of Theorem 2.3.2. Suppose the converse is true, i.e.
E,)(f[x,U]) = 0 everywhere on D' x V) for all p = 1,...,m. Then by
Theorem 3.1.5, for any differentiable curve 7 : [a,b] — V*):

© fle () = DA, a1 (9) (3.2

Fix any (z,U®)) € D' x V*) and pick a smooth function c¢(z) = (c'(z),...,
¢™(x)) such that the k-th prolongation at ¢(z) is in V*). Since V*) is
connected and hence V) is path-connected, we can find a differentiable curve
v : [a,b] — Vy such that vy(a) = ¢(x) and y(b) = U. Prolonging ~ to the
curve v : [a,b] — V%) and integrating equation (3.2) for such a curve 5
yields

b .
FlA®) — flz,1(a)] = / DV (1, )i, (s))ds

b .
= flo,U] - fln,c(@)] = D; / Wi, £, 7(s))ds.

Note that the resulting value of the integral is independent of the choice of
v(s) and hence it is well-defined. Since D is simply-connected, we can find
smooth ©%(z) for all 1 <4 < n such that D;0!(z) = f[x, c(x)] everywhere
in D. Hence, everywhere on D:

1
flz.U] = D, [@Z‘<w>+ [ vl

Since this is true for any (x,U*) € D' x V), the converse is proved. [

Using Theorem 3.1.5, we also obtain the following corollary by restricting
v(s) to flows under evolutionary vector fields'°.

Definition 3.1.6. A differential operator X acting on smooth functions
defined on D x U®),

; 0 B, B,
X =0, U)g; +0(0.U) 50, + > n’[)[x,U]a—U;,,

0<|I|<k

108ee Appendix C for more details on flows and evolutionary vector fields.
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3.1. The Flux Equations

is called a vector field if the smooth functions {& : D x UK — R},
{n? D xU* - R}7L, and {nf : D x uk — R}YJL, ; satisfy the relation
everywhere on D x UF) given by

77?[357 U} =Dy (TZP(% U) - fl(‘% U)Uzp) + Sz(mv U)UIerg

Definition 3.1.7. A wvector field X s an called an evolutionary vector field
if &(z,U) =0 foralli=1,...,n, i.e.,

R 0
=Y (Dl U] 2.
oU”
[11<k

Definition 3.1.8. The flow under an evolutionary vector field X starting
at U € Uék) is the unique differentiable curve v : (a — €,a + €) — Uy such
that y(a) = U and for allp=1,...,m,

& (s) =l o)), (33

forall s € (a—e,a+e), i.e., the flow~y(s) of X is the unique solution to the
ODE system (3.3) satisfying the initial condition y(a) = U. The prolonged
flow~: (a—e€a+e) — U®F) s the prolonged curve obtained from preserving
the differentiable structure of UF), i.e., 77 (s) = Dy*(s).

Corollary 3.1.9. Let Xn be an evolutionary vector field and f : D' x V) —
R be a smooth function. Then everywhere on D' x V&),

Xn(f[iﬂ, U]) = np[:Ua U]gp(f[x’ U]) + Dl‘lﬂ(na f)['ra U],
where Wi(n, f)[x,U] is as given in Theorem 3.1.5.

Proof. Choose any (z, U®)) € D’'xV®) and let v : (—¢, €) — Vg be the corre-
sponding flow of the evolutionary vector field of Xn with v(0) = U. Prolong
v to the curve v : (—¢,¢6) — V*) " Then by the property of evolutionary
vector fields and Theorem 3.1.5,

Xyl U] = flels)]

s=0
= (Wl ANEFle () + D (0.l v(s)))
= [2, V&, (fla,U) + Di¥'(n, ), U],

s=0

where the last step follows from the definition of flows. Since this is true for
any (x, U®) € D’ x V)| the corollary is proved. O
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3.1. The Flux Equations

In particular, applying Corollary 3.1.9 to the special case when f[z, U] =
Ag[z, UJR? [z, U], where {A, : D' x V) — R}™_ is a set of local conserva-
tion law multipliers of the PDE system R, yields:

Corollary 3.1.10. Let {A, : D' x V¥ — R}™ | be a set of local conser-
vation law multipliers of the PDE system R and let X, be an evolutionary
vector field. Then everywhere on D' x Yk,

X, (As[z, UIR [2,U]) = D; ¥ (n, A\gR7) [z, U],
where W' (n, A, R%)[z, U] is as given in Theorem 3.1.5.

Proof. Set flx,U] = Ay[z,UJR?[z,U] in Corollary 3.1.9 and apply equation
(2.5). O

Now we are in the position to present the main result of this thesis; i.e.
the flur equations.

Theorem 3.1.11. Let {A, : D'xV*) — R}™ | be a set of local conservation
law multipliers of the PDE system R. Then for any i = 1,...,n, p =
1,...,m and multi-index I, the equivalent fluzes {®' : D' x Y*) — R},
must satisfy everywhere on D' x V&)

opi > (= <DJ2($;§TRU)> [z, U], if Ii-1) = 0,

—-— = { |J|I<k—|I|-1 I+J+i
5[z, U] | |
ou; Jiy=J

0, if I;_y) # 0.
(3.4)

Proof. Choose any (z,U®)) € D’ x V¥). By Corollary 3.1.10 and the com-
mutativity property of total derivatives with evolutionary vector fields !,

DV (n, A, R%)[z,U] = X,(A,[z,UR°[z,U])
= X, (D;i®'[z,U])
= DiX”]((I)i[va])7

for any smooth functions {n* : D' x V*) — R}Zl:l. Thus, up to equivalences,

for each i = 1,...,n and everywhere on D’ x V*):

11Gee Appendix C.
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3.1. The Flux Equations

Xy (@', U]) = ¥'(n, Ay R7) [, U]

= S W= 3 e Y () (DJ‘Z(UAM>

|P|<k P p|I<k-1 |J|<k—|I|-1 I+J+i
Pli-1=0 Joy=J
(3.5)
Fix any i = 1,...,n, p = 1,...,m and multi-index I = (i1,...,1ip).
We now prove the flux equations by induction on r = |I|. For r = 0, i.e.

I = 0, choose n*[z,U] = df, where 65 = 1 and 6, = 0 if 4 # p. Thus,
Dpn#lz, U] = 0if 0 < |P| or pu # p and equation (3.5) simplifies to

0% (AR
o = 2. (U7 (Dja(U”)>7

|J|<k—1 I+J+i
Jiy=J

which agrees with the flux equation for the case when I =0, as I;_;) =0
is automatically satisfied for all i =1,...,n.

By the induction hypothesis for » = |I| > 0, the flux equations are
satisfied for all multi-indices P such that |P| < r. Hence, for any smooth
functions {n* : D’ x Y*) — R}L,, equation (3.5) reduces to

S 0= 3 0ot 3 (0,50,

r<|P|<k I p<|PI<k—1 |J|<k—|I|—1 I4+J+i
Pli-1=0 Joy=J
(3.6)
w1
pT

Now choose n* [z, U] = R where z! = (z!) ... (2™)n and I! = iy! - - - i,
Thus, Dpntz, U] = 0if r < |P| or P # I or ju # p, i.e. the only summand
left in equation (3.6) is the term involving P = I and p = p. If I;_1) = 0,

the right hand side of equation (3.6) further simplifies to

0P O(AsR°
ooz = 2. (VY (DJﬁ(UP)>'

P g<k—r—1 I+J+i
Jiy=J

Otherwise, the right hand side of equation (3.6) is an empty sum, i.e., if
P!

I(ifl) 7é 0, then TU,]P =0. O

24



3.1. The Flux Equations

For convenience, we write out explicitly the flux equations that will be
useful for the subsequent examples.

3.1.1 Example: The Flux Equations for a Third-order
Scalar PDE
1,2

Consider the case n = 3, m = 1, k = 3 with (2!,22 2%) = (t,2,y). This is
the case for any third order scalar PDE, R[(t,x,y), u(t,z,y)] = 0, with three
variables t, x and y and with a set of conservation law multipliers involving
derivatives up to at most third order.

Given a multiplier A[(¢,z,y), U] of the scalar PDE, we first write out the
flux equations (Theorem 3.4) for ®'[(t,z,y),U]. Since ¢ is identified with
x!, then for any multi-index I = (iy,is,43), the condition 0 = In_y =0
is always satisfied. Also for the multi-index J = (ji, j2,73), the condition
Jay = J implies J = (j1,0,0). Hence the flux equations for O![(t,z,y),U]
should only sum over all J = (j1,0,0) with |J| <2 — |I|. This leads to the
following set of equations:

(I,t
0 0 AR) + DtDti (AR),

o = a0 WR) = Digp ( Uy
t
?{I;,: = 8(;” (AR) - Dy agm ()
gi - agm )= D agm Y
t
gf}y - agty (D =D 012@ -
t
8&;tt - 3gttt (AR),
t
g(i - a[itx (AR),
t
gfiy N (Wity (A1),
t
gf(iw - alim (8R),
t
;(iy _ 60(; (AR),
t
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3.1. The Flux Equations

Next, we write out the flux equations (Theorem 3.4) for ®*[(¢t,z,y),U].
Since z is identified with 22, then for any multi-index I = (i1,42,13), the
condition 0 = [(5_1) = I(y) is satisfied when I = (0, iz, 43). Also for the multi-
index J = (j1,j2,73), the condition J(9) = J implies J = (ji1,j2,0). Hence
the flux equations for ®*[(t, z,y), U] should only sum over all J = (j1, j2,0)
with |J] <2 — |I|. This leads to the following set of equations:

%@Ux - agx (AR) - D, agm (AR)—DW};(AR)
DD (AR) + DthaUatm (AR) + DszaUam (AR).,
o = O
gi _ agm (AR)—Dta[fm(AR)—Dx mim (AR).,
gg _ aziy (AR)—Dtmiw(AR)—DmeIy(AR),
o = O
. = O
o = O
T = v (M
ggxy - 8Uamy (AR),
gziy _ MZW (AR). (3.8)

Finally, we write out the flux equations (Theorem 3.4) for ®Y[(t, z,y), U].
Since y is identified with 23, then for any multi-index I = (i1, 42,43), the
condition 0 = I(3_;) = I(9) is satisfied when I = (0,0,43). Also for the
multi-index J = (j1, j2, j3), the condition J3) = J is always satisfied. Hence
the flux equations for ®Y[(¢, z,y), U] should sum over all J with |J| < 2—|I|.
This leads to the following set of equations:
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3.1. The Flux Equations

5~ 07 ()= D (AR) = D (AR) = D,z (AR)
+DiDy 55— (AR) + DiDag— (AR) + D.D yaziyy(AR)
+D$D$8£wy (AR) + D$Dyanyy (AR) + DyDyanjyy (AR),
)
)
e
S = gt (MR = Dig— (AR) = Dot (AR) = Dy (AR).
9% _
Uy ’
)
. = O
Yy
o = O
)
o = O
Y
o, = O
Yy
gﬁyy _ aUayyy (AR). (3.9)

At first glance, the flux equations do not appear to be symmetric with
respect to each of the variables ¢, x and y. Indeed, one can derive a sym-
metric set of flux equations but at the expense of introducing weighting
constants. However, as we will see shortly in applications, whether or not
the flux equations are symmetric is immaterial because any solution of the
flux equations will lead to the equivalent fluxes that correspond to a given
set of conservation law multipliers.

3.1.2 Example: The Flux Equations for a Second-order
System of Two PDEs

Now consider the case n = 2, m = 2, k = 2 with (2!,22) =

(t,z). This
is the case for any second order system of two PDEs {R"[(t,m),(

't ),
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3.1. The Flux Equations

u?(t,x))] = 0}2_,, with two variables t and = and with a set of conservation
law multipliers involving second order derivatives.

Given a set of multipliers {A°[(¢,z), (UL, U?)]}2_,, we first write out
the flux equations (Theorem 3.4) for ®/[(¢, ), (U',U?)]. Since t is identified
with x!, then for any multi-index I = (i1, 142), the condition 0 = Iy =0is
always satisfied. Also for the multi-index J = (j1, j2), the condition Jy = J
is satisfied when J = (j1,0). Hence the flux equations for ®[(¢, z), (U, U?)]
should sum over all J with < |J| <1 —|I|. This leads to the following set

of equations:

251 _ af]tl(AR)—Dtagtlt(AR),
g({]); — (fW(AR)—Dt;Ut%(AR),
t
35; _ %(ARL
t
g; _ fUt%mm,
gg); thlm(AR)’
25; mi%c(AR)' (3.10)

Similarly, we write out the flux equations (Theorem 3.4) for ®*[(¢t, z), U].
Since z is identified with 22, then for any multi-index I = (iy,i2), the
condition 0 = I(_yy = I(y) is satisfied when I = (0,42). Also for the multi-
index J = (ji1,j2), the condition Joy = J is always satisfied. Hence the flux
equations for ®*[(¢,z), U] should sum over all J with |J| < 1 — |I|. This
leads to the following set of equations:
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3.2. The Line Integral Formula

0P 0 0 0

gt~ aun MY P (M) = Dagr (AR).

07 a7 (AR~ D (M)~ D (08)

gz N agl (AR).

gi; = 83595 (AR). (3.11)

3.2 The Line Integral Formula

Given a set of local conservation law multipliers {A, : D’ x V*) — R}™ moa
solution to the flux equations yields a corresponding equwalent set of fluxes
{®° : D' x Yk _, R}™ ;. In particular, the solution can be given by the
following line integral formula.

Theorem 3.2.1. Let D' be a simply-connected subdomain of D and V) be
a connected open subset of UF). Pick any (x,U(k)) e D' x V) and any
differentiable curve «y : [a,b] — V®) such that v(a) = c(z) and y(b) = U,
where c(x) = (c'(z),...,c™(x)) is any smooth function such that the k-th
prolongation of c(x) is in VF. If {A, : D' x V) — R}™ | is a set of
local conservation law multipliers of the PDE system R, then {®' : D' x
Yk R} | are the corresponding equivalent fluzes if and only if for all
1=1,...,n

. b .
Bile, U] = / Wi(n, Ay B7) [, 4(s)]ds, (3.12)

where W' (n, A, R%)[z, U] is as given in Theorem 3.1.5.

Proof. Suppose {®*: D' x V) — R}™ , are the equivalent fluxes for the set
of local conservation law multipliers {A, : D’ x V*) — R}™ . By the flux
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3.2. The Line Integral Formula

equations and the fundamental theorem on line integrals:

. . b i (s
di[z,U] = ®'[z, c()] _|_/ Z (g;,[$,7(8)]d7éi )dS

@ |1|1<k=1

= ®'[z, c(x)]
b

L D SIS SN (DJg(UA:RU)>[m(s)]d”ff’ds

& I|<k—1 |J|<k—|T]-1 I+J+i
Ii-n=0 Ji=J

— @loe(@)] + [ VAR o ()]s,

where the last step follows from dl’l(ss) = n[z,v(s)]. Since {O%(z) =

Q*[z, c(x)]}, is a set of trivial fluxes, the forward implication is proved.
Conversely, suppose {®* : D' x V(¥) — R}" | satisfies equation (3.12). By
Corollary 3.1.5 and since {A, : D' x V¥) — R} | is a set of local conser-
vation law multipliers, for all s € [a, b] one has

LW A = D, AR 4(5)]

Hence, integrating the above equation for s yields:

b
(Ao R%)[z,U] = (A R?)[z,c(z)] = D; / V' (1, Ag R7) [, 7(5)]ds
= D;®'[z,U].

Since D' is simply-connected, we can find trivial fluxes {©%(x)}?"_; such that
D;0%(z) = (AyR?)[z,c(x)]. In other words, {®* : D' x V¥) — R}, is the
corresponding set of equivalent fluxes for the set of local conservation law
multipliers {Ay : D' x V&) - R}™ . O

In order to use the line integral formula, we must choose a differentiable
curve (s) such that its range is defined on all of V*) and as well as a smooth
function c(z) such that its k-th prolongation is defined in V*) for all z € D'.
Moreover, in practice, we would like the resulting integrals to be ”simple”
enough to be computed explicitly in order to determine the explicit form of
the fluxes. To the best knowledge of the author, unfortunately there isn’t a
systematic way to choose 7y(s) and c(z) that guarantees simple integrations
for the line integral formula.
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3.2. The Line Integral Formula

Nonetheless, typically in applications, D’ x V() is the entire D x U®)
(i.e. 0 € V), Often in this case, a linear curve v : [a,b] — Uy defined
by v(s) = sU will lead to simple integrations for line integral formula. If
0¢ V() then we must in general choose an appropriate curve ~(s) so that
its range avoids the singularity at 0. As we will discuss in Chapter 4, a
special case of this is the homotopy integral formula in [5] where we would
choose y(s) = sU + (1 — s)c(z) for some non-vanishing smooth function
c(z). However, there is still no guarantee that this choice of curve will lead
to simple integrations.

3.2.1 Example: Generalized KdV Equation

Consider the generalized KdV equation with ¢ > —2:
R[(t,z),u(t,z)] = ur + u Uy + Uggy = 0. (3.13)

Since in this case, n = 2 < 3, m = 1 and k = 3, we can use the flux equations
(3.7) and (3.8). Using the Euler operator method to find conservation law
multipliers, it can be shown that A[(¢, x), U] = U is a global conservation law
multiplier for the generalized KdV equation (3.13). Hence, for this choice
of A[(t,x),U] = U, the flux equations for ®'[(¢,z),U] and ®%|(¢t,z),U] are
given by

0w
ou
0P~
ou
oP”
U,
0P
aUmc

= U,

= UM+ U,

= _Uxa

= U,

where all other partial derivatives of ®![(¢,z),U] and ®*[(t,z), U] are zero.
Since both R[(t,z),U] and A[(t,z), U] are smooth everywhere on D x U*),
we can choose v : [0,1] — Uy to be the linear curve defined by (s) = sU.
By prolonging 7(s), the line integral formula (Theorem 3.2.1) yields
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3.2. The Line Integral Formula

1 t s
0.0 = [ Sl
= /1(SU)UdS
0
U2
-z
1 T s = (s
i) = [ (Gl + S () P
T RO i P

1
_ /0 (D) + V) U + (=5U)Us + (sU) U ) ds

1 1 1
= yet? / sHds + UU,, / 2sds — U2 / sds
0 0 0

Uc+2 Uac2
= 5 T UV

Indeed, one can readily verify that these fluxes correspond to the global
conservation law multiplier A[(¢,z), U] = U of equation (3.13):

. Uc+2 U:? U2

3.2.2 Example: 1D Nonlinear Wave Equation

Consider the 1D nonlinear wave equation with smooth wave speed:

R[(t,z), u(t, )] = ug — (A (W)uz)z = ugy — 2¢(u)c (w)u2 — ¢ (u)uze = 0.

(3.14)

Since in this case, n = 2 < 3, m = 1, kK = 2 < 3, we can again use

the flux equations (3.7) and (3.8). Using the Euler operator method to

find conservation law multipliers, it can be shown that A[(t,z), U] = «t is

a global conservation law multiplier for the nonlinear wave equation (3.14).

Hence, for this choice of A[(t,z), U] = xt, the flux equations for ®![(t,z), U]
and ®*[(t,z), U] are given by
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3.2. The Line Integral Formula

oot _
ou 7
0P! .
- = €T
oU, ’
@CE
%U = f2$tC(U)C/(U)Ux + tcz(U)’
g([I} — —xtC(U)2,

where again all other partial derivatives of ®[(¢,x), U] and ®*[(¢,x), U] are
zero. Asboth R[(t,z),U] and A[(t, z), U] are smooth everywhere on DxU*),
we could again choose the linear curve for v(s). Instead, we illustrate in this
example that choosing v : [0, 1] — Up to be the polynomial curve defined by
~v(s) = sPU for any p > 0 leads to the same equivalent fluxes for all p > 0.
Indeed, this is true in general since the the line integral formula holds for
any differentiable curve v(s). Hence, the line integral formula yields

1 t s ¢ (s
o0, = [ (GElea oD+ Ti0. 61 2 Y as

= 1 (—2)psP~ U + (at)psP~'U, ) ds
0

= .’L’tUt—JIU,
1 . . . (s
#(1.0.0) = [ (G2 2 + S 0. (9) P )

1
_ / ((~20te(sP0) (U U, + 13(P0) ps U
0
+ (=t (sPU))psP U, ) ds
1
= —xtUx/ <2p52p*1Uc(spU)c/(5pU) +pspflc2(spU)) ds
0
1
—l—t/ A (sPU)psP U ds
0
1 d U
= xtUx/ — (Spc2(spU)) ds +t/ A (p)dp
o ds 0

U
= —xtU,c?(U) + t/o A (p)dp.
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3.2. The Line Integral Formula

Indeed, one can readily verify that these are the equivalent fluxes for the
global conservation law multiplier A[(¢,z), U] = xt of equation (3.14):

at (Uy — 2¢(U)U2 — A (U)Upy) = Dy <—$tU$02(U) + t/U CQ(M)d,U,)
0
+Dt (.’L’tUt - JZU) .

3.2.3 Example: Nonlinear Telegraph System

Consider the nonlinear telegraph system:

R(t,2), (u'(t, ), w?(t,2))] = uf —((u')? + Dug —u' =0,
R[(t,z), (u'(t,2),v?(t,x))] = ul —u2=0. (3.15)

Since in this case, n = 2, m = 2, k = 1 < 2, we can use the flux equa-
tions (3.10) and (3.11). Using the Euler operator method to find conser-
vation law multipliers, it can be shown that Aj[(t,z),(U',U?)] = t and
Ao[(t,2), (UL, U?)] =z — % together form a set of global conservation law
multipliers for the nonlinear telegraph system (3.15). Hence, for this set of
conservation law multipliers, the flux equations for ®[(¢,z), (U, U?)] and
®*[(t,x), (UL, U?)] are given by

ot

aut YT
oo

ouz 7

od*

0T T —t((UM)? +1),
ouz 2 '

Since R°[(t,x), (U',U?)] and A,[(t,x), (U, U?)] are smooth everywhere on
D x U for o = 1,2, we can choose 7 : [0,1] — Uy to be the linear curve
defined by v(s) = (v'(s),7*(s)) = s(U',U?). By prolonging ~(s), the line
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3.2. The Line Integral Formula

integral formula yields
o'[(t,z), (U, U?)]

1 t 18 t 25
= [ (Gl @ & Sl a1 ) as

[ (5o

:_((U;)g+U1>t+<t;—m> U?.

One can easily verify that these form the equivalent fluxes for the set of global
conservation law multipliers A1[(t,z), (U, U?)] = t,As[(t,2), (UL, U?)] =
T — % of equation (3.15):

2

(U2 = (@ P+ 00k -0 + (o= 5 ) 0 - 02)

=D, <— <(U31)3+U1>t—|— <t22—x> U2> +Dt<<x—t22> U1+tU2>.

In [9], integral formulas for fluxes were derived by other means. Since the
line integral formula is a general theorem, it is not a coincidence that the
integral formulas from [9] correspond precisely with the line integral formula
in this case.

Rather than picking 7(s) randomly and seeing if it will lead to simple
integrations, we should take advantage of the freedom in choosing ~(s) in
the line integral formula. In particular, we can simplify the line integral
formula by making use of the symmetries'? of both the PDE system R and
the sets of conservation law multipliers.

128ee Appendix C for details on symmetries.
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3.2. The Line Integral Formula

Theorem 3.2.2. Suppose the hypotheses of Theorem 3.2.1 are satisfied and
further suppose Xn is the generator of a point symmetry of the PDE equa-
tions of R. Let v : [a,b] — V&) be the corresponding flow of Xn such
that v(a) = c(z) and v(b) = U. The equivalent fluzes from Theorem 3.2.1
simplify to

b o
'z, U] = 2: (—)J<@hn)<DJ< mﬁ? )))[%7@ﬂ¢i

I+J+i
|J\<k 17]-1

I(i-1)=0

Jaoy=J

Proof. We can rewrite each of the fluxes ®'[x, U] from Theorem 3.2.1 as

b o
R D SN <(D177p) (DJ(A o ))
@ 1

I+J+4
|ﬂ<k\ﬂ 1

Ii-1)=0
J@iy=J

+(Dm?) (DJ <8Ualfx RU))) [,7(s)]ds. (3.16)
I+J+1

Since X is the generator of a point symmetry of a (non-degenerate) PDE
system R by Theorem C.0.14 there exists a smooth matrix { Af [z, U; s} =1

which satisfies R?[z,7(s)] = Af[z,U; s|R*[x, U] under the flow y(s) of X,
for all s € [a,b]. Hence, substituting R?[z,v(s)] = Af[x,U; s|R*[z, U] in
equation (3.16) shows that

/ﬁ > (—UJ<UhWﬁ<DJ<8;?" ff)))[%v@ﬂds
@ |II<k-1

I+J+i
|| <k—|I|—1
I(i_1)=0

is a trivial flux. O

In other words, there are potentially fewer integrations required to find
the equivalent fluxes if we choose the curve y(s) to be the flow under a
symmetry generator Xn of the PDE system R. Furthermore, we can obtain
further simplifications for the equivalent fluxes if Xn is a generator of a point
symmetry for the set of local conservation law multipliers {A, : D' x v

R}Z=:
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3.2. The Line Integral Formula

Definition 3.2.3. An evolutionary vector field X,] 1s called the genera-
tor of a point symmetry of the set of local conservation law multipliers
{Ay : D' x VB — RY™_ | if for any solution v(x) of the system of equa-
tions {Ag[z, v(z)] = 0}, the flow y(s) under X with v(a) = v(x) satisfies
Ay[z,7(8)] =0 for all x € D' and all s € (a — €,a + €) for some € > 0.

Note that if the system of equations {A, [z, v(x)] = 0} is non-degenerate
and X is the generator of a point symmetry of the set of local conserva-
tion law multipliers {A, : D' x V*) — R}”™ then by Theorem C.0.14,
there exists a smooth matrix {By[z,U;s|};’,—; such that A,[z,v(s)] =
Az, U|BY[z,U;s| for all s € (a —€,a + €). From now on, we will always
assume that the system of equations {A, [z, v(z)] = 0}, is non-degenerate.

Theorem 3.2.4. Suppose the hypotheses of Theorem 3.2.1 are satisfied and
suppose Xn is the generator of a point symmetry of the PDEs of R and of
the set of local conservation law multipliers {Ay : D' x V¥ — R}™ . Let
7 : [a,b] — V) be the corresponding flow of Xn such that v(a) = c(x) and
v(b) = U. The equivalent fluzes simplify to

b
@[, U] = > O DmleAs) [ Dy (Al U]
e
I(’Lfl):O

OR°
Bg[l‘, U7 S]W[l” 7(8)]>J ds
I4+J+1

where {By[x,U; s|}y",—1 s a smooth matriz that satisfies
Aa[xv '7(8)] = Ay[ﬂf, U]BZ[IE, U; S]'

Proof. Substituting As[z,7v(s)] = Ay[z,U|BY[x,U;s] for the integral for-
mula in Theorem 3.2.2 yields the desired result. O

The main advantage of Theorem 3.2.4 is that the dependence on the
parameter s in the set of local conservation law multipliers {A, [z, v(s)]}72,
is factored out from the line integral formula which can lead to simpler
integrations. As we will see in the next example, this theorem can lead to
explicit algebraic formulas for the equivalent fluxes. For convenience, we
state Theorem 3.2.4 for the scalar case, i.e. m = 1.

Corollary 3.2.5. Suppose the hypotheses of Theorem 3.2.1 are satisfied
and suppose X, is the generator of a point symmetry of the PDEs of R
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3.2. The Line Integral Formula

and the set of local conservation law multipliAem A:D xVH - R, Let
7 : [a,b] — V&) be the corresponding flow of X, such that y(a) = c¢(x) and
v(b) = U. The equivalent fluzes further simplify to

b
o'z, U] = > O Dmle ) [ D (Al U]
erii
I;—1)=0

OR
Blz,U; 5]%[%7(5)])J ds

where B[z, U; s] is a smooth function satisfying Az, v(s)] = Az, U] B[z, U; s].

3.2.4 Example: 2D Flame Equation

Consider the 2D flame equation:

R[(t, z,y), u(t,z,y)] = up — y/u2 4+ u2 = 0. (3.17)

Note that R[(t,z,v), U] is only smooth on D and V*) = ¢/(®)\{0}. Thus the
conservation laws for the 2D flame equation must be local. Nonetheless, we
will show that the line integral formula leads to new local conservation laws
for the 2D flame equation.

Since n = 3, m = 1, k = 1 < 3 for the 2D flame equation, we
can use the flux equations (3.7), (3.8) and (3.9). Using the Euler op-
erator method to find conservation law multipliers, it can be shown that
Al(t,z,y),U] = f(Us, Uy)(UpeUyy — UZ,) is a local conservation law multi-
plier of the flame equation (3.17), where f(-,-) is any smooth function of its
arguments. To save writing, denote H[(t,z,y),U] = UyUy, — UZ,. Hence,
for this conservation law multiplier, the flux equations for ®'[(t,z,y), U],
O*[(t,x,y), U] and ®Y[(¢,x,y), U] are given by
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3.2. The Line Integral Formula

%% = aangR‘fH(;nyDw (fUwR).

2~ i,

Ziy — 2fU,R,

% — ;{j;HR — fH\/UgnyUg + 2D, (fUzyR) - D, <nyyR) ;
?{U)Z — fULR

where all other partial derivatives of ®![(t,z,y), U], ®*[(t,z,y), U] and
(¢, z,y),U] are zero.

Since R|(t,z,y), U] is smooth everywhere except at 0 € U®) | we can still
choose 7 : [e,1] — Uy to be a linear curve v(s) = sU provided that ¢ > 0.
It will turn out in the end that the fluxes are still well-defined in the limit
e — 0. Thus, by prolonging 7(s), the line integral formula yields

dy(s)
ds

1 t
¥ (t,0,0). 0] - (e U] = [ ST lm) () s
1
= /f(st,sz)H[(t,:r,y),sU}Uds

1
= UH[(t,x,y),U]/ sQf(st,sz)ds,

39



3.2. The Line Integral Formula

(I)x[(t, Z, y)? U] - (I)m[(ta T, y)? EU]

1 T s
_/e <a(;z- [(t,.%‘,y),’y(s)]dzli)

oP* dD,v(s)

+ T%[(taxay)ary(s)] ds

b ot a1 2 ) 0

_ /61 K;{i(st,sz)H[(t,m,y),sU]R[(t,z,y),sU]
sU,

V (5Uz)? + (sU,)?
D, (f(sUz,sz)szyR[(t,x,y),sU]>> U

+ <f(sUm, sz)szyR[(t,x,y),sU]) U,

— f(sUyg, sUy)H|[(t,z,y), sU]

-2 (f(st,sz)sUmyR[(t,x,y), sU]) Uy} ds

. _UUIH[(taxay)aU} /1 32f(3U sU, )dS
_ x> Yy

1
+ R[(t,x,y),U] (UH[(t,a:,y),U]/ §3

of
U,

(sUsz, sUy)ds
1
+ (UyyUyp — 2U, Uy) / s f(st,sz)ds>

1
—-UD, (Uny[(t,x,y), U]/ 82f(st,3Uy)ds> ,
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(I)y[(t, Z, y)? U] - (I)y[(tv Z, y)? GU]

1 S
= /e <aaq;![(ta$ay)77(s)]dzli )

oY dD,v(s)
+ Gt 26 2 ) s

_ /61 [((,féj(sUz,sz)H[(t,x,y),sU]R[(t,x,y),sU]
sUy

V(sUz)? + (sUy)?

+ 2D, <f(sUm, sz)styR[(t,x,y),sU])

=D, ((f(sUs, sU,)sUy RI(t,2,9). sU]) ) U

+ ( F(sUs, sU)sURI(t,2,), sU]) Uy | ds

__U%HWwwHﬂ/¥q®UsUMs
_ 3 Y

of

1
+ R[(t,x,y),U] (UH[(t,:c,y),U]/ 838—%(8Ux,sz)ds

— f(sUyg, sUy)H|[(t,z,y), sU]

1
+ (UmUy)/ sgf(sUw,sz)ds>
1
+2UD, (UmyR[(t,x,y),U]/ 82f(sUm,sz)ds>
1
—-UD, (Uny[(t,x,y),U]/ 52f(st,sz)ds> .

Since both ®*[(t,x,y), U] and ®¥Y[(¢, z,y), U] contain terms proportional
to R[(t,z,y),U] or total derivatives of R[(t,x,y),U] (i.e. those terms form
trivial fluxes), the equivalent fluxes for the multiplier A[(¢, z,y), U] are given
by
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1
d'[(t,z,y),U] — ®'[(t, x,y), U] = UH[(t,x,y),U]/ % f(sUy, sU, )ds,
UUH[(t,z,y),U]

U2+ U2

UU,H|(t,z,y),U]

Since {®![(t,z,y),0], ®*[(t, z,y), 0], ®Y[(t,z,y),0]} are all trivial fluxes,
substituting the expression for H[(t,z,y), U] and taking the limit as ¢ — 0
yields the equivalent fluxes for the multiplier A[(¢, z,y), U] given by

((t, z,y), U] — ®*[(t,z,y),eU] = — /1 s2f(sU,, sUy)ds,

1
OV(t,,y), U] — @¥[(t,,y), U] = — | 16U sU,)ds.

1
Y(t,x,y), U] = U(UmUyy—Ugy)/ s* f(sUy, sU,)ds, (3.18)
0
UUy(UpeUyy — U2 1
**((t,2,y),U] = - Werlyy y)/ 2 f(sUsy, sU,)ds, (3.19)
U2+ UZ 0
UU,(UpeUyy — U2
Y[(t,x,y),U] = — yUraly y)/ 2f(sU,, sU,)ds. (3.20)
0

U2+ U2

Indeed, through a long and involved calculation, one can verify that for
any smooth function f(Uy,U,), the fluxes {®((¢,z,vy), U], ®*[(¢, x,y), U],
®Y[(t,z,y),U]} given by equations (3.18), (3.19) and (3.20) satisfy

F(Uz, Uy)(UaUyy = Uz, )(Ur = /U2 + UP)

= Dt (<1> t,z,y), Ul + O'[(t, z,y),U))
x(q)“[(t z,y), U] + ©°[(t,z,y),U])
Dy (®Y[(t, 2, y), U] + ©"[(t, 2,y),U]),

where {©[(t, x,y), U], ©%[(t, z,y), U], ©¥[(t, z,y), U]} is a set of trivial fluxes.

Without knowing the explicit expression of f, equations (3.18), (3.19)
and (3.20) are the general expressions for the equivalent fluxes that corre-
spond to the conservation law multiplier A[(¢, z,y), U] = f(Uyz, Uy)(UzaUyy—
UZ,) of the flame equation (3.17). However, if f is a homogeneous function
in its arguments (i.e. f(U, Uy) has the property that for some constant p,
f(sUsz, sUy) = sPf(Uy,Uy) for all s € R), then we would obtain algebraic
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expressions for the equivalent fluxes. In particular, if p > —3, then equations
(3.18), (3.19) and (3.20) simplify to

zy

1
®(t,2,y), U] = U(UpUyy — U? )/ sPY2 (U, Uy)ds
0
U(Ux:rUyy - U2 )f(U£E7 Uy)

UUy(UppUyy — U2

1
acy) / 5p+2f(Ux, Uy)dS
U2+ UZ 0

UUy(UpaUyy — U2 ) f(Uy, U,
_ ( vy I ( y)’ (3.22)

(p+3),/U2+U2
UuU. 1
—y/ sPY2 (U, Uy)ds
\JUZ+U2 0

_UUy<UmUyy - U? )f(Ux7 Uy)

ry
(p+3),/U2+ U2

Note that we can arrive at the same result much quicker by using the line in-
tegral formula (Corollary 3.2.5) which makes use of a point symmetry of the
PDE system and of the conservation law multiplier. Indeed, the evolution-
ary vector field X = Z| 11<k U IaiU, is the generator of a scaling symmetry
of R[(t,x,y),U] and of A[(t,z,y), U], provided that f(-,-) is a homogeneous
function. In particular, the flow v : [e,1] — V*) under X starting at
v(1) = U is given by v(s) = sU. Since A[(t,x,y),v(s)] = sPT2A[(t,z,y), U],
B[(t,z,y),U;s] = sP*2. Thus using the simplified integral formula from
Corollary 3.2.5, we get the same result as in (3.21), (3.22) and (3.23) by
taking € — 0.

In [7] and [10], the algebraic fluxes given by equations (3.21), (3.22) and
(3.23) were found using a specialized method that employs a non-critical
scaling symmetry ([11]). As discussed in Chapter 4, the non-critical scaling
symmetry method is in fact a special case of the line integral formula ob-
tained from Corollary 3.2.4. Moreover, the simplified line integral formula
from Corollary 3.2.4 also works for other point symmetries as well. In other
words, if both of the PDE system R and the set of conservation law multipli-
ers of the PDE system R admit a common point symmetry, then Corollary
3.2.4 can be used to simplify the integrations required in the line integral
formula.

(I)x[(tv x7y)7 U] =

(I)y[(tv x?Q)v U] =

(3.23)
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Chapter 4

Known Methods to Find
Conservation Laws

In this chapter, we review some general and specialized methods of finding
conservation laws for a PDE system R, given a known set of conservation
law multipliers. Each method has its own advantages and disadvantages in
its applicability and computational efficiency in finding conservation laws.
We compare these methods with the flux equation method and highlight
their similarities and differences in finding conservation laws.

4.1 Matching Method

We first outline the matching method for finding conservation laws for the
PDE system R and illustrate this method by an example.

Given that {Ay[z, U]}7; and {R?[z, U]}, depend at most on the k-th
order derivatives of U, then according to [12] the set of fluxes {®'[x, U]},
will also depend at most on the k-th order derivatives of U. Thus, from the
definition of a set of local conservation law multipliers {A, : D’ x V) —
R}™ , of a PDE system R, the corresponding fluxes {®? : D’ x yk) R},

must satisfy everywhere on D’ x V(*):

Ay [z, U|R[z,U] = Dcpi[x U]

- W [z, U] +|Jz|:k " 6Up Ul.  (4.1)

Thus, matching the k-th order derivatives in equation (4.1) implies every-
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4.1. Matching Method

where on D’ x V).

. L)
Ay[z, UlR [z, U] = axz + Y U o 8Upg; U], (4.2)
|J|<k—1
0P’
> U 30" [z,U] = 0. (4.3)

|J|=k

Moreover, if the terms involving the k-th order derivatives of U are linear in
the expression A, [z, U|R? [z, U], it can be shown that the equivalent fluxes
{®'[x, U]}, will depend at most on the (k — 1)-th order derivatives of U
([12]). In partlcular equation (4.3) would be automatically satisfied. Hence
assuming the set of fluxes {®'[x, U]} ; depends at most on the (k — 1)-
th order derivatives of U, then matchlng the k-th order derivatives on both
sides of equation (4.2) yields a set of determining equations for {®*[z, U]}
Solving this set of determining equations yields {®*[z, U]}"_; up to addltlve
functions that depend at most on the (k — 2)-th order derlvatlves of U. By
matching successively lower order of derivatives of U in equation (4.2), the
matching method will yield ®![z, U] up to an additive function depending
only on z. This procedure is best illustrated by an example.

Example 4.1.1. Generalized KdV equation

Consider the generalized KdV equation with ¢ > —2:
R[(t,x),u(t, )] = uy + uuy + Ugyy = 0.

Recall from earlier examples, A[(¢,z),U] = U is a (global) conservation
law multiplier for the generalized KdV equation, i.e., everywhere on D xU (k).

U(Us + UUp + Upee) = Di®[(t, ), U] + D, ®%[(t, ), U]. (4.4)

We now use the matching method to find the corresponding fluxes.
First, we must deduce the dependence of the highest order of U f appearing
in ®*[(t,x),U] and ®![(t,z),U]. For the multiplier A = U, we find that
®(t,z,U, Uy, Uy) and ®%(t,x,U, Uy, Uy, Uy,) would suffice, i.e., everywhere
on D x UK

UUs + UUp + Upga) = [®) + BLU; + D Uy + O Uy
D + DFU, + BF, Uy + 8 Upy + 05 Ui
(4.5)
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4.1. Matching Method

Note that this step is unnecessary with the flux equation method because
the flux equations automatically give all the dependences of U*) € Y(k) | Ag
equation (4.5) holds everywhere on D x U (k). the functional dependence on
each of Uf must match on both sides of (4.5). Hence, we proceed sequentially
by equating the coefficients of successively lower orders of U and solving
each of the corresponding PDEs. In this case, equating the coefficients of
the highest order Uy, in equation (4.5) yields everywhere on D x U*):

Of =U= 0" =UUy + A(t,z,U, U, Uy) (4.6)

for some unknown function A(t,z,U, U, U;). From equation (4.6), we de-
duce that ®f; = Uy, + Ay and @f; = Ay, . Hence, equating the coefficients

of Uy, in equation (4.5) shows that everywhere on D x U®*):

U2
Ay, = —Uy = A(t,z,U, U, Uy) = —73” + B(t,z,U,Uy) (4.7)

for some unknown function B(t,z,U,U;). Next equating the coefficients of
Uy in equation (4.5), we find that everywhere on D x U*):

Py, =0= @' =C(t,z,U,U,) (4.8)

for some unknown function C(¢,z, U, U,). Finally, matching the coefficients
of Uy in equation (4.5) yields everywhere on D x U®*):

b, + @y, =0.

Note from equations (4.7) and (4.8), ®¢, = By,, ®;; = Cy,. Since B does
not depend on U, and C does not depend on U;, we can conclude that
everywhere on D x U*):

By, = -Cy, = E(t,z,U) = B(t,z,U,U;) =UE(t,z,U)+ F(t,z,U),
(4.9)
C(t,z,U,U;) = —U,E(t,z,U) + G(t,z,U),
(4.10)

where E(t,xz,U), F(t,x,U) and G(t,z,U) are some unknown functions to
be determined. It’s worth noting here that the efficiency of matching coef-
ficients depends on the sequence in which they are matched. For example,
since U and U,; have the same order, one could just as well equate the U,
coefficients first then follow by the Uy coefficients. However, we would not
obtain the simplification as above until much later. Also, the possibility this
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4.2. Homotopy Integral Formula

kind of inefficiency does not occur with the line integral method because the
procedure is not iterative. Continuing on, matching the coefficients of U,
and Uy in equation (4.5) yields respectively,

Uc+2 U
Fy—E, =U = F(t,2,U) = 5 —i—/ E(t,z,p)du+ H(t,x), (4.11)

c+

2 U
Gu+E,=U= G(t,z,U) = % —/ E.(t,x,p)dp+ I(t,z), (4.12)

for some unknown functions H(¢,z) and I(t,x). Since H(t,z) and I(t,x))
are independent of variables in *), they are trivial fluxes. Note also for
any smooth function E(t,z,U), everywhere on D x U¥):

U
D, <UtE(t,x,U) +/ Et(t,x,u)du>

U
+ Dy (—UtE(t,a:, U) —|—/ Ex(t,:c,,u)d,u> =0, (4.13)

i.e., equation (4.13) is a differential identity and hence a trivial conservation
law. Thus combining equations (4.6) through (4.13), the matching method
yields the equivalent fluxes

. v Ut

P [(t,a:),U] = UUMC_T—FC—F*Q’
2

(0, 0] =

Indeed from direct computation, one can verify that everywhere on D x U (*):

. Ux2 Uc+2 U2
UU +UUy + Uggz) = Dy (UUm — 74— c+2> + Dy <2> .

4.2 Homotopy Integral Formula

Given a set of conservation law multipliers of the PDE system R, the ho-
motopy integral formula ([6]) is an integral formula for the fluxes of the
corresponding conservation law. Its main advantage is that it provides an
explicit formula for the fluxes, as opposed to successively solving and inte-
grating a system of PDEs when using the matching method. It has been
pointed out in [7, 10] that one drawback of the homotopy integral formula is
that the convergence of the integral formula depends on making choices of
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4.3. Noether’s Theorem

functions in order to avoid singularities in &(¥) that the sets of conservation
law multipliers or the PDEs themselves may have. As we will see next, the
homotopy integral formula is in fact a special case of the line integral formula
(Theorem 3.2.1) obtained from the flux equations and hence we expect the
line integral formula to have a better chance at remedying this convergence
issue.

Theorem 4.2.1. Let D' be a simply-connected subdomain of D and let V&)
be a convex subset of UM . Pick any (z,U*) € D' x V¥) and any smooth
function c(x) = (c*(z),...,c™(x)) such that the k-th prolongation of c(x)
is in VF . If {A, : D' x V) — R}™ | is a set of local conservation law
multipliers of the PDE system R, then the equivalent fluxes are given by

1
B, U] = /O Wi, Ay B[, sU + (1 — 8)e(x)]ds, (4.14)

where Wi (n, AgR?) : D' x V¥) — R is as defined in Theorem 3.1.5.

Proof. Let ~(s) : [0,1] — V) be the linear curve by prolonging 7*(s) =
sUP + (1 — s)c?(z). Hence, n”[x,v(s)] = %S(S) = U — ¢(z). Since V) is
a convex subset (and hence connected), U*(n, A, R7)[x,v(s)] is defined for
all s € [0,1]. Hence, applying the line integral formula (Theorem 3.2.1)

obtained from the flux equations proves the homotopy integral formula. [J

Since the homotopy formula is a special case of the general line integral
formula when we restrict to the linear curve y(s) = sU + (1 — s)e(z), we
refer the reader for examples in Chapter 3.

4.3 Noether’s Theorem

In her celebrated paper [4], Noether presented a method to find local con-
servation laws for PDE systems which admit a wvariational principle. If a
PDE system admits an action functional, then the extremals of the action
functional yields precisely the PDE system given by the Euler-Lagrange
equations. Noether showed that if a PDE system admits a variational prin-
ciple and there exists a point symmetry of the action functional, then one
can obtain the fluxes of a local conservation law explicitly without integra-
tion. Here, we outline a generalization of Noether’s theorem which includes
higher-order symmetries due to Boyer [13]. Before we present this result, we
need to introduce a few definitions.

48



4.3. Noether’s Theorem

Definition 4.3.1. Given a smooth function £ : D x U¥) — R, the action
functional of J : U — R is the integral expression given by

J[U] = /D e, Uld".

The smooth function L[x,U] is called the Lagrangian.

Definition 4.3.2. Let J : U¥) — R be an action functional and let A(D) be
a family of functions defined on D. A function V(z) = (V(z),...,V™(z))
belonging to A(D) is an extremal of the action functional over A(D) if for
any smooth function &(x) = (¢1(x),...,E™(x)) compactly supported on D

d
Ts JIV + s€]|,_o = 0.

For our purpose, we will take A(D) to be the family of smooth functions
satisfying some given boundary conditions of the PDE system R.

Theorem 4.3.3. If U = V(z) is a smooth extremal function of the action
functional J : U*) — R with the associated Lagrangian function £ : D x
UK — R, then it must satisfy the Euler-Lagrange equations:

Ep(L]z, U])|U=V(£E) =0forallp=1,...,m.

Proof. We omit the details since we have basically already shown this during
the course of the proof of the Euler operator property in Theorem 2.3.2. [

Definition 4.3.4. A PDFE system R admits a variational principle if the
PDEs of the system are precisely those given by the Euler-Lagrange equa-

tions; i.e. there exists a Lagrangian function £ : D x U*®) — R such that
the PDFEs of R are given by

R [z, u(z)] = E(L[z,U])|y_y@my =0 forallo=1,...,m.

Definition 4.3.5. The flow under the generator Xn 1s called a variational
symmetry of the action functional J : U®) — R if Xn leaves the Lagrangian
function £ : DxU*) — R to within a divergence expression, i.e., there exist
some smooth functions {A* : D x U*) — RY?_, such that everywhere on
DxU®;

X, (L[z,U)) = D; Az, U].

Now we are in the position to prove (Boyer’s generalization of) Noether’s
theorem ([7]).
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4.3. Noether’s Theorem

Theorem 4.3.6. Suppose the PDE system R has a variational principle

with the Lagrangian function £ : D' x V%) — R. Further suppose that

X, = ZUKk(Dmp[x,U])% is the generator of a variational symmetry
- I

for the action functional J : D' x V¥ — R. For each i = 1,...,n, let
Wi(n, L) : D' x V*) = R be as defined in Theorem 3.1.5. Then

e The smooth functions {n° : D' x V¥ — R}PLy form a set of local
conservation law multipliers of the PDE system R.

o Everywhere on D' x V*) | the corresponding fluzes are given by

[z, U] = Al[z, U] — V(n, L)[z, U]. (4.15)

Proof. By Theorem 3.1.9 of Chapter 3, everywhere on D’ x V*):
Xy (Lla,U)) = 0 [z, U)E,(L[z,U]) + Di¥' (n, £)[, U]. (4.16)

Since the PDE system R admits a variational principle and has a variational
symmetry generated by X, equation (4.16) simplifies to

DAz, U] = nP[x,U]RP[x, U]+ D;¥(n, L)[x, U]
= 0z, U)R?[z,U] = D;(A'[z,U] -V (n,L)z,U]). (4.17)

Since equation (4.17) holds everywhere on D’ x V*) {nf : D' x Y*) —, R},
forms a set of local conservation law multipliers for the PDE system R and
the smooth functions {® : D’ x V*) — R}? | as defined by equation (4.15)
are the corresponding equivalent fluxes. ]

Hence, in order to use Noether’s theorem to find a conservation law for a
given PDE system R, we must first determine if the PDE system R admits
a variational principle. Due to a criteria by Volterra [14], we can determine
precisely when a given PDE system R admits a variational principle. To
state this criteria, we need to introduce a few more definitions.

Definition 4.3.7. The linearization operator L7 of the PDE system R with
respect to components o = 1,...,m is a differential operator with its action
on any smooth functions {F : D x U*) — R}PL, defined by

" OR’
LY (F[x,U]) = ) | Tf[g;,U]DIFP[:E,U].
1<k
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4.3. Noether’s Theorem

Definition 4.3.8. The adjoint operator L*Z of the PDE system R with
respect to components p=1,...,m is a differential operator with its action
on any smooth functions {FP : D x UF) — R}PL, defined by

L5l ) = 3 (D) (Griple U1 U1).
| J|<k J

Definition 4.3.9. A PDE system R is called self-adjoint or variational
if the linearization operator L7 and the adjoint operator L*Z are equal as

differential operators, i.e., for any smooth functions { F?* : DxU®) — R}™

p=1
everywhere on D x UK :

LY(F?[x,U]) = L* ) (F’[z,U]).

Theorem 4.3.10. Suppose D is a star-shaped domain. A PDE system R
(as written) defined on the entire D x U) admits a variational principle if
and only if the PDE system R is self-adjoint. If so, the Lagrangian function
s given by

1
L[z, U] :/ UPRP[z, sU|ds.
0

Proof. See [8] or [14]. O

Hence, if a given PDE system R is not self-adjoint as written, then one
cannot use Noether’s theorem to find conservation laws. Moreover, in the
case if the PDE system R is self-adjoint, there may still be difficulties in com-
puting the Lagrangian function explicitly as given by the integral formula
in Theorem 4.3.10. The direct method of finding sets of conservation law
multipliers and then their corresponding equivalent fluxes does not depend
on whether the PDE system R admits a variational principle. In particular,
the flux equation method, the matching method and the homotopy integral
formula can be used regardless of whether the PDE system R is self-adjoint
or not.

Secondly, even if the given PDE system R admits a variational principle,
we still need to find a variational symmetry for the action functional. These
two obstacles highlight the key disadvantages of Noether’s theorem when
compared to the direct method in finding conservation laws.

Example 4.3.11. Generalized KdV equation

Consider the generalized KdV equation with ¢ > —1:

R[(t,z),u(t, z)] = us + uug + Ugge = 0.
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4.4. Non-critical Scaling Symmetry

After computing the linearization and adjoint operators, it follows that the
generalized KdV equation as written above is not variational. However,
through the change of variable U = V, the generalized KdV equation is
transformed into a variational PDE [7]:

R/[(t’ 33‘), U(tv .Z')] = R[(ta $), U:L"(ta .Z‘)] = Ugt + (Ux)cvxw + Vzgze = 0,
where the Lagrangian function is given by,

_ (Vaw)? (Vi)ot? V. Vi
o) V=~ i Dery 2

Moreover, the evolutionary vector field Xn is the generator of a variational
symmetry of the transformed equation where n[(x,t), V] = V,. Indeed,

% c T e+ T xzx Vit x Vat
RoL[t ) V]) = VisVos — SETE e et B
(Viw)? (Ve)ets VaVi
D"”( 2 (c+1)(c+2) 2 )

Hence, applying Noether’s Theorem (Theorem 4.3.6), we can conclude that
A[(t,x),V] = V, is a conservation law multiplier and the corresponding
equivalent fluxes are given by

o![(t,2),U] = ®[(t,z),V] = (V;)2 _ U;
c+2 2
®*[(t,x), U] = &*[(t,2), V] = ((Zi) 3y + VeVeza = (Vz)
Uc+2 UQ
T 12 +UUM_7‘

4.4 Non-critical Scaling Symmetry

This method ([7, 10, 11]) also provides an explicit algebraic formula for the
fluxes without integration. The main drawback is its limited applicability
since in this formula the PDEs of R and a set of (local) conservation law
multipliers {A, : D’ x Yk R}™ , of the PDE system R both must possess
a scaling symmetry which is non-critical.
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4.4. Non-critical Scaling Symmetry

Definition 4.4.1. Given a set of local conservation law multipliers {A, :
D x Yk R}™ | of the PDE system R, the generator of a scaling symme-
try Xn of the PDE system R and of the set of conservation law multipliers
{Ay : D' x VF) — R}Y™ s called non-critical, if there is a constant ¢ # 0
and some trivial fluzes {©° : D x UF) — R}, such that everywhere on
D' x Y*);

X, (Ag[z, UIR% [z, U)) = cAy[z, UR’ [z, U] + D;0[z,U].

Theorem 4.4.2. Suppose Xn is the generator of a non-critical scaling sym-
metry of both the PDE system R and a set of conservation law multipliers
of the PDE system R, {Ay : D x U*) — R}™ . Then the corresponding
equivalent flures {® : D' x VF) — R} | are given by

. 1.
o'z, U] = E\I/’(n, A R7)[z, U],

where W'(n, A\, R%) is as given in Theorem 3.1.5.

Proof. By definition of a non-critical scaling symmetry and Theorem 3.1.10:

D; (\Iﬂ‘(n, Ao R)[x, U] — ©'[z, U] ) X, (Ay[z, U|R% [, U]) — D;©[z, U]

= cAy[x,U]R?[z,U]

= D@z, U]
Dividing by ¢ on both sides yields the desired result. O
Example 4.4.3. 2D Flame Equation

Consider again the flame equation defined on D x V)| where
VE) =\ {0},

RI(t,x,y), ult,,y)] = w — yfu2 +uZ = 0.

Using the Euler operator method, it can be shown that this scalar PDE has
the set of local conservation law multipliers given by linear combinations of

U,Uyy — UyUyy

ALt Ul =
[( 7:1:7 y)7 ] U:':j M
U, U, — U,U,
2 o yYax zVzy
A [(tvxvy)vU] - Ux3 ’
Ag[(tvxu y),U] = [f(Us, Uy)(UmUyy - U:?y)ﬂ

53



4.4. Non-critical Scaling Symmetry

where f(-,-) is any arbitrary smooth function of its arguments.

If f(Us,Uy) is a homogeneous function, then it’s easy to check that each
of the conservation law multipliers {A7[z, U] ?:1 and the flame equation is
invariant under the scaling symmetry,

X, = 3 (Dt 0).U]) g

[1<2

where n[(t,z,y), U] = tU; + 2U, + yU,. Furthermore, the generator of a
scaling symmetry satisfies

Xy(MR)[(t,2,y),U]) = ¢ (M R)[(t,2,y), U] + D;©7[(t, 2,y),U]

for some ¢/ # 0 and trivial fluxes {©%7 : Dx V*) — R}3_, for each j = 1,2,3,
ie. X’n is the generator of a non-critical scaling symmetry of the flame
equation and of the three conservation law multipliers. Hence, we can apply
Theorem 4.4.2 and the expression for W¥[(, z,y), U] given by Theorem 3.1.5
to obtain the equivalent algebraic fluxes for each of the sets of conservation
law multipliers {A7[z, U] }?:1:

vI((t,z,y), U] :é > (=)l (DJ (Ajagf )) (4.18)

[J|<1 J+i
J@O=g
. OR
+ Y O s | [(tey). UL (419)
|7]=1 I+i
1= —g

Note that for the conservation law multiplier A®[(t,x,y), U], the equivalent
algebraic fluxes in equation (4.19) were also obtained in Chapter 3 via the
line integral formula from Theorem 3.2.1 or the simplified line integral for-
mula from Theorem 3.2.5.
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Chapter 5

Conclusion

In this thesis, we presented the flux equation method for finding conservation
laws for PDEs arising from a given set of conservation law multipliers. By
examples, we showed how the flux equation method generalizes some of
the known methods of finding fluxes. In particular, we showed that the
homotopy integral formula is in fact a special case of the line integral formula
obtained from the flux equations. We also showed how the line integral
formula can be simplified when there is a point symmetry of the PDE system
and of the set of conservation law multipliers. In the case when the point
symmetry is a non-critical scaling symmetry, the line integral formula leads
to the same algebraic fluxes obtain by using the method of non-critical
scaling symmetry.

In light of the flux equation method, there are many new directions for
research. First, one can investigate whether the flux equation method can
produce new fluxes on PDE systems where existing methods of finding con-
servation laws have difficulties. Secondly, using a point symmetry of the
PDE system and of the set of conservation law multipliers, we have seen
how the line integral formula can be simplified for finding equivalent fluxes.
In some cases, this leads to algebraic expressions for the fluxes. It will be
interesting to see if this result can be extended for more general classes of
symmetries such as contact or higher-order symmetries. Thirdly, the flux
equations provide new possibilities for computing fluxes through the use of
symbolic software. Since the flux equations give the explicit dependence of
the fluxes automatically from the PDEs and a set of conservation law mul-
tipliers, it will be interesting to compare the efficiency of the flux equation
method with current methods using symbolic software [7, 10].
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Appendix A

Non-degenerate PDEs

Let R be a PDE system {R°[z,u(x)] = 0}_; defined on domain D. Let
uo(x) be a smooth function defined on D which satisfies the PDE system R
at x = xg. Then, the PDE system R is locally solvable at zo € D and at the
k-th prolongation of ug(zg) if there exists a smooth solution u(z) of the PDE
system R defined on some neighbourhood of x¢ such that u(xg) = uo(xo).
Furthermore, the PDE system R is called locally solvable if it is locally
solvable at every xg € D and every smooth function ug which satisfies the
PDE system R at x = xg.

The PDE system R has maximal rank if the NV x (n —i—m("zk)) Jacobian

matrix SR° ORC
==, == Al
1e.0) = (557 ) (0] (A1)
has maximal rank on any smooth solution U = u(z) of the PDE system R.

Definition A.0.4. A PDFE system R is called non-degenerate if it is both
locally solvable and has maximal rank.

Theorem A.0.5. Suppose the PDE system R is non-degenerate. Then a
smooth function f : D x UK — R vanishes on any smooth solution of the
PDE system R if and only if there exist smooth functions A, j[z,U] such
that
fle, U= Y Agyl2,UID;R[x,U].
o,|J|<k

Proof. See [8]. O
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Appendix B

Cauchy-Kovalevskaya Form

Definition B.0.6. Suppose a given PDE system R has N equations, n
independent variables and m dependent variables. Then the PDE system
R is said to be in Cauchy-Kovalevskaya form if it has the following two
properties:

1. N=m.

2. There exists a choice of variable z such that the highest derivative of
u? with respect to z in the PDE system R can be isolated into an an-
alytic system, i.e., for some positive integers {K°}!_,, each equation

R [z,u(x)] of the PDE system R can be written in the form

aK" u®
0= R[z,u(x)] = P cale Sz, u(x)],
where S?[x, U] is analytic in its arguments and all other partial deriva-
tives 8;3: appearing in S°[x,U] have k < K°.

Definition B.0.7. A PDFE system R admits a Cauchy-Kovalevskaya form
if there exists an analytic function f : D x UF — D x U*) with analytic
inverse such that {R°[f[x,u(z)]] = 0}_; is in Cauchy-Kovalevskaya form.

Example B.0.8. Suppose R is a scalar PDE of the form

aK
0 = R[z,u] = W; — Sz, ul,
where S[.,.] is analytic with respect to its arguments and all partial deriva-
tives %%] in S[z,U] have k < K. Then R is in Cauchy-Kovalevskaya form.

Theorem B.0.9. (Cauchy-Kovalevskaya) Suppose a PDE system R is in
Cauchy-Kovalevskaya form for the variable z. For any x € D, let x = (z,%).
Then, for any (z20,Z0) € D and any analytic functions {fk(i)}f:_ll defined
near the point Zo, the PDE system R has an unique analytic solution u(z, ¥)
in some neighbourhood of (zo,Zo) € D that satisfies the data %(zo,ﬁ) =
fr(@) forall k < K.

Proof. See [8]. O
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Appendix C

Vector Fields, Flows and
Symmetries

Theorem C.0.10. Suppose X s an evolutionary vector field and ~y :
(a —€,a+¢€) — Uy is the flow™ of X starting at U € Uy. Then for any
smooth function f: D x UF®) — R and for all s € (a — €, a + €):

d .
Proof. This follows from the chain rule and the definition of ~(s). O

Theorem C.0.11. Suppose X is an evolutionary vector field. Then for any
smooth function f:D xU®) SR andi=1,...,n:

X(Di(fz,U])) = Di(X (flw,U))).
Proof. This follows from direct computation. O

Definition C.0.12. Given a PDE system R defined on D, an evolutionary
vector field X s called the generator of a point symmetry of the PDE system
R if for any solution u(x) of the PDE system, the flow v(s) under X with
~v(a) = u(x) satisfies

R7[z,y(s)] =0
forallo=1,...,m, x € D and all s € (a—Ae,a—i—e) for some e > 0. (Le.

the transformation generated by the flow of X maps a solution u(x) of the
PDE system R to another solution of the PDE system R.)

Theorem C.0.13. Given a non-degenerate PDE system R defined on D,
a vector field X is the generator of a point symmetry of the PDE system R
if and only if for allo=1,...,m:

13See Definition 3.1.7 from Chapter 3.
14See Definition 3.1.8 from Chapter 3.
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Appendix C. Vector Fields, Flows and Symmetries

Proof. See [8]. O

Theorem C.0.14. Suppose the PDE system R is non-degenerate and X is
the generator of a point symmetry of the PDE system R. Let v : (a —€,a +
€) — Uy be the corresponding flow under X with v(a) = U. Then there exists
a smooth matriz {Af[z,U; |}, such that for allc = 1,...,m, x € D
and s € (a — e, a—i—e)

ou=

R7[z,~(s)] = A} [z, U; s|RF [, U].

Proof. Since X is the generator of a point symmetry of a non-degenerate
PDE system R and 7(s) implicitly depends on U, then on any solution u(x)
of the PDE system R,

Hence, by Theorem A.0.5, there exists smooth functions {Af[z,U; s|}7’
and {47 ;[z,U;s]}s,,s such that:

o,u=1

R [z,~(s)] = Af [z, U; s] R [z, U] + Z A7 sz, Uss]DyRF [, U] (C.1)

0<|J|<k
p=1,...m

By definition of the generator of a point symmetry X, the image of the
flow ~(s) under X lies in Up. Hence, the image of the prolongation of
v(s) at most lies in the k-th prolongation jet space U® . In other words,
R?[xz,7(s)] contains at most k-th order derivatives of U for allo =1,...,m.
Moreover, since each term D jyRF[z, U] in equation (C.1) contains derivatives
strictly higher than the k-th order, the sum in (C.1) must vanish for all
s€(a—e€a+e¢)and x € D. O
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