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“The research worker, in his efforts to express the fundamental laws of Nature in
mathematical form, should strive mainly for mathematical beauty. He should still
take simplicity into consideration in a subordinate way to beauty. It often happens
that the requirements of simplicity and of beauty are the same, but where they clash
the latter must take precedence.”

— Paul Adrien Maurice Dirac

“Guided only by their feeling for symmetry, simplicity, and generality, and an
indefinable sense of the fitness of things, creative mathematicians now, as in the
past, are inspired by the art of mathematics rather than by any prospect of ultimate
usefulness.”

— Eric Temple Bell

“I am interested in mathematics only as a creative art.”
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The present Ph.D. Thesis is concerned with first order PDE’s and to the
structural conditions allowing for their transformation into an equivalent,
and somehow simpler, form. Most of the results are framed in the context of
the classical theory of the Lie symmetries of differential equations, and on
the analysis of some invariant quantities. The thesis is organized in 5 main
sections. The first two Chapters present the basic elements of the Lie theory
and some introductory facts about first order PDE’s, with special emphasis
on quasilinear ones. Chapter 3 is devoted to investigate equivalence trans-
formations, i.e., point transformations suitable to deal with classes of dif-
ferential equations involving arbitrary elements. The general framework of
equivalence transformations is then applied to a class of systems of first or-
der PDE’s, consisting of a linear conservation law and four general balance
laws involving some arbitrary continuously differentiable functions, in or-
der to identify the elements of the class that can be mapped to a system of
autonomous conservation laws. Chapter 4 is concerned with the transfor-
mation of nonlinear first order systems of differential equations to a simpler
form. At first, the reduction to an equivalent first order autonomous and
homogeneous quasilinear form is considered. A theorem providing neces-
sary conditions is given, and the reduction to quasilinear form is performed
by constructing the canonical variables associated to the Lie point symme-
tries admitted by the nonlinear system. Then, a general nonlinear system
of first order PDE’s involving the derivatives of the unknown variables in
polynomial form is considered, and a theorem giving necessary and suffi-
cient conditions in order to map it to an autonomous system polynomially
homogeneous in the derivatives is established. Several classes of first or-
der Monge-Ampére systems, either with constant coefficients or with co-
efficients depending on the field variables, provided that the coefficients
entering their equations satisfy some constraints, are reduced to quasilin-
ear (or linear) form. Chapter 5 faces the decoupling problem of general
quasilinear first order systems. Starting from the direct decoupling prob-
lem of hyperbolic quasilinear first order systems in two independent vari-
ables and two or three dependent variables, we observe that the decoupling
conditions can be written in terms of the eigenvalues and eigenvectors of
the coefficient matrix. This allows to obtain a completely general result. At
tirst, general autonomous and homogeneous quasilinear first order systems
(either hyperbolic or not) are discussed, and the necessary and sufficient
conditions for the decoupling in two or more subsystems proved. Then,
the analysis is extended to the case of nonhomogeneous and/or nonau-
tonomous systems. The conditions, as one expects, involve just the proper-
ties of the eigenvalues and the eigenvectors (together with the generalized
eigenvectors, if needed) of the coefficient matrix; in particular, the condi-
tions for the full decoupling of a hyperbolic system in non—interacting sub-
systems have a physical interpretation since require the vanishing both of
the change of characteristic speeds of a subsystem across a wave of the other
subsystems, and of the interaction coefficients between waves of different
subsystems. Moreover, when the required decoupling conditions are sat-
isfied, we have also the differential constraints whose integration provides
the variable transformation leading to the (partially or fully) decoupled sys-
tem. All the results are extended to the decoupling of nonhomogeneous
and/or nonautonomous quasilinear first order systems.
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1 Introduction

HE results presented in this Ph.D. Thesis are concerned with first order
systems of partial differential equations and to the structural conditions
allowing for their transformation into an equivalent, and somehow sim-
pler, form. Most of the results are framed in the context of the classical
theory (and of some of its recent generalizations and extensions) of the Lie
symmetries of differential equations, and on the analysis of some invariant
quantities.

The concept of symmetry, in everyday language, refers to a sense of har-
monious and beautiful proportion and balance. In mathematics, a symme-
try is just a transformation which does not change a mathematical object!
The set of symmetries of an object is a group.

In mathematical physics, symmetry, with the meaning of invariance un-
der suitable transformations, has become one of the most powerful, elegant
and useful tools for the formulation of the laws of nature. For instance, the
reproducibility of experiments in different places at different times relies
on the invariance of the laws of nature under space translation and rotation
(homogeneity and isotropy of space), as well as time translation (homo-
geneity of time) [66]. Without such regularities, physical events probably
would remain out of our knowledge, and their formulation would be im-
possible. An important implication of symmetries is the existence of conser-
vation laws. This connection has been proved by Emmy Noether [64] in her
famous theorem, which states that for every suitable continuous symmetry
there is a corresponding conserved quantity.

Towards the end of the nineteenth century, Sophus Lie realized that
many of the available integration techniques for solving differential equa-
tions could be unified and extended using group theory. He introduced the
notion, known now as Lie group, in order to study the solutions of ordinary
differential equations [54, 55], and showed the following main property: the
order of an ordinary differential equation can be reduced by one if it is in-
variant under a one—parameter Lie group of point transformations. The Lie
symmetry methods are central in the modern approach to nonlinear ordi-
nary differential equations. Lie devoted the remainder of his mathematical
career to investigate these continuous groups of transformations leaving
differential equations invariant, creating what is now called the symmetry
analysis of differential equations that had an impact on many areas of mathe-
matically based sciences.

In Chapter 2, the basic elements of the theory of Lie groups of trans-
formations of differential equations are presented to keep this thesis self-
contained. Lie’s theory enables one to derive solutions of differential equa-
tions in a completely algorithmic way without appealing to special lucky
guesses, and introduces the notion of Lie point symmetry of a system as a
local group of transformations that maps every solution of the system to
another solution of the same system. Elementary examples of Lie groups



2 Introduction

are translations, rotations and scalings. For any Lie group of point trans-
formations there exists a set of privileged variables (the canonical variables)
in terms of which the Lie group expresses in its simplest form; these play a
crucial role in the proof of some theorems presented in this thesis. The ap-
plication of Lie’s theory to differential equations is completely algorithmic;
however, it usually involves a lot of cumbersome and tedious calculations.
For instance, in looking for symmetries of a system of partial differential
equations, it is not uncommon to have to handle hundreds of equations to
find a single solution. In this thesis, most of the calculations were made by
using powerful Computer Algebra Systems (CAS) like Mathematica® [94]
(commercial) and Reduce [37] (open source), also using specific packages
for the necessary algebraic manipulations [3, 68].

The key idea of Lie’s theory of symmetry analysis of differential equa-
tions relies on the invariance of the equation under a transformation of
independent and dependent variables. This transformation forms a local
group of point transformations establishing a diffeomorphism on the space
of independent and dependent variables, mapping solutions of the equa-
tions to other solutions. Any transformation of the independent and de-
pendent variables in turn induces a transformation of the derivatives. Lie
groups are intimately connected to Lie algebras [28, 40], and a brief sketch
about Lie algebras realized in terms of generators of Lie groups of transfor-
mations is provided. The algebraic structure of the admitted Lie symme-
tries is crucial in some theorems presented in the subsequent chapters.

In Chapter 3, some introductory facts about first order systems of par-
tial differential equations, with special emphasis on quasilinear ones, are
recalled. In view of the results presented in Chapter 5, we also recall some
known results concerned with the construction of mappings from a given
(source) system of differential equations to another equivalent (farget) one
[6, 19, 22,23, 25, 26, 39, 65, 66, 80]. By considering general nonautonomous
and/or nonhomogeneous first order quasilinear systems of partial differ-
ential equations it has been shown that their reduction to autonomous and
homogeneous quasilinear form is possible if and only if a suitable algebra
of point symmetries is admitted.

Since in many applications we have differential equations involving ar-
bitrary elements (constants or functions), so that one often needs to deal
with classes of differential equations, it may be convenient to use equivalence
transformations. For instance, if one is interested in identifying the sys-
tems of balance laws (possibly nonautonomous) that can be transformed by
an invertible point transformation to systems of autonomous conservation
laws, equivalence transformations, i.e., point transformations that preserve
the differential structure of the equations in the class but may change the
form of the constitutive functions and/or parameters, provide useful.

Equivalence transformations live in an augmented space of indepen-
dent, dependent and additional variables representing values taken by the
arbitrary elements. The algorithm for the determination of such transfor-
mations consists of the following steps:

e consider the augmented space where the independent variables, the
dependent variables and the arbitrary functions live;

e assume the arbitrary parameters determining the class of differential
equations as dependent variables;



e impose, by using Lie infinitesimal criterion [76], the invariance of the
class in the augmented space;

e project the admitted equivalence transformations into the space of in-
dependent and dependent variables and integrate the corresponding
Lie’s equations, so determining some finite transformations mapping
the system to an equivalent one with the same differential structure
but involving different arbitrary elements.

In Chapter 4, this general procedure has been applied to a class of (3+1)-
dimensional systems of first order partial differential equations consisting
of a linear conservation law and four general balance laws involving some
arbitrary continuously differentiable functions. The aim is to identify, for
a given equivalence transformation, the elements of the class that can be
mapped to a system of autonomous conservation laws. The equivalence
transformations are determined, and the finite transformations correspond-
ing to the admitted generators are given. By constructing the finite trans-
formations corresponding to a suitable linear combination of the admitted
Lie point symmetries, under particular assumptions, a model of physical
interest has been considered: an ideal gas in a non-inertial frame rotating
with constant angular velocity around the vertical axis and subject to grav-
ity and Coriolis forces, that can be mapped to an equivalent system where
gravity and Coriolis forces disappear.

In Chapter 5, we consider nonlinear first order systems of differential
equations, and investigate their reduction to a simpler form. At first, the re-
duction to an equivalent first order autonomous and homogeneous quasi-
linear form is considered. A theorem providing necessary conditions is
given, and the reduction to quasilinear form is performed by construct-
ing the canonical variables associated to the Lie point symmetries admitted
by the nonlinear system. The fact that the conditions are only necessary is
proved by exhibiting a nonlinear system satisfying the hypotheses of the
theorem that is not reducible to quasilinear form. Several examples of first
order systems of nonlinear partial differential equations that can be trans-
formed, under suitable conditions, to quasilinear autonomous and homo-
geneous systems are given. The nonlinear first order systems are obtained
from second order (141)—, (24 1)- and (3+1)-dimensional Monge—-Ampere
equations. In the second part of Chapter 5, a general nonlinear system of
first order partial differential equations involving the derivatives of the un-
known variables in polynomial form is considered, and a theorem giving
necessary and sufficient conditions in order to map it to an autonomous sys-
tem polynomially homogeneous in the derivatives is established. The the-
orem involves the Lie point symmetries admitted by the nonlinear source
system, and the proof is constructive, in the sense that it leads to the algo-
rithmic construction of the invertible mapping performing the task. First
order nonlinear systems polynomial in the derivatives where the theorem
applies are considered; several classes of first order Monge-Ampere sys-
tems, either with constant coefficients or with coefficients depending on
the field variables, provided that the coefficients entering their equations
satisfy some constraints, are reduced to quasilinear (or linear) form.

Chapter 6 faces the decoupling problem of general quasilinear first or-
der systems. In fact, for quasilinear first order systems, it may be inter-
esting, from a computational point of view, to look for the conditions (if
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any) leading to their possible decoupling into smaller non-interacting sub-
systems (full decoupling), or their reduction to a set of smaller subsystems
that can be solved separately in hierarchy (partial decoupling). In litera-
ture, the problem has been analyzed by Nijenhuis [63] who, in the case of
strictly hyperbolic systems, provided necessary and sufficient conditions
for the decoupling into non-interacting one-dimensional subsystems re-
quiring the vanishing of the corresponding Nijenhuis tensor. Later, other
results have been given by Bogoyavlenskij [9, 10], who provided necessary
and sufficient conditions, with a geometric formalism, by using Nijenhuis
[63] and Haantjes [36] tensors. In the beginning of Chapter 6, we consid-
ered the decoupling problem of hyperbolic quasilinear first order systems
in two independent variables and two or three dependent variables that can
be in principle nonautonomous and/or nonhomogeneous. By means of a
direct approach, we derived the conditions on the source system and the
transformation allowing us to obtain a system that results partially or fully
decoupled in some subsystems. Such conditions are written in terms of the
eigenvalues and eigenvectors of the coefficient matrix. The results can be
applied to the class of Galilean first order systems in two and three depen-
dent variables. From a physical point of view, in the family of 2 x 2 Galilean
tirst order systems the one—dimensional Euler equations of barotropic flu-
ids which, with a suitable constitutive law, are mapped to the partially de-
coupled form, have been characterized.

In the rest of Chapter 6, a generalization of the results found by the di-
rect approach for the decoupling problem in the case of quasilinear first
order systems involving two or three dependent variables is presented. At
tirst, we discuss general autonomous and homogeneous quasilinear first
order systems (either hyperbolic or not), and prove the necessary and suf-
ficient conditions for the decoupling in two or more subsystems. Then,
we extend the analysis also to the case of nonhomogeneous and/or nonau-
tonomous systems. The conditions, as one expects, involve just the proper-
ties of the eigenvalues and the eigenvectors (together with the generalized
eigenvectors, if needed) of the coefficient matrix; in particular, the condi-
tions for the full decoupling of a hyperbolic system in non-interacting sub-
systems have a physical interpretation since require the vanishing both of
the change of characteristic speeds of a subsystem across a wave of the other
subsystems, and of the interaction coefficients between waves of different
subsystems. Moreover, when the required decoupling conditions are sa-
tisfied, we have also the differential constraints whose integration provides
the variable transformation leading to the (partially or fully) decoupled sys-
tem. All the results are extended to the decoupling of nonhomogeneous
and/or nonautonomous quasilinear first order systems. Some examples of
physical interest where the procedure works are also given. The theorem
was applied to the one-dimensional Euler equations of an ideal gas with
the special value of the adiabatic index I' = 3 [17, p. 88], and to a nonlin-
ear model describing the motion of a moving threadline with a particular
constitutive law for the tension.

Most of the original results presented in this thesis are contained in the
papers [31, 32, 33, 34, 35].



2 Lie groups of transformations

N this Chapter, also to fix the notation that we will use throughout this

thesis, we give a brief account of the basic concepts of Lie groups theory

of differential equations; the interested reader may find a more detailed

exposition in several well known monographies [3, 5, 6, 7, 8, 14, 16, 42, 43,
44,45,62,73,74,75,76, 87].

2.1 Basic theory of Lie groups of transformations

Definition 2.1.1 (Group of transformations). Let us consider a domain D C
RN and a subset S C R. The set of transformations

z* = 7Z(z;a), Z:DxS— D, (2.1)

depending on the parameter a, forms a one—parameter group of transforma-
tions on D if:

1. For each value of the parameter a € S the transformations are one—to—one
onto D;

2. S with the law of composition p : D x D — D is a group with identity e;
3. Z(z;e) =2z,Yz € D;
4. Z(Z(z;a);b) = Z(z; pu(a,b)),Vz € D,Va,b e S.

Definition 2.1.2 (Lie group of transformations). The group of transformations
(2.1) defines a one—parameter Lie group of transformations if, in addition to
satisfying the axioms of the previous definition,

1. ais a continuous parameter, i.e., S is an interval in R;

2. Zis C*™ with respect to z in D and an analytic function of a in S;

1

3. the group operation i(a,b) and the inversion a™ are analytic functions

Ya,bes.

Due to the analyticity of the group operation g, it is always possible to
reparametrize the Lie group in such a way the group operation becomes
the ordinary sum in R so that e = 0.

Expanding (2.1) in powers of a around a = 0, we get (in a neighbour-
hood of a = 0):

N 0Z(z; a) a’ 0%°Z(z;a)
z  =7Z+a —= _ 7 + ... =
da |,y 2 0a® |,
0%(z: a) (2.2)
_ za 2
=zta—g a:0+0(a )




6 Lie groups of transformations

By setting
_ 04(z;a)
¢ = =5, 23)
the relation
z* =z + al(z) (2.4)

defines the Lie infinitesimal transformation; the components of {(z) are called
the infinitesimals of (2.1).

Lie’s First Fundamental Theorem ensures that the infinitesimal trans-
formations contain the essential information for characterizing a one—para-
meter Lie group of transformations.

Theorem 2.1.1 (First Fundamental Theorem of Lie). The Lie group of trans-
formations (2.1) can be found as solution of the initial value problem for the system
of first order differential equations

Cfiza = ¢z, 2°(0) =z (2.5)
Proof. If z* = Z(z; a), taking into account that
Z(z;a+¢€) = Z(z";¢), (2.6)

and expanding both sides in powers of € around € = 0 we get:

Z .
Z(z;a+¢€) = Z(z;a) + 68((92,0,) + O(e?) =
*
— 2137 o),
da X (2.7)
Z(z*;¢) =Z(z";0) + ¢ 9Z(z";c) +0(é%) =
Oe =0

= 2"+ ¢C(z%) + O(e?),

where z* is given by (2.1).

By comparing these expressions it follows that z* = Z(z; a) satisfies the
initial value problem (2.5).

Conversely, since the infinitesimals ¢ and their first order partial deriva-
tives are continuous, the Cauchy existence and uniqueness theorem for the
initial value problem (2.5) implies that the solution of (2.5) exists and is
unique. This solution has to be (2.1), and this completes the proof. ]

Theorem 2.1.1 means that the infinitesimal transformation uniquely
characterizes the Lie group of point transformations, and so it is justified
the term infinitesimal generator of the group given to ¢(z).

To the infinitesimal generator ¢(z) (which is a vector field) of the one-
parameter Lie group of transformations (2.1) it is associated the first order
differential operator (the symbol in Lie’s notation)

0 0

E:C(z)-Vz{l(z)a—Zl+~-+CN(z)%. (2.8)
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For any differentiable function F'(z) it is

= _ . _ 1 ai .. N ai
=2 =¢@) VF=C' @5+ + M@y @9
and, in particular,
=(z) = ((2). (2.10)

A one-parameter Lie group of transformations, which by Theorem 2.1.1
is equivalent to its infinitesimal transformation, is also equivalent to its in-
finitesimal operator.

The following theorem shows that the use of the infinitesimal operator
leads to an algorithm for finding the explicit solution of the initial value
problem (2.5).

Theorem 2.1.2. The one—parameter Lie group of transformations (2.1) is equiva-
lent to

2 0 k
— = — = @ =2 — @ -k
Z = epe)e) =2 450+ @+ =3 e, @

where the operator Z is defined by (2.8), and =*(z) = = (EF~1(z)); in particular,
it is Z%(z) = z.

Proof. Let us have

0 0
=1 ... Nigy—
— < (Z) 821 + + C (Z) 82]\[ ) (2'12)
and 5 5
=x _ ~lix . N *

where z* = Z(z;a). By expanding (2.1) in Taylor series around a = 0, one
obtains: k oo
00 Z o *
P Z 02z “) ez (2.14)

| k
a=0 k=0 k! da a=0

Since for any differentiable function F'(z) it is

* N z*) dzf Ay z*
dF(z) _ 5 OF (z*) d=f _ ZCZ(Z*)aFi() = (F(zY),  (215)

da ; 0z da 4 0z}
i=1 g i=1 i
in particular, it follows that
dz* ek (%
da - (Z )7 (2 16)
d2Z* d dz* —k (kK —*2 [ _x .
() —z e -6,
and, more in general
k., x
T2 k), ke (2.17)
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From (2.17) it follows:

dFz*

| = 2% (z), keN, (2.18)
a=0

which gives the (2.11). O

Henceforth, the Taylor series expansion about a = 0 of a function
Z(z; a), which defines the Lie group of transformations (2.1), is determined
by the coefficient of its O(a) term, i.e., by the infinitesimals {(z).

Thus, one can find explicitly a one-parameter Lie group of transforma-
tions from its infinitesimal transformation, by expressing the group in terms
of a power series (2.11), called Lie series, or by solving the initial value prob-
lem (2.5).

Now, we can introduce the concept of invariance of a function with re-
spect to a Lie group of transformations, and prove the related invariance
criterion.

Definition 2.1.3. An infinitely differentiable function F'(z) is said to be an in-
variant function (or, simply, an invariant) of the Lie group of transformations
(2.1) if and only if for any group of transformations (2.1) the condition

F(z*) = F(2) (2.19)

holds true.

If F'(z) is an invariant function of (2.1), then it is simply called an invari-
ant of (2.1). The invariance of a function is characterized in a very simple
way by means of the infinitesimal generator of the group, as the following
theorem shows.

Theorem 2.1.3. F'(z) is invariant under (2.1) if and only if
=(F(z)) = 0. (2.20)

It can be also defined the invariance of a surface of R" with respect to a
Lie group. A surface F'(z) = 0 is said to be an invariant surface with respect
to the one—parameter Lie group (2.1) if F'(z*) = 0 when F(z) = 0.

As a consequence of the Theorem 2.1.3, the following theorem immedi-
ately follows.

Theorem 2.1.4. A surface F(z) = 0 is invariant with respect to the group (2.1) if
and only if

[1]

(F(z)) =0 when F(z) =0. (2.21)

2.2 Canonical variables

For any Lie group there exists a set of privileged variables (canonical
variables) in terms of which the Lie group (and the associated infinitesimal
generator) expresses in its simplest form.

Given in R the one-parameter Lie group of transformations (2.1), let
us suppose to make the change of variables defined by the one-to—one and
C' transformation:

y = Y(z), y = (Y1, ---,yn)- (2.22)
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If

(1]

N o
=> (@5 (2.23)
i=1 ¢

is the infinitesimal generator in terms of the coordinates z, the correspond-
ing generator in terms of y is

(1]

- N
= )5 (2.24)
— Oyi

~

where, in order to have the same group action, it is = = = with (* (y) =
E(yi) (i =1,...,N). In fact, by using the chain rule, we have:

N 0 X oy, 8 0
g ;c (@), 3221 )5, oy, ;c ¥5,, =% @)
where
- N oy
Cy)=> @5 =2@), j=1....N. (2.26)
i=1 ¢

(Yi(z)) =0, i=1,...,N—1,

- (2.27)
E(Yn(z) =1
hold true, then the infinitesimal generator expresses as
0
== 2.28
B (2.28)
and the Lie group writes as
£ =y, i =1,...,N -1,
Yo =8t (2.29)

YN = yn +a.
The canonical variables of Lie groups of point transformations play a
crucial role in the proof of some theorems presented in this thesis.

2.3 Multi parameter Lie groups

A Lie group of transformations may depend as well on many parame-
ters,

z* = Z(z;a), (2.30)

where a = (a1,a2,...,a,) € S C R". The r x N infinitesimal matrix x(z)
with entries 5 07, (2.2)
. 2% Zi(z,a

J - 9 = ZZ2\= % 2.31

Xa(2) Jaa |, Jan |y (2.31)

(v =1,...,7;,j = 1,...,N) may be constructed, and, for each parameter

a, of the r—parameter Lie group of transformations (2.30), the infinitesimal
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generator g,

[1]

Q:Z)dy(z)g, a=1,...,r (2.32)
j=1 J

is defined. The infinitesimal generator

[1]

T N T
SN 0B =Y 0 C=Y ond), @39
a=1 j=1 J a=1

where 01, ..., 0, are fixed real constants, in turn defines a one—parameter
subgroup of an r—parameter Lie group of transformations.

2.4 Lie groups of differential equations

In considering Lie groups of point transformations associated to a given
differential equation £ involving n independent variables x = (z1,...,zy,)
€ R”, and m dependent variables u = (u1,...,uy) € R™, it is convenient
to distinguish the independent variables from the dependent ones, so that
we can write such a group of transformations in the form

x* = X(x,u;a), u* =U(x,u;a), (2.34)
acting on the space R™*" of the variables (x, u). Also, let
u=0(x)=(0:(x),...,0,(x)) (2.35)

be a solution of the equation £.
A Lie group of transformations of the form (2.34) admitted by £ has the
two equivalent properties:

e a transformation of the group maps any solution of £ into another
solution of &;

e atransformation of the group leaves £ invariant, say, £ reads the same
in terms of the variables (x,u) and in terms of the transformed vari-
ables (x*, u*).

Since a differential equation involves, in addition to x and u, the derivatives
up to some finite order of the latter with respect to the former ones, we have
to determine the transformation of such derivatives. This is accomplished
by prolonging the action of the group. The transformations (2.34) determine
suitable transformations for the derivatives of the dependent variables u
with respect to the independent variables x.

Let u) denote the vector whose m - n components are all first order
partial derivatives of u with respect to x,

1y _ (9w Ouy Oup, O,

1 = (£
u _(8$1"”78xn"”’81‘1"”’8%”)’ (2.36)

and, in general, let u®) denote the vector whose components are the
<n +k-1
m .

f > k—th order partial derivatives of u with respect to x.
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The transformations of the derivatives of the dependent variables (ob-
tained by requiring that the transformations preserve the contact conditions)
lead to natural extensions (prolongations) of the one-parameter Lie group of
transformations (2.34). While the one—parameter Lie group of transforma-
tions (2.34) acts on the space (x, u), the extended group acts on the space
(x,u,u®), and, more in general, on the jet space (x, u, u®, .., u®). Since
all the information about a Lie group of transformations is contained in its
infinitesimal generator, we need to compute its prolongations:

o the first order prolongation

=( A 0 ou
s ==+ Z 77[1] X, U, u! 8u UA; = 8—;, (2.37)
A—1i=1 Az i

with ‘
Dn4 D¢ Ouya
Dl‘i DSL‘Z 856]' ’

nih(x,u,ul) = (2.38)

e the general k-th order prolongation recursively defined by

(k) — (k- 1)+ZZ Z”n ’k]aum ” (2.39)

A=1i1=1 ip=1

[I]

O

where UAiq. 4 — 77—
L 8.%1'1 e 61'%

, and nf?lml.k] recursively defined by the

relation B
[t1..5—1] ,5
Wf?l,_.ik] = DlT:l - UA,il...ik,leik. (2.40)
In (2.38) and (2.40) the Lie derivative
2
D _0  0ua 0 | Oua 0 , (2.41)

Di.%‘i a 81‘1 + 8931 aUA 81,‘18&?] 8uA,j

has been introduced, and the Einstein convention of summation over re-
peated indices used.

The infinitesimals of the Lie group of transformations leaving a given
system of differential equations invariant can be found by means of the
straightforward algorithm that will be described below. Remarkably, the
search of one-parameter Lie groups of transformations leaving differen-
tial equations invariant leads usually to obtain r—parameter Lie groups of
transformations.

2.5 Lie’s algorithm

Let
A (x, u,ulM, .. ,u(k)> =0 (2.42)

(A = (Ayq,...,A)) be a system of ¢ differential equations of order k, with
independent variables x € R" and dependent variables u € R™. Suppose
that the system (2.42) is written in normal form, i.e., it is solved with respect
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to some partial derivatives of order k,, forv =1,...,¢:
A, <x, w,ul . u(k)> = UA, ., — Fu(X,, a u(k)) =0. (2.43)

The equations (2.43) can be considered as characterizing a manifold in the
jet space, the latter having dimension equal to

k
n—i—mZ(n:ﬁIl)—n—i—m(nZk) (2.44)

It is said that the one—parameter Lie group of transformations (2.34)
leaves the system (2.43) invariant (is admitted by (2.43)) if and only if its k-
th prolongation leaves invariant the manifold of the jet space defined by
(2.43).

Theorem 2.1.4 allows to prove the following important theorem, which
leads directly to the algorithm for the computation of the infinitesimals ad-
mitted by a given differential system.

Theorem 2.5.1 (Infinitesimal Criterion for differential equations). Let

= = ¢(x,u) +7(x, ) (2.45)

be the infinitesimal generator corresponding to (2.34), and =) the k—th extended
infinitesimal generator. The group (2.34) is admitted by the system (2.43) if and
only if
=(*) (A (x, u, u(l), .. 7u(k)>) =0
(2.46)
when A (x, w,u, u(k)> =0.
If the differential system is in polynomial form in the derivatives, the
invariance conditions (2.46) are polynomials in the components of (uV), ..,
u®)), with coefficients expressed by linear combinations of the unknowns
&, 0t (@ =1,...,n; A = 1,...,m) and their partial derivatives. After
using (2.43) to eliminate the derivatives ua, .4, , the equations can be
splitted with respect to the components of the remaining derivatives of
u that can be arbitrarily varied. By equating to zero the coefficients of
these partial derivatives, one obtains an overdetermined system of linear
differential equations for the infinitesimals (the so called system of deter-
mining equations), whose integration leads to the infinitesimals of the group.
The infinitesimals involve arbitrary constants (and in some cases arbitrary
functions); therefore, we have de facto r—-parameter Lie groups (infinite—
parameter Lie groups when arbitrary functions are involved).

Remark 2.5.1. In this thesis we will deal mainly with Lie groups of transfor-
mations admitted by differential equations with infinitesimals depending on the
independent and dependent variables only. These are called local Lie point sym-
metries. Symmetries in which the infinitesimals may depend also on first (respec-
tively, higher) order derivatives of the dependent variables with respect to the in-
dependent variables are contact (respectively, generalized) symmetries, and sym-
metries with infinitesimals depending also on integrals of dependent variables are
called nonlocal symmetries.
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2.6 Lie algebras

Lie groups are intimately connected to Lie algebras [28, 40]. Let us recall
some basic notions about Lie algebras realized in terms of generators of Lie
groups admitted by differential equations.

Let K be a field. A Lie algebra L over K is a vector space over K endowed
with a bilinear map (Lie bracket or commutator)

[,]: LxL— L,
(2.47)
(z,y) — [z,y],
satisfying the following properties:
,x] =0 Vz €L,
[z, 2] v (2.48)

[z, [y, 2]] + [y, [z, 2]] + [z, [z, 9]] = O (Jacobi identity).
Due to the bilinearity of the Lie bracket, it is
O0=[z+yz+yl=z2]+ [yl + [y 2] + [y, 9] = [z,9] + [y, 2], (249)
whereupon, using (2.48),, it follows
[z,y] = —[y,z] Vz,y€L (antisymmetry). (2.50)

Moreover, (2.50) implies (2.48); if K has not characteristic 2.

The dimension of a Lie algebra L is its dimension as a vector space; if it
has finite dimension r, then it is often denoted by L,.

A Lie algebra L is Abelian if [x,y] = 0 forall z,y € L.

Given a Lie algebra L, a Lie subalgebra of L is a vector space L’ C L such
that [z,y] € L' forall z,y € L'

An ideal of a Lie algebra L is a subspace J of L such that

[z,y] € J forall xe€L,yeJ (2.51)

The Lie algebra L and {0} are ideals of L, called the trivial ideals of L. An-
other important example of ideal of L is the centre of L, defined by

Z(L)y={zxeL:[z,y=0 Yye L} (2.52)
It can be noted that L = Z(L) if and only if L is Abelian.

Remark 2.6.1. Real (K = R) and complex (K = C) Lie algebras are of special rel-
evance in the application of Lie groups of transformations of differential equations.
In the following we shall restrict to consider real Lie algebras.

The commutator of two generators =, and =g is the first order operator
defined by

—_

[: :]_: =, =L, E
Doy 2B = SaSpg — Sp5a =
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-y (ceys) (dmss) - (G@ps) (amgs) | -

N 9
=> {(z)-— (2.53)

where
N

- 0Ch (= I (z
OB Z[cam“) <>8C§Z<i)]. @59

=1

As a consequence of this definition, the operation of commutation is anti-
symmetric,
[Ea, 28] = —[E8, Zal, (2.55)

bilinear,
[aZq + b23,E4] = a[Zq,E4] + b[Es, 2] (2.56)

(a, b constants), and satisfies the Jacobi identity
[EOH [Eﬁa E”YH + [E',Ba [E’Y> Ea]] + [E"Ya [EOZ? Eﬁ“ =0. (257)

It follows that a vector space L of generators is a Lie algebra if the commu-
tator [=,, 23] of any two generators =, € L and =3 € L belongs to L.

Lemma 2.6.1. The commutator of two generators is invariant with respect to any
invertible change of variables.

Proof. Lety = g(z) be a change of variables. It results

i 0 = _ 99 0
Ca 0Zi’ e Ca 821 ay]’ ’
= i 0 =, — (L 9y; i
== 0z’ =p = Gp 0z; y;j
Hence
= = ST AN
[:aa: } =G Cﬁ o
8% ayy Oy,

4 0
1 é —_ —_—
G, 0z ayj (Cﬂ 8Zg> S 0z; ayj < « az)) O
0y OC5 Oz Oy ; Oy OCE Dz 8yk) 9
5 =

0z Oz Oy; 0z Boz 0zm, Jy; 0z

¢i G o OCh, | O2m Oy; Oy \ 0 _
0z POz | Oyj 0z 0z | Oyp

(O Lok . o) O
Ca@ - Cﬁa 5mz ({_)ZZ 8yk =

¢ %)ayk)a ——

0z | Oy = [Fa,Zg).
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Theorem 2.6.1. If a regularly assigned manifold F(z) = 0, z € RY, is invariant
with respect to generators E, and Zg, then it is invariant with respect to their
commutator [Eq, Eg].

Proof. Since the manifold F'(z) = 0 is invariant with respect to the Lie
groups generated by =, and Zg, it is

= ) (2.58)

[Za,Zp] (F(2))

|
(1]
=
(1
Q
3
N
Il

I
(11 (11 [1]
—~ E\
-
@
=
>
Q
X
ﬁ

+

F >
S

0

=

i

X

I

)
) (2.59)
)

|
[m
=
=
Q
S
= =
Q

Il
T
L
==
®
x
|
[11 ~—
=

so proving that the manifold F(z) is invariant with respect to [=,,=Zg]. O

To extend the previous theorem to generators of Lie groups admitted by
differential equations we need the following theorem.

Theorem 2.6.2. The operation of prolongation commutes with the operation of
taking a commutator.

Proof. To prove the theorem it is sufficient, due to the recursive definition
of the higher order prolongations, to limit ourselves to first order prolonga-
tions. Let us consider the generators =, and Z3 involving the variables x
and u. Since the operations of commutation and prolongation are invariant
with respect to a change of variables, let us introduce the canonical vari-
ables of the generator =, (still denoting them with x and u to simplify the

notation), whereupon the generator =, may be written as D’ whereas let

L1
us write the generator =3 as
; 0 4 0
Eg=&-—— —. 2.60
g § 8%,‘ + " 8u A ( )
It results , "
o o0 ot 0
S, Eg] = —_ 2.61
[ 2 Ox1 0x;  Ox1 Oua 261)
whereas the first order prolonged operators become
EY) = Ea,
Zn =28+ ,
B BT E 5y ik

where u 4, denotes the partial derivative of u4 with respect to the variable
x1, and we recall that it is

(2.63)
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Therefore,

R SR I
[u&)’“ﬁ } = [2a, 2] + [“a’”[klaumﬂ] -

4 (2.64)
_€ o ot o oy 9
- 8$1 8%1‘ 8331 8uA axl 8UA7k'
On the other hand, the prolongation of the commutator [=,, Zg] is
Za 551 = (B, Sa] + iy 5 265
) 9 [k] a'LLAJg’
where .
s _ D om*\ D SATRN
(k] Dz \ 0z Dz \ 0x1q J
, A (2.66)
_ 9 (Dy* D¢\ _ Oy
~ Ox1 \ Dxy, DmkuA’] - Om
Soitis "
= =10 =(1) =
Ear Zp)V = 29,20, 2.67)
which completes the proof. ]

In virtue of the previous results, the following theorem can be stated.

Theorem 2.6.3. If a differential equation £ admits the generators =, and =g, then
it admits also the generator 2, Zg].

Proof. Immediate. O

Remark 2.6.2. The set of the generators admitted by a differential equation & is a
vector space, because it is the space of solutions of the determining equations (that
are linear and homogeneous differential equations). The previous theorem implies
that such a vector space is also a Lie algebra. This algebra is called the principal
Lie algebra. The knowledge of the subalgebras of the principal Lie algebra of partial
differential equations allows one to construct and classify invariant solutions. In
the case of ordinary differential equations it permits the reduction of order.

If L, is an r—dimensional Lie algebra of generators with a basis {=y, .. .,
=} any generator X can be represented as

X = fE,, a=1,...,r, (2.68)

where the f%’s are constant. Since L, is closed under commutation, the
commutator of any two generators =, and Z3 in the basis is a linear combi-
nation of the basis generators

[Ea, 28] = C;’BEV, (2.69)
where the constants C! p are called structure constants, and equations (2.69)
are known as commutation relations.

Because of the antisymmetry of the commutator, the structure constants
are antisymmetric in the two lower indices,

Cly=—Cl,, (2.70)
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and, because of the Jacobi identity, they satisfy the Lie identity

ClCh, +Ch Co, + CELCo5 = 0. (2.71)

The structure constants do not change under a coordinate transforma-
tion, but they change if the basis is changed.

It is convenient to display the commutators of a Lie algebra through its
commutator table, whose (o, f)-th entry is [=,,Zg]: the commutator table
is an antisymmetric matrix. Moreover, the structure constants are easily
deduced from the commutator table.

The properties of Lie algebras are useful in the analysis of differential
equations. By knowing the structure constants of a Lie algebra we may
determine the so—called derived algebras. If L is a Lie algebra, then L) =
[L, L] (spanned by all possible Lie brackets of elements of L) is the first
derived algebra of L. By construction, L(!) is an ideal of L. The higher
order derived algebras are recursively defined as

L™ = (=) =1, (2.72)

An Abelian Lie algebra L verifies the condition LM = 0 or, in terms of
the commutators of two generators,

[Ea, 28] =0, a,f=1,...7. (2.73)

The notion of derived Lie algebra is useful to define solvable algebras. The
Lie algebra L, is said to be solvable if there is a series

L.DL._1D...D Ly, (2.74)

of subalgebras of respective dimensions r,7 — 1,...,1, such that L is an
idealof Lsy1,s=1,...,r — 1.

The Lie algebra L, is solvable if and only if its derived algebra of a finite
order vanishes, i.e., Lﬁ”) =0, 0 < n < co. Any two—-dimensional Lie algebra
is solvable.

The Lie algebra L is said to be simple if it has no proper ideals.

A Lie algebra is said to be semi-simple if it has no solvable ideals dif-
ferent from {0}. A Lie algebra is semi—simple if and only if it contains no
abelian ideals different from {0}. According to Cartan’s criterion [28], the

Lie algebra L, with the structure constants ¢;,,, is semi-simple if and only if

det [|guw[| # 0, (2.75)
where ||g,,, || is the matrix with entries

Gy = ci‘wc;’/\, wv=1,...,7 (2.76)

An r—dimensional Lie algebra spanned by the infinitesimal generators
{E1,....E,} is solvable if it is possible to arrange the elements of the basis
in such a way

j—1
[, 551 =Y CrEy, 1<i<j<r (2.77)
k=1
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2.7 Examples of Lie symmetries admitted by ODE’s
and PDE’s

In this Section, some examples of the procedure leading to the determi-
nation of the Lie point symmetries admitted by ordinary and partial differ-
ential equations are given.

2.7.1 Symmetries of Blasius’ equation

Let us consider the nonlinear third order ordinary differential equation

By 1 dPu

known as Blasius’s equation, and let us determine its Lie point symmetries.
We need the third order prolongation of the infinitesimal operator, say

) B
+n(z,u) - s

®) :f(.%,u)é ou

ox

(11

+npy (T, u, ) —
(2.79)

0
+ T][Q] ($7 u, u,la u72)872 + 77[3] (x7 u, u,l) u,?a u,3)ﬁ37

dFu

where u j;, = g and

_on  on o | 08
M= 5z T e T <8a: Tt

9%n ?n 0% Fn 9N o
M= pgE T (28x8u B 83:2> w1t (8u2 28x8u) e

2
8£u3 (677—265)1@—3051”1@,
) au ) )

& Py ¢ & PN
_ 0% _ 2.80
M8 = g8 T <38x28u (9373) U +3 <8w8u2 8x28u> uy (280)

3 3 2 2
(202 ) - P (L2

ou3 Ozdu? ou3 O0xdu  0z?
G, (00 oy o
38 +<8u ?)(B))ugﬂr?)(au2 38 9y ) L2
52
5 w2 %3
68 5 4%u 1U,3.

By requiring the invariance condition

=G3)(A) =0 (2.81)
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of (2.78), the following condition arises

8 n @ ( 03n 5 0%n 0%¢ 203£> "
0

*08 T oa2 200 Cowon" T 02" Cor
3 2 52
O R Rt T Ik
( o~ af;i2 - Zfﬁ “> v - gﬁtﬁ‘l (2.82)
< ks 825 ~ 4 a—gu + 77) 6%1&722
+ (62 183?:; + ?u) uiu — 12({3?;71’21%2,

where the constraint A = 0 has been taken into account to eliminate u 3.
The invariance condition (2.82) is a polynomial in the derivatives u ; and
u,2 whose coefficients, involving the infinitesimals and their partial deriva-
tives, must vanish. Hence, a set of determining equations arises; these deter-
mining equations constitute a set of overdetermined linear partial differen-
tial equations that integrated provide the expression of the infinitesimals £
and 7:
&(z,u) = c1 + cox,

2.83
n(z,u) = —cou, ( )

where ¢; and ¢ are arbitrary constants. Due to this arbitrariness, we may
say that Blasius’ equation admits a 2-parameter Lie group of point trans-
formations spanned by the following vector fields:

== Eo=r— —u—. (2.84)
x

The infinitesimal operators (2.84) provide a basis of a vector space of di-
mensions 2, which is also a solvable Lie algebra, as it can be verified by
computing their Lie bracket,

[E1, 5] = E1. (2.85)

2.7.2 Symmetries of linear heat equation

Let us consider the linear second order partial differential equation

_Ou 0

(interpreting z; as the time, x2 as a space coordinate, and u(x1, z2) as a tem-
perature, (2.86) is the Fourier equation for heat conduction), and determine
its Lie point symmetries. We need the second order prolongation of the
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infinitesimal generator, say

[1]

0 0 0
@ = (@), 29, u) —— + EX(x1, B2, u)=— + (21, To, u)—

ox1 Oxo ou
+ (1, 22 u(l))i + Mgy (21, T2, U 11(1))i
1] s L2, 8U71 (2] rrer 8’[1,72
0
+ 77[11} (1"17 T2, U, u(l)’ u(2)) 8'&711 + T’[IQ} (xlv T2, U, u(1)7 11(2)) au712
0

M 1@

+ N2y (71, 22, u, 0w )6u,22
(2.87)
2
where u; = Ou Ou ,and

— U =
895/ " 8:52895]

omom(og ag N (0¢ o¢ N
i) = or;  Ou " ox; | ou ") or; | ou ) P

o 8277 N 8277 vt 8277 u 6251 u 8252
n[”]_axi&cj Ox;0u 7 Ox;ou ' Oz;0x; 1 02,0

—i—%u-iw— aQélu —1—82§2u U ;
ou2 "t 0z;0u 1 0z;0u 2 ) T

82 1 82 2 a 1 8 2
_ (8333'5311“’1 + 8xj§(3uu’2> Uy — <aiu1 + ;UUQ) U5 (2.88)
- (82&1 e )u L o¢! o¢!

77/ 7.]

U2

ouz T g " Gy Gay "
_0762” _(97§2U _8751(”“ U )
833‘j ,21 8.%’1 ,27 au a1y ,J w1t
2
— gy (itt2g + U2
(i,7=1,2).
The invariance condition reads
=2 (A ( -
A,
_ O P () O 08 0°¢
G O:U% O0x90u 011 83@% 2
3252 8277 2 3252 3 851
2 — = £S5 2>
* ( 0x20Uu 8u2) w2t uz 2 + 8x2u’12 (2.89)
agl 852 051 8251
2> p Rk E R T
+ ou u2U12 + < Ory  Ox * 8x% 4,22

82 gl 652 8251 5
2 2> L =0,
+ ( Dra0u + oy U 2U 22 + 2 U9, 22
where the equation (2.86) has been used to express v ; in terms of u 22. A
polynomial in the derivatives u o, u,12 and u 22 whose coefficients, involving

the infinitesimals and their partial derivatives, must vanish. By integrating
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the corresponding determining equations, we obtain the solution:

e (x1, 20, u) = a1 + 2a3z1 + a4’

(w1, w2, u) = ap + azwy + asgT1T2 + a571, (2.90)
a a
n(z1, 2, u) = —f(l’% +2x1)u — ;IEQ’LL + agu + f(z1,22),
where ay, . .., ag are arbitrary constants, and f(x1, z2) a solution of equation
(2.86), i.e.,
f1—f22=0. (2.91)

In this case, the generators live in an infinite-dimensional vector space (be-
cause of the occurrence of the function f) that it is also a Lie algebra. It is
spanned by the infinitesimal operators:

= _ 9 = - 9
Hl_axl H2_69c2

2 + 0
Sy =201 7— +2ro—
3 18 28%27

0 0 2425, 0

=, 20 0 2.92
4 Ty 8%1 + $11’28x2 1 ’U,au7 ( )
T U
=5 183:2 2 ou’
0 _ 9
Hﬁ—u%, uf—f(l‘l,:tz)%.

By computing the Lie brackets of all the possible couples of generators, we
get the following list of non—zero commutators:

- _ - _1_
[E1, 23] = 254, [E1,54] = =3 — 356
[E1,55] = Eo, [E2, B3] = Eo,
(2.93)
_ - 1_
[E2,24] = Es, [E2,Z86] = ~ 556,
[E3,24] = 24, [E3,Z5] = =5,
and
E1L,Ef =Zf,, [E2,E¢] = Ey,,
[537Ef] = Ega [347 E’f} = Eha (294)
35)Ef] = _E’m7 Eﬁuaf} = E—fv
where
g(x1,22) =221 f1 + 22f 2,
2
T5 + 2x
h(z1,x9) = 1 f1 + z122f 2 + 2Tlf’ (2.95)

X
m(z1,x2) =x1f2+ §f'

The Lie brackets in (2.94) provide generators still belonging to the Lie al-
gebra, since —f, f1, f2, and the functions g(z1,x2), h(x1,z2), m(z1,z2),
defined by (2.95), satisfy the Fourier equation.
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2.8 Use of Lie symmetries of differential equations

The knowledge of Lie groups of transformations admitted by a given
system of differential equations can be used

e to lower the order or possibly reduce the equation to quadrature, in
the case of ordinary differential equations;

e to determine particular solutions, called invariant solutions, or gener-
ate new solutions, once a special solution is known, in the case of
ordinary or partial differential equations.

2.8.1 Lowering the order of ODE’s

Lie showed that if a given ordinary differential equation admits a one—
parameter Lie group of point transformations then the order of the equation
can be lowered by one. Hence, the solution of the reduced equation and a
quadrature provide the solution of the original ordinary differential equa-
tion. If a given ordinary differential equation admits an r—parameter Lie
group of point transformations, the order of the equation can be lowered
by r if the corresponding Lie algebra is solvable: in this case the solution
of the original ordinary differential equation is found by solving the re-
duced equation plus r quadratures [8]; remarkably, one does not need to
determine all the intermediate ordinary differential equations of decreas-
ing order. For a first order ordinary differential equation the Lie’s method
yields the quadrature of the ordinary differential equation, or, equivalently,
enables us to find a first integral or an integrating factor.

Now, let us consider the application of Lie groups of point transforma-
tions to the study of a second or higher order ordinary differential equation

Up = flz,u,ug, ..., Up1), n > 2, (2.96)

which, from a geometrical point of view, defines an (n + 1)-dimensional
manifold in the space (z,u,u1,...,uy).

Let us assume that the ordinary differential equation (2.96) admits a
one-parameter Lie group of point transformations

o* =z + af(z,u) + O(a?),

w* = u + an(z,u) + O(a?) @97)

with infinitesimal operator

[1]

0 0
In general, the lowering of the order of the n-th order ordinary differ-
ential equation (2.96) can be obtained either by introducing the canonical
variables or by constructing the differential invariants, the latter being in-
variants of the prolonged infinitesimal generators.

Reduction of order through canonical variables

Theorem 2.8.1. Suppose a nontrivial one—parameter Lie group of transformations
(2.97), with infinitesimal generator (2.98), is admitted by an n—th order ordinary
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differential equation (2.96), n > 2. Let r(x,u), s(x, u) be the corresponding canon-
ical coordinates satisfying =(r) = 0, Z(s) = 1. Then the n—th order ordinary
differential equation (2.96) reduces to an (n — 1)—th order ordinary differential

equation,
dr—1z dz dr—2z
—_— = —_— ., ——— 2.
o =G (ra e ). 2.99)
where J
=2 (2.100)
dr

Proof. In terms of the canonical coordinates r(x,u) and s(x, u) it is

ds Sz + SuU,1

2 2.101
dr Ty +ryug’ ( )
where the subscripts x and u denote the partial derivatives.
Due to
E(r) =&rg +nry =0,
relation (2.101) is nonsingular if u; # n/€.
By differentiating (2.101), we get
Sy+Sul,
@ . 1 d (Tw—i-ruui) B
dr2 " rg+reuy  dv (2.102)

=uaf rsﬁ—k rs@
—uu2J1 77dr g1 7adra

ds SuTz — SzTu
fl r,s, % )

(TCC + Tuupl)g

ds 1 ( 3¢ )
r, s, — | = ——— (U (TuSuu — Sur
g1 dr . 1TuSun uTuu

2
+ u,1(274u3mu + reSuu — 28y gy — Swruu)

+ u,1(27ﬂxsxu + TuSzu — Surx:p) + (Tzsxm - erxm))-

Solving (2.101) with respect to v 1, we have

ds

. Sy — TZ‘%
Ul= g
7"“% — Sy

that, used in (2.102), gives

d?s ds ds
U2 = WFI (T)Su d7’> + Gl <T787 dT) )
with F; = 1/f; and G; = —g¢1/f1. Since r and s are canonical coordinates,
itis 745, — rysz # 0 and hence f; # 0. Proceeding inductively, we have

ﬁ—uf rsﬁ + rs@ Lkils
dT’k = UkJk—1 ) ’dT' 9k—1 ’ 7dr7"'7drk_1



24 Lie groups of transformations

. ds dF1s .
for some function g, _1 (7,8, —,...,—— | with

dr drk—1
ds T2Su — TuSe
(s, &) = TeSu T TuSe s
Jr-1 (r 5 dr) (ry + ryu )kt

This leads us to write
dFs ds ds dF—1g
=— =F}_ — _ —_— L —
Uk drk k-1 (T,S, dT’) + Gk 1 <T7$7 dr’ ’drk_1> )

1 Jk—1
Fpo.1=— Grp-1= TRy

Finally, the original ordinary differential equation may be written in the

normal form
ds™ ( ds d”_ls>
—=F(rs — ...,—

where
k> 2.

drn dr’" "7 drnl
. ds d" s . o .
for some function F' | r,s,—,...,——— |. Since (2.99) is invariant with
dr drrn—1

respect to the translation in s, the function F' does not depend on s. This
d
allows us to introduce z = d—s and write (2.96) in the form (2.99) as an
r

(n — 1)—th order ordinary differential equation. O

Remark 2.8.1. If
= ¢(T7 017 e Cnfl)

(Ch,...,Cn—1 arbitrary constants) is the general solution of the equation (2.99),
then the quadrature

(z.u)
s(z,u) = / o(t;C, ..., Cpor)dt + Cy
gives the general solution of (2.96), where also Cy, is an arbitrary constant.

Reduction of order through differential invariants
The equation

Flz,u,ug,...,un) =uy— f(x,u,u1,...,up—1) =0

admits the Lie point symmetry corresponding to the infinitesimal generator
(2.98) if and only if

=M (F) .

Therefore, the function F' has to depend on the group’s invariants
w(x7 U), ’1/11(33', u, u,1)7 cee ﬂbn(x? u, u,l? ey u,?’b)?

where
E(w(z,u) =0, E®(plz,u,uq,...up)) =0,

with
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The group’s invariants are found by integrating the characteristic equations

dx du du 1 du i,

Ez,u) ) g (zuug)

T ") (@ u, g, .. ug)

In order to find the group’s invariants we need to determine only w(z, u)
and v (x, u, u 1) by solving

dz du du 1

Ewu) @) et (e —E)ug — &

In fact, since w(x,u) and 1 (z,u, v 1) are invariants under the action of the
n—th extended group, it follows that di/dw is an invariant, and so are
d*y/dw?, ..., d" ey Jdwn L

In terms of the differential invariants the n—th order ordinary differen-
tial equation has order (n — 1), i.e.,

dw’ " dwn—2

dnflw dw danw
dw”fl =H <w717[}7 7 )

where we set ) = 11, for some function H.

2.8.2 Invariant solutions of PDE’s

The function u = ©(x), with components uy = O4(x) (A =1,...,m),
is said to be an invariant solution of

A (x, u,uM, . ,u(k)) =0 (2.103)

if ug = O4(x) is an invariant surface of (2.34), and is a solution of (2.103),
i.e., a solution is invariant if and only if:

Z(ua—04(x)) =0 for ug=04(x), A=1,...,m,

2.104
when A (x, u, u®, .. ,u(k)> =0. ( )

The equations (2.104),, called invariant surface conditions, have the form

Oouz

6(131

£(x,u) —i—-'-—i—{"(x,u)%:n x,u), A=1,....m, (2.105)

and are solved by introducing the corresponding characteristic equations:

dxq dzx, duq dupm,
Fxu) w7 w100

This allows to express the solution u = ®(x) (that may be given in implicit
form if some of the infinitesimals ¢’ depend on u) as

ug = va(li(x,n),..., Ih—1(x,u)), A=1,...,m, (2.107)

by substituting (2.107) into (2.104),, a reduced system of differential equa-
tions involving (n — 1) independent variables (often called similarity vari-
ables) is obtained. The name similarity variables is due to the fact that the
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scaling invariance, i.e., the invariance under similarity transformations, was
one of the first examples where this procedure has been used systematically.
Note that Iy, I>,...,Ip—1,u1,. .., u, are invariants of the given group,
and belong to the set of canonical coordinates. By considering also the vari-

able I,,, satisfying
=(I,) = 1, (2.108)

we have a complete set of canonical variables for the group characterized
by the generator =; nevertheless, the determination of I, is not required in
this context, because it does not appear explicitly in the reduced system.

If n = 2, i.e., the system has two independent variables, the reduced sys-
tem involves only one independent variable, whereupon it is an ordinary
differential system.

Since differential equations can admit more than one symmetry, there
are different ways to choose a set of similarity variables by starting from
different symmetries. It is also possible to achieve a multiple reduction of
variables by using multiple-parameter groups of transformations. When
this is possible, there are essentially two ways to obtain such a multiple
reduction of independent variables: repeating step by step the procedure
used in the case of one—parameter Lie groups for each subgroup considered,
or performing the reduction all-in-one.

Reducing step by step the number of variables means performing the
following:

1. take a generator of a symmetry (say, =, written in terms of the vari-
ables involved in the system A = 0) and build the associated reduc-
tion;

2. write the original system of differential equations A = 0 in terms of
the invariants, thus obtaining the reduced system A = 0;

3. if a further reduction is wanted, set A = A, and go to step 1.

This method works only if each considered symmetry is admitted by
the system where the reduction is performed; of course, this is true for the
first symmetry considered, but for the subsequent steps this is true only if
the symmetry (written in terms of the invariants of previous symmetry) is
inherited by the reduced system. In the next example, we will show the
procedure to obtain a multiple reduction of variables for a second order
partial differential equation involving four independent variables.

Example 2.8.1. The linear wave equation

Pu  *u  %u 02711

o " o2 ox3 " oal

(interpreting t as the time and x; (i = 1,2,3) the spatial coordinates) admits,
among the others, the scaling invariance

0 0

9 9
2=t e % Y O
L e T M g T 20, T 0,

The integration of (2.105) leads to the similarity variables

Z1 €2 x3

91:77 92277 9327-
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Taking u = u(y1, y2, y3), the wave equation becomes a differential equation involv-
ing three independent variables:

0% ou
= (Oik — Yiyr) — 2
8yi8yk( k — Yilk) 0

yi = 0.

Now, let us consider the Lie point symmetry

— 0 0
Ho=2o— —x17—

8%1 ! 83:2 ’
representing the rotation in the xixo plane. In terms of the new variables y;, it

reads

=2 =Sy o+ By - =g - g
which is a symmetry of the reduced wave equation. Its similarity variables are
s=ysand v = y? + y3 = (23 + 23)/t? so that solutions w = w(s,v) may exist
and are governed by the reduced equation

0*w O*w o O%w ow ow
Wl —0) G ~ sy, ~ (=9 )ga T -GG =250 =0.
The infinitesimal operator
- 0
= oy T

in terms of variables v, s and w reads

0 0 0

—_ —_
—

0
— P . 2 —
3(8)85 +Z5(v) Ov +Es(w) ow (I-s )65 21}88@'

(1]
[11

3 =

Its similarity variable is o0 = v/(1—s?) = (23 +23) /(t*> —2%) and, in this variable,
the similarity solution w(o) satisfies the equation
Puw  ow

_l’_

7502 T ag =

This ordinary differential equation admits the generator 4 = 0/0w (but also the
symmetry 00/0c not inherited from the wave equation), so it can be integrated
yielding the particular solution

x%—l—aﬁ%
u:wzal—l—azloga:al—i—aglogth2

of the wave equation.

2.8.3 New solutions from a known solution

The consideration that, under the action of a Lie group of transforma-
tions admitted by a differential equation, a solution, which is not invariant
with respect to the group, is mapped into a family of solutions, suggests a
way of generating new solutions from a known solution. This is especially
interesting when one can obtain nontrivial solutions from trivial ones.
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Let us consider a one-parameter Lie group of transformations
x* = X(x,u;a), u* =U(x,u;a), (2.109)
admitted by a system of differential equations &, and let
u = 0(x) (2.110)

be a solution of the given system &£, which is not invariant with respect to
the group (2.109).

The transformation (2.109) maps a point (x,®(x)) of the solution
u = O(x) into the point (x*, u*) characterized by:

x* = X(x,0(x);a), u =U(x,0(x);a). (2.111)

For a fixed value of the parameter a, one can eliminate x from (2.111) by
substituting the inverse transformation of (2.111);,

x = X(x*,u*; —a), (2.112)
into (2.111), thus obtaining
u = U(X(x*,u*;—a), (X (x*,u*; —a));a). (2.113)
Finally, by substituting (x*, u*; —a) with (x, u;a) in (2.113), one may state
the following theorem.

Theorem 2.8.2. If u = ©(x) is not an invariant solution of a system & of differ-
ential equations, admitting the group (2.109), then

u=UX(x,u;a), ®(X(x,u;a)); —a) (2.114)
implicitly defines a one—parameter family of solutions of the given system.

In the next example, a simple application of the previous procedure is
given.

Example 2.8.2. The linear heat equation (2.86) admits the group with the gener-

ator

0 0 2+2 0
E=af—— rimy— — Tt on

81'1 8:1:2 4 u%

By integrating the Lie equations, the related finite transformation is:

T €2
* *
xl = 9 .’132 = 9
1 —ax; 1—ax;
2
ax
w =uvl—azexp| ——-2—).
4(1 — axy)

One can obtain the inverse transformation by exchanging (x1, x2, u) and (z}, x5, u*)
and replacing a by —a:

2] )
Tl = T =
1+ axy’ 1+ axy’
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By applying this transformation to the trivial solution w = A (A constant), the
nontrivial solution

A az3
— = exp(-——?t
V1+ar 4(1+ azq)
is immediately generated.

Besides reducing the order of an ordinary differential equation or find-
ing invariant solutions, the Lie symmetries of partial differential equations,
having a suitable algebraic structure, can be used to construct invertible
point transformations in order to map a source system of partial differen-
tial equations into equivalent forms [6, 8, 22, 66]; in this thesis, we will use
such an approach, and prove some theorems that extend some well known
results.
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3 First order systems of PDE’s

N this Chapter, we briefly recall some introductory facts about first order
systems of partial differential equations with special emphasis on quasi-
linear ones. We review some results related to the Lie symmetries admitted
by such systems allowing for their transformation into autonomous and/or
homogeneous or linear form. All these procedures are constructive and the
new independent and dependent variables are obtained by introducing the
canonical variables of the admitted Lie symmetries. Some of these results
are extended in Chapter 5 of this thesis to introduce invertible point trans-
formations allowing one to map nonlinear systems of first order partial dif-
ferential equations which are polynomial in the derivatives to first order
systems being polynomially homogeneous in the derivatives.

3.1 General considerations on first order PDE’s

Many physical problems are often expressed mathematically by systems
of partial differential equations (PDE’s) in the form of balance laws [15, 20],

Z aFl(f‘) — B(u), (3.1)

where u € R" denotes the set of unknown fields, x € R" the set of in-
dependent variables, F‘(u) the components of a flux, and B(u) the pro-
duction term; when B(u) = 0, we have a system of conservation laws.
In dynamical systems, the first component z; of the independent variables
is the time, and the components of F! are the densities of some physical
quantities. The presence of the source terms in systems in divergence form
implies additional mathematical difficulties in solving various problems.
For instance, from a numerical point of view, the presence of source terms
may require fractional step splitting methods where one alternates between
solving a homogeneous system of conservation laws and an ordinary dif-
ferential system obtained from the system of balance laws by dropping the
terms involving space derivatives. It is known [53] that for some type of
problems fractional step splitting methods perform quite poorly. Systems
like (3.1) fall in the more general class of nonhomogeneous quasilinear first
order systems of partial differential equations:

S A (w2~ B, (32)
i=1 O
where A’ (i = 1,...,n) are m x m matrices with entries depending on the

field u.
Special problems of physical interest (see [2, 18, 19, 48, 65, 78, 81] for
some examples) may require to consider systems where the coefficients
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may depend also on the independent variables x, accounting for material
inhomogeneities, or particular geometric assumptions, or external actions,
so that in some applications one may need to consider nonautonomous
and/or nonhomogeneous quasilinear systems of the form

n
Y Ai(x,u) o _ B(x,u). (3.3)
i—1 6951

In dealing with conservation laws (or, more in general, with autonom-
ous and homogeneous quasilinear first order systems of partial differential
equations), one has the invariance with respect to uniform stretching of the
independent variables, and this induces the existence of self-similar solu-
tions.

For instance, the system of conservation laws in (1 4 1)-dimensions

du  OF(u)

8t+ ox

-0 (3.4)

(where we denote the independent variables with ¢ and x) is invariant un-
der uniform stretching of coordinates: (z,¢) — (az,at) (a € RT); hence,
it admits self-similar solutions, defined on the space-time plane and con-
stant along straight-line rays emanating from the origin. Since (3.4) is also
invariant under translations of coordinates, (z,t) — (x + xo,t + tp), the
focal point of self-similar solutions may be translated from the origin to
any fixed point (7, ?) in space-time. If u is a self-similar solution of (3.4),
focused at the origin, it admits the representation

u(z,t) = U®E), €= % —co <z <00, t>0, (3.5)

where U(¢) satisfies the system of ordinary differential equations

[F(U(¢)) - €U©)) + U =0, (3.6)

and the prime denotes differentiation with respect to &.

Simple instances of first order quasilinear systems are 2 x 2 homoge-
neous and autonomous systems, widely used to model one-dimensional
nonlinear wave processes through non—dissipative and homogeneous me-

dia:
Ou M _o  u- [“1] (3.7)

0 e 1 el
AT (w) 5 + A (W) 5 Uy

where A% and A are 2 x 2 matrices.

The investigation of systems of the form (3.7) which are hyperbolic in
the t—direction may involve the consideration of Riemann invariants [21,
51], as well as the use of the hodograph transformation; remarkably, in the
conservative case, the Riemann problem, i.e., the solution with piecewise
constant initial data having a single discontinuity (see [20, 86] for details),
may be solved.

On the contrary, in dealing with nonhomogeneous and/or dissipative
media, we often have to deal with 2 x 2 quasilinear systems like

9 e w) B (), (3.8)

0
A" (t,x,u) T o
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where B (t, z, u) is a known column vector.

Different physical contexts involve models of the class (3.8): viscoelastic
materials [18], nonlinear elastic rods with variable cross—section [48], non-
linear heat conduction problems [81], flows in fluid filled elastic tubes [2,
78], problems with cylindrical or spherical symmetry.

Due to the nonhomogeneous and/or nonautonomous form, one loses
the possibility to have in general the hodograph transformation, the Rie-
mann invariants, the invariance with respect to homogeneous scaling of
independent variables (no centered waves!), the latter implying that the
Riemann problem can not be solved analytically.

Various special techniques are known to map some nonhomogeneous
2 x 2 systems to homogeneous form, involving Backlund transformations
[82], hodograph-like transformations [92], transformations via a solution
[83].

3.2 Transformations of differential equations

Lie point symmetries of differential equations can be used to construct
a mapping from a given (source) system of differential equations to another
(target) suitable system of differential equations that turns out to be equiv-
alent [6, 19, 22, 23, 25, 26, 39, 65, 66, 80]. Such a mapping (if it exists) needs
not be a group transformation; moreover, any infinitesimal generator ad-
mitted by the source system of differential equations has to be mapped
to an infinitesimal generator admitted by the target system of differential
equations [8].

If the mapping is one—to—one (invertible) then the mapping must estab-
lish a one-to—one correspondence between infinitesimal generators of the
source and target system of differential equations. In other words, the Lie
algebra of infinitesimal operators of the target system of differential equa-
tions has to be isomorphic to the Lie algebra of infinitesimal operators of
the source system of differential equations. On the contrary, if the mapping
from the source system to the target one is allowed to be non-invertible,
then it is not necessary that a one-to—one correspondence between Lie al-
gebras of infinitesimal operators of source and target systems of differential
equations exists.

But such a non-invertible mapping must take any infinitesimal operator
admitted by the source system into an infinitesimal operator (which could
be a null operator) admitted by the target one. More precisely, the mapping
must establish a homomorphism between any Lie algebra of infinitesimal
operators of the source system and a Lie algebra of infinitesimal operators
of the target system.

In this context, the algebraic structure of the admitted Lie symmetries is
crucial. Here, we present some well known results related to the transfor-
mation of a system of differential equations in autonomous form, the trans-
formation of a nonlinear first order system of partial differential equations
to linear form, and the transformation of quasilinear first order systems of
partial differential equations to homogeneous and autonomous form. From
all the results that are recalled below, the fundamental role of the canonical
variables for the admitted Lie symmetries clearly emerges. Similar tech-
niques will be used in Chapter 5 for proving a couple of new theorems
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concerned with the transformation of general first order nonlinear partial
differential equations.

3.2.1 Reduction to autonomous form

Let us consider the case of transformation to autonomous form, i.e., a
form in which the independent variables do not appear explicitly. In [22,
26] necessary and sufficient conditions for reducing a system of partial dif-
ferential equations to autonomous form have been given. The problem re-
quires to map a general system of differential equations of order k

A (x,u7 u(l)7 . ,u(k)) =0, (3.9)
into an equivalent autonomous system, say
A (w, wl) ,W(k)> =0, (3.10)

where w = (wy, . .., wy,) denote the new dependent variables. This reduc-
tion, when it is possible, is performed by an invertible point transformation
like

z = Z(x,u), w = W(x, u), (3.11)

whose construction is algorithmically suggested by the Lie symmetries ad-
mitted by (3.9).

Every autonomous system of differential equations of the form (3.10) is
invariant with respect to the n translations of the independent variables,
i.e., it admits the Lie point symmetries generated by the following vector
fields 5

Ei:a—Zi, i=1,...,n, (3.12)
spanning an n—-dimensional Abelian Lie algebra. Since the Lie bracket of
two infinitesimal generators of symmetries is not affected by an invertible
change of coordinates, it follows that if a general system of the form (3.9)
can be mapped by (3.11) to the autonomous form (3.10), it has to admit,
as subalgebra of the Lie algebra of its point symmetries, an n—dimensional
Lie algebra with a suitable algebraic structure. These conditions are also
sufficient as stated by the next theorem.

Theorem 3.2.1. [22] The system of differential equations of order k
A (x, u, u®, .. ,u(k)) =0, (3.13)
where x € R™ and u € R™, can be transformed by an invertible point transforma-

tion, say
z = Z(x,u), w = W(x,u), (3.14)

to the autonomous equivalent form
A (w, w, .. ,w(k)> =0, (3.15)

if and only if it is left invariant by n Lie groups of point transformations whose
infinitesimal operators Z; (i = 1,...,n) give a distribution of rank n, and satisfy
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the conditions:
[Ei,Ej] :0, Z,] = 1,...,7’L, (316)

that is, the operators =; span an n—dimensional Abelian Lie algebra.

This theorem provides useful, for instance, when one is facing nonlin-
ear propagation of discontinuity waves [11] in states which are not constant,
when special geometrical assumptions (spherical or cylindrical symmetry)
are intrinsic to the studied problem (for instance, in the case of Navier—
Stokes—Fourier equations for a gas in rotation about a fixed axis with a con-
stant angular velocity). Applications can be found, for instance, in [25, 70,
71, 85].

3.2.2 Reduction to linear form

Lie symmetries spanning an infinite—-dimensional Lie algebra are essen-
tial to transform nonlinear first order partial differential equations to linear
form. Here, we restrict ourselves to the case in which:

e both the source and target system of partial differential equations are
first order systems;

e the mapping is a one—to—one transformation;

o the target system of partial differential equations is linear.

Necessary and sufficient conditions for the existence of invertible mappings
linking a nonlinear system of first order partial differential equations with
a linear system of differential equations have been given by Kumei and
Bluman [39] (see also [8]). However, the proof they give does not seem
to involve “natural” conditions. A more “natural” proof has been given
in [23], and it involves the introduction of the canonical variables related
to some infinitesimal operators whose linear combination (with multipliers
given by arbitrary functions that are solution of a linear system of partial
differential equations) is an admitted group of the source system. The next
theorem provides necessary and sufficient conditions for the transforma-
tion to the linear form.

Theorem 3.2.2 ([23]). The nonlinear first order system of partial differential equa-
tions
A (x, u, u<1>) —0, (3.17)

where x € R™, u € R™, can be transformed to the linear form
L(z)[w] = B(z), (3.18)

where L(z) is a linear first order differential operator, by means of the invertible
point transformation

z = Z(x,u), w = W(x,u), (3.19)

if and only if it is left invariant by a Lie group of point transformations whose
infinitesimal operator has the form

[1]

=S Fa(z)Ea, (3.20)
A=1
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where

= 0 &= o o)
4= % — — 21
A az::l éA (Xv ll) 8:1:& + Cz:l UM (Xv ll) 8'&0 ) (3 )

with £5(x, u), n9 (x,u) being specific functions of their arquments, and the func-
tions Fs(z) satisfying the linear system

L(z)[Fa] =0 (3.22)
along with the conditions
Ea(z) =0, [E4,EB] =0, A B=1,...,m. (3.23)

Applications of the Theorem 3.2.2 can be found in [29, 39, 67].

3.2.3 Reduction of quasilinear systems to autonomous and homo-
geneous form

Another important application of Lie symmetries concerns the reduc-
tion of a general quasilinear first order system of partial differential equa-
tions to a quasilinear one that is also autonomous and homogeneous. By
considering the 2 x 2 quasilinear systems of the form

Ou + Al (t,z,u) Ou =B (t,x,u), (3.24)

AO
(t2,u) = 5

in [19], it has been proved a theorem giving necessary and sufficient con-
ditions in order to map a system of the form (3.24), under the action of the
one-to—one point variable transformation like

T=T(tx), E=X(t,x), v=V(tz,u), (3.25)
to the autonomous and homogeneous form

U EAR ‘ZZ =0, v=[u,v]" . (3.26)
The possibility of reducing (3.24) to autonomous and homogeneous form
(3.26) is strictly related to the symmetry properties of the model under in-
vestigation. In fact, necessary and sufficient conditions allowing for such a
reduction are obtained; remarkably, when the approach here considered is
applicable, it is possible to construct explicitly the map transforming non-
homogeneous and nonautonomous 2 x 2 quasilinear systems to homoge-
neous and autonomous form. The key idea is that any 2 x 2 homoge-
neous and autonomous first order quasilinear system is left invariant by
an infinite-parameter Lie group of point transformations [8]. Therefore,
if a nonhomogeneous and nonautonomous system can be reduced to ho-
mogeneous and autonomous form by an invertible point transformation,
an infinite-parameter Lie group has to be admitted by the original system;
conversely, if a nonhomogeneous and nonautonomous 2 x 2 quasilinear
system admits a suitable infinite-parameter Lie group of point symme-
tries, then an invertible map exists transforming it to homogeneous and
autonomous form [19]. The following theorem holds.
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Theorem 3.2.3 ([19]). The nonhomogeneous and nonautonomous 2 x 2 quasilin-

ear system
ou 1 ou

transforms, under the action of the one—to—one point variable transformation

A% (t,z,u)

T=T(tx), £E=X(t,x), v=V(tz,u), (3.28)
to the homogeneous and autonomous form, say

AR Y

8V T
= = 2
o 0, v = [v1,v2]" (3.29)

5 =

if and only if the system (3.27) is left invariant by the Lie group of point symmetries

(1]

=F (V)21 + F> (v) Ea, (3.30)

where 5 5 5 5
= 72 e, 9 @ 9
== Tig T80 T Gy T Buy
are commuting infinitesimal operators, i.e., [Z1, 22| = 0, the infinitesimal genera-
tors ;, &;, nz(l) and 771(2) may depend on t, x, uy and uz, whereas Fy(v) and Fa(v)

are solutions of the linear system of partial differential equations

i=1,2

AWV IV (V) = A (V) IV Fa(v) =0,  J— [ Y (1) } . (331

where V is the gradient operator with respect to the components of the indicated
subscript, and it is

ST =1, 51 X=0, ZT=0, SX=1 S v=Sv=0. (332

It is worth of underlining that if the reduction of 2 x 2 quasilinear first
order systems of partial differential equations to homogeneous and au-
tonomous form is intimately related to the possibility of their transforma-
tion to linear form, on the contrary, for general first order quasilinear sys-
tems involving more than two independent variables and/or more than
two dependent variables, this link can not be invoked. Nevertheless, also
in this case it is possible to recover the necessary and sufficient conditions
allowing for the transformation to homogeneous and autonomous form
within the framework of Lie groups analysis of differential equations.

In particular, in [65], it has been proved a theorem providing the neces-
sary and sufficient conditions in order to map a general first order quasilin-
ear system of partial differential equations, say

8; — B(x, u), (3.33)

;:;Ai(x, u)8

where x € R?, u € R™, A" are m x m matrices with entries depending
at most on x and u, and the source term B € R depends at most on x
and u too, into a first order quasilinear homogeneous and autonomous sys-
tem. This reduction, when it is possible, is performed by an invertible point
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transformation like
z = Z(x), w = W(x,u), (3.34)

which preserves the quasilinear structure of the system, and whose con-
struction is algorithmically suggested by the Lie point symmetries admit-
ted by (3.33). We need that the new independent variables depend at most
on the old independent variables to be sure that the quasilinear structure
is preserved. In fact, if the new independent variables z are allowed to de-
pend also on the old dependent variables u, then in general it may occur
that the target system is not in quasilinear form.

Every first order quasilinear homogeneous and autonomous system is
invariant with respect to the independent translations and to a uniform
scaling of all the n independent variables, i.e., it admits (whatever is the
functional form of the entries of matrices A°) the Lie point symmetries gen-
erated by the following vector fields

- 0 .
= 1i=1,...,n,

N (92/
n
— 0
Sndl = E Zi%’
i=1

spanning an (n + 1)-dimensional solvable Lie algebra where the only non—
zero commutators are

(3.35)

[EZ‘, En—l—l] = Ei, 1= 1, N N (336)

Since the Lie bracket of two infinitesimal generators of symmetries is not
affected by an invertible change of coordinates, it follows that if a system
of the form (3.33) can be mapped by (3.34) to the autonomous and homo-
geneous form, it has to admit, as subalgebra of the Lie algebra of its point
symmetries, an (n + 1)-dimensional Lie algebra with a suitable algebraic
structure.

All these considerations can be summarized in the following theorem.

Theorem 3.2.4 ([65]). A nonhomogeneous and/or nonautonomous first order
quasilinear system of the form

Zn: Al(x,u) Ou B(x,u), (3.37)

i1 8:}52 -
can be transformed by the invertible map like
z = Z(x), w = W(x,u), (3.38)

into an autonomous and homogeneous first order quasilinear system, say

; Al(w) 5 = O (3.39)
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if and only if it admits as subalgebra of the algebra of its Lie point symmetries an
(n + 1)—dimensional Lie algebra spanned by the vector fields

—i Zgz (X)ax] + an (Xvu)auA, (3 1,...,7’L’
Jj=1 A=1

. 5 . 5 (3.40)
— j A
Sntl = Zféﬂ(x)%j + Z g1 (X, U)%’
j=1 A=1
such that
[Z:, 5] =0, [Ei) Eng1] = i,j=1,...,n. (3.41)

Furthermore, it has to be verified that all minors of order n extracted from the

(n + 1) x n matrix with entries £, (o = 1,...,n+ 1;i = 1,...,n) are non—
vanishing, and the new dependent variables w, which by construction are invari-
ants of =1, . . ., Ep, are invariants of =41 too.

Of course, the Theorem 3.2.4 proved in [65] generalizes the Theorem
3.2.3 established in [19] for 2 x 2 quasilinear first order systems. Both theo-
rems may be applied when we consider a given system of quasilinear par-
tial differential equations and the required hypotheses are fulfilled. The
new independent and dependent variables can be found by solving the
overdetermined system of first order partial differential equations:

E.Z'Zj:(sij, E.Z‘QUA:O, i,j:L...,TL, A:L...,m, (342)

for the unknowns z(x) and w(x, u); because the operators =; (i = 1,...,n)
are commuting, this overdetermined system always admits a solution.
Application of Theorem 3.2.4 requires the following steps:

1. determine the Lie algebra L of point symmetries of system (3.37) (var-
ious computer algebra packages are available [3, 38, 42, 43, 44, 68]);

2. if dim(L) > n + 1:

e determine the (n + 1)-dimensional Lie subalgebras (an optimal
system [62, 73, 76] suffices);

e check if among the Lie subalgebras there is a Lie algebra having
the required structure;

e find the canonical variables of the symmetries, and reduce the
system to homogeneous and autonomous form.

The reduction of a nonhomogeneous quasilinear system to homoge-
neous form, besides its intrinsic interest, may reveal useful in investigating
a well known problem connected with a system of hyperbolic conserva-
tion laws, say the Riemann problem [20, 86], where one takes a piecewise
constant initial datum with a single discontinuity. As well known, there is
an existence and uniqueness theorem for the Riemann problem for a sys-
tem of conservation laws; on the contrary, analogous results have not been
obtained yet for a system of balance laws, even for a generalized (i.e., piece-
wise non—constant initial data) Riemann problem [4].

In the case in which we have a system of balance laws and the appli-
cation of Theorem 3.2.4 leads to a system of conservation laws, then one
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may investigate a Riemann problem (classical or generalized) for the orig-
inal system of balance laws by studying an associated Riemann problem
(which can be classical or generalized) for a system of conservation laws
[65]. Once the latter problem has been solved, thanks to the inverse trans-
formation, it is possible to obtain the corresponding solution of the original
system.
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4 Equivalence transformations

N this Chapter, a class of partial differential equations (a conservation law
and four balance laws), with four independent variables, and involving
sixteen arbitrary continuously differentiable functions, is considered in the
framework of equivalence transformations. These are point transforma-
tions of differential equations involving arbitrary elements, defined in an
augmented space of independent, dependent and additional variables rep-
resenting values taken by the arbitrary elements. Projecting the admitted
symmetries into the space of independent and dependent variables, we de-
termine some finite transformations mapping the system of balance laws to
an equivalent one with the same differential structure but involving differ-
ent arbitrary elements; in particular, the target system we want to recover is
an autonomous system of conservation laws. An example of physical inter-
est (3D Euler equations for an ideal gas in a non-inertial frame and subject
to gravity) is also considered.
The results here presented are contained in [35].

4.1 A brief sketch of equivalence transformations

In Chapter 3, it has been shown that the transformation of a general
nonautonomous and/or nonhomogeneous first order quasilinear system
of partial differential equations (which every system of first order balance
laws reduces to) into autonomous and homogeneous quasilinear form is
possible if and only if a suitable algebra of point symmetries is admitted.
This procedure works well for a given system of partial differential equa-
tions.

Nevertheless, if one is interested to identify the systems of balance laws
(possibly nonautonomous) that can be transformed by an invertible point
transformation to an autonomous system of conservation laws, a conve-
nient approach consists in using equivalence transformations [46, 47, 56,
61,76,77, 88, 89].

To fix the notation, we briefly recall the main elements of equivalence
transformations of differential equations.

In many applications, we have differential equations involving arbitrary
elements (constants or functions), so that one has a class of differential equa-
tions. Here, we limit ourselves to consider a class £(p) of first order partial
differential equations involving some arbitrary continuously differentiable
functions pi(x,u) (k=1,...,0),

A (x, u, u(l); p,p(1)> =0, (4.1)

whose elements are given once we fix the functions py, (p™) denotes the set
of first order partial derivatives of the p’s with respect to their arguments).
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To study the invariance of a class of differential equations, it is con-
venient to consider equivalence transformations, i.e., transformations that
preserve the differential structure of the equations in the class but may
change the form of the constitutive functions and/or parameters [46, 47,
56,69, 72,76,77, 88, 89].

Definition 4.1.1 (Equivalence transformations [76]). A one—parameter Lie
group of equivalence transformations of a family €(p) of PDE’s is a one—parameter
Lie group of transformations given by

X = X(x,u,p;a), U =U(x,u,p;a), P =P(x,u,p;a), (42)

a being the parameter, which is locally a C*° diffeomorphism and maps a class €(p)
of differential equations into itself; thus, it may change the differential equations
(the form of the arbitrary elements therein involved) but preserves their differential
structure.

In the following, we shall assume that the transformations of the inde-
pendent and dependent variables do not involve the arbitrary elements p.

In an augmented space A = R" x R™ X R [56, 76], where the inde-
pendent variables, the dependent variables and the arbitrary functions are
defined, the generator of the equivalence transformation,

(1]

n . 9 m o
:Zg(x,u)axi—i—;n aUA—l—Z,u Xup " (4.3)

i=1

involves also the infinitesimals 1 (x, u, p) accounting for the arbitrary func-
tions py. The search for continuous equivalence transformations can be ex-
ploited by using the Lie infinitesimal criterion [76].

The first prolongation of = writes as

m n ¢ n+m
0 0
B0 9 PRS2 W PR T
= = [i] ) Hla] , :
A=1i=1 Oua,; k=1 a=1 9Pk
with
D n ng 5 n+m D
A _ D1 , k Ko
il = D, > 4Dy Hel T, Pr=> (4.5)
o B=1 «a
Oua Opi,
(ua,; s Pka = ,z = (x,u), ¢ = (&,m)), where the Lie derivatives
8xj 8Za
are
D 0 & ) D
= i . 4,
Dz;  Ox; +ZuA’18uA’ Dz, Zpko‘ (4.6)

A=1

In the augmented space A, the arbitrary functions determining the class
of differential equations are assumed as dependent variables, and we re-
quire the invariance of the class in this augmented space. If we project the
symmetries on the space Z = R" x R™ of the independent and depen-
dent variables (this is possible because the infinitesimals of independent
and dependent variables are assumed to be independent of p), we obtain
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a transformation changing an element of the class of differential equations
to another element in the same class (same differential structure but in gen-
eral different arbitrary elements). Such projected transformations map so-
lutions of a system in the class to solutions of a transformed system in the
same class.

Thus, in the augmented space A, given the equivalence generator (4.3)
the integration of Lie’s equations

% = £(X7 U)v X(O) =X,

=~ n(x,0) U(0) = u, 47)
dP

% :Fl’(X?U:P)? P<O) =P,

provides the finite transformation which maps the class into itself. On the
contrary, the integration of the Lie’s equations (4.7) in the projected space
Z gives an equivalence transformation mapping a system in the class into
another system in the same class.

4.2 The model and the admitted equivalence transfor-
mations

In this Section, we consider a (3 + 1)-dimensional system of first order
partial differential equations consisting of a linear conservation law and
four general balance laws involving some arbitrary functions. The aim is to
identify classes of systems that can be mapped through an invertible point
transformation to a system of autonomous conservation laws. A similar
approach has been used recently in [69] for a 2 x 2 first order quasilinear
system of partial differential equations, and in [72] for a system of three
balance laws in three independent variables.

More in detail, the considered class of differential equations, with four
independent and five dependent variables, involves sixteen arbitrary func-
tions of the independent and dependent variables. The equivalence trans-
formations are determined, and the finite transformations corresponding to
the admitted generators are constructed. As a consequence, the equivalent
conservation laws are characterized.
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Consider the class £(p) with p = (p1, ..., p1s) of systems

8u1 8u2 8u3 aU4

T P T

Ouy  Opr  Op2 | Ops _
81’1 81’2 891:3 a:z:4 P13,

0 0 0 0
uy  Ops  Ops . Ops

huficd = 4.8
81’1 8:62 8.%'3 8904 b4, ( )

0 0 0 0
g Opr  Ops  Opy

6701 81’2 8:63 (9%'4 - P15

Ous  Opwo | Op11 | Opia
61'1 + 3172 + (9:133 + 61'4 - b6

x = (21,2, 23, x4) being the independent variables, u = (u1, u2, us3, us, us)
the dependent variables, whereas p = (p1, ..., p1s) stand for arbitrary con-
tinuously differentiable functions of x and u. For instance, three-dimen-
sional Euler equations of ideal gas—dynamics fall into the class (4.8).
By requiring the invariance of the class £(p) in the augmented space
A =R* x R® x R, through the Lie’s infinitesimal criterion [76], we deter-
mine 24 infinitesimal operators:
=5 = 00k, — Do f V10, + (9 Vs + 0y F Vs + 03, f Vs ) 01
- xzf(l) (U38u3 + U4au4)
(200, fVtz + Oy V1 + Oy N (b2 + pa) + 020 SV (p3 + 7)) 0,
(00 S Vg + 00 f Vs + 02, f Vs ) D
+ (am f(l)u4 + 8963>f(1)1’96 + 3x4f(1)p9) aps
(000 S Dty + 00y S Vs + 0y, f Vg ) 0,
- wzf(l) (p5@p5 +p66p6)
+ (axl f(l)u4 + axsf(l)pS + 6m4f(1)p9) Ops
- xzf(l) (pSaps +p98p9)
+ (@n FPus + 8y fVpro + 0y fVp11 + 8x4f(1)p12> Ip1o
+ (inlf(l)ul + 28£1x2f(1)u2 + 28§1$3f(1)U3 + 28§1x4f(1)U4
RSO+ 28) + 020 fVp0 + 0y TV pris 4 02, Vpis) 0y,
- 8$2f(1) (p148p14 +p156p15)
+ (3§1z2f(1)u5 + 02,0y F VP10 + 02,0, D p1r + 3§2x4f(1)p12) Ip1e
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E; = f(Z)ax:s -

Dy f ) (4104, + 120y,

+ <8x1 f(2)U1 + 8x2f(2)uQ + 8$4f(2)u4) 0u3

_ rgf(Q)

(U48U4 + plapl )

(S Pz + 00y f D1 + 02, s ) Oy — Do f DDl

(00 Pz + 0, 1 + 01, fPpr ) 0,

+ (28x1f @i+ 0y O (D2 + pa) + Oy P05 + 00y fP (06 + PS)) Dps
+ <8a:1f(2)u4 + 0y [P p3 + 0y, f@ ) o — Oy [ P70,

- (00 S P us + O Oz + 02, 0 ) s — 02 S Vo0

+ (311 FPus 4+ 0y, fPpro + Oy f P11 + 3m4f(2)p12> Opn,

— Oy f P 130y,

(aglxlf( )ul + 2631272]0( )UQ + 2311m3f( )U3 + 28x13:4f( )U4

+ 82

Z2T2

+ 9?2

T3T4

- rsf

F@pr+ 02, fP (s +pa) + 024, FPps +p7) + 02, FDps
f(2) (pﬁ + p8) + 8g4x4f(2)p9 + 8:E2f(2)p13 + 6;54,]0(2)]715) 8pl4

) p150p.5

( a:1a:3f(2 us + 6§2w3f(2)p10 + aacga:af@)pll + ag3w4f(2)p12) 617167

25 = f(3) Oy —

x4f (ulaul + u28u2 + U3au3)

+ (aﬂclf uy + a:cz f(S)UQ + ang(?’)u;;) 8“4

- m4f(3)

(P10p, + P20p,)

(001 F Dz + 00, fOp1 + 00, [ p2) By

_ m4f(3)

(p48p4 + p58p5)

(80 O+ 0y s + 00 f Vs ) Dy
(000 Pz + O, D1 + 01, V1) 0y
(001 f Dt + Oy 2 + 01 f s ) O
(2000 S P + 00y SO s+ 1) + 02y SO (06 + 1) + Dr Dy ) Oy

(00 S P + 00y f 10+ Dy [P P11 + 02 f D) Dy,

- J?4f(3)

(p138p13 + p148p14)

(020 S Pur + 202, 4, S Py 4+ 202, f P g + 202, f Py

+ 92

ToT2

+ 92

FOp1+ 02, D (pa +pa) + 02,4, FO(ps +pr) + 02,0, Fps

2o PO 06+ 08) + 02,0, F DDy + 0ua S D1z + D0 f Vs D

<831x4f( )’U,5 + 8x2x4f( )plo + a:%g:uf(S)pll + 824374.]0(3)1712) 8]9167
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25 = fDu10us + fPuadpyy + fPuzdyy, + FPusdyy,

(00 S D + 0 S Dy + 0 SV + Dy [ D11 D,
28 = O ugdyy + FO P19y + FO P20y, + FO P30y,

(00 S P + 0y S V1 + 02y P2 + 00 f s + [P p13) Dy,
Z¢ = fOuzduy + [ padps, + FOpsdp,, + f O P60y,

(00 S Vs + 0 S Opa + 0y 5 + 0 [ O + [ Op11) Dy,
28 = fDusduy + F D pr0pse + F 08y + F T Po0p,,

(3 FOug + 84y FOpr 4+ 0y f D ps + 00y f g + fmpm) e
28 = fOusdus + FOp109py + FOp110p, + FEp120,,,

+ (@m F®us + 8., F®pro + O FOp11 4 0p, f 1o + f(s)pua) Op16)»

25 = £ a% + 00, f D0y, Z5o = f100p, + 00, f10 0y,

Z51 = [N, 4+ 00y f 0y, Efy = [P0y + 00y f1P 0y,
Es = [0, + 00 f10ps Bl = FV0p, + 00y f1 0y,
Et5 = [0 00 + 00, [0y, Efe = [0 + 00y 10,
2y = f“”aps + 00 [0y, Efs= f“s)apg + 00, f190,5,

59 f apm +812f 19 puav He = f 8p11 +ax3f 20 pwa
25 = [V apm + auf @y Opig»

25 = fP0y, + f®0y, + Py, + F BP0y, + 0., fPP0,,
+ 05y V8, + 0, [P0,
4 12
25y = f(21)0p, — <Z B, + QZpkﬁpk +> pkapk)

=2 k=1 k=10
//

k
Dug + 2f (:U1)p13) P13 ( "(w1)us + 2f’($1)p14) Op1a
1)us + 2f (21)p15) Opis — [/ (1)P160p14

- (f
- (£(
4
554 = Zukauk + Zpkapk + Z pkapky
k=1

/l

k=1 k=13
where f) = f0)(x) (i = 1,...,25) are arbitrary functions depending on x,
with f(22), £(23) £(24) gnd f( (25) ) subjected to the constraint

4
Z Oz, fo141(x) = 0, (4.9)
k=1

and f(z1) is an arbitrary function of its argument; the prime denotes the
derivative with respect to the argument.
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In view of the results we want to achieve, we need to consider the non—
vanishing projections of the admitted operators on the space Z = R* x R":

E1 = fi(21)0z; — f1(21)(u20u, + u30u; + a0y, ),
4

k=1

- ) (4.10)
Eati = U fati(X) 0y, 1=1,...,5,

4 4
E10 = f10(®)0us; B =Y fiogr(®X)uy,  Eia =D urd,
k=1 k=1

where we suitably relabelled the functions occurring in the equivalence op-

erators; moreover, the functions f; (: = 11, ..., 14) satisfy the condition
4
> Oy fro4k(x) = 0. (4.11)
k=1

By considering the corresponding Lie’s equations, we are able to compute
the finite corresponding transformations, say

X = X(x,u;a), U =U(x,u;a), 4.12)

allowing us to map the original system (4.8) to a different system with the
same differential structure; in particular, we are interested to the case where
the target system is an autonomous system of conservation laws, i.e.,

ouy 0Uy 090Uz 90U,

ox, T ox, Toxs Tax, %
N

gﬁlﬁ " 222 * 3;12 * Siii =0, (4.13)
e et o g =

oUs n 0P n 0Py N dPjo o,

0X1 0Xs 0X3 0X4

where P; = P;(U;,Us,Us, U4, Us) (i = 1,...,12). Of course, a given sys-
tem falling in the class (4.8) can be mapped by an equivalence transforma-
tion to a system having the form (4.13) provided that the functions p;(x, u)
(¢ =1,...,16) have special functional forms. To simplify the computation,
we exchange source and target system; in fact, taking the inverse transfor-
mation of (4.12) (which is obtained by exchanging lower and capital let-
ters and replacing a with —a), and starting from the autonomous system
(4.13) of conservation laws, we are able to obtain the equivalent nonau-
tonomous system of balance laws. In such a way, we are able to identify, for
a given equivalence transformation, the elements of the class (4.8) that can
be mapped to a system of autonomous conservation laws.

Now, since we start from an autonomous system of conservation laws
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to arrive to a nonautonomous system of balance laws, let us write the oper-
ators (4.10) in terms of the capital letters; then, we build the corresponding
finite transformations.

4.3 Finite transformations

In this Section, we integrate the Lie’s equations corresponding to the
operators =1, ..., 212 (4.10), and construct the finite transformations lead-
ing us to obtain systems of the form (4.8) that can be mapped to the form
(4.13). The most general finite transformation can be recovered by compo-
sition of the finite transformations induced by each generator.

4.3.1 Finite transformations generated by =,

By considering the generator =,
E1 = f(X1)0x, — [/(X1) (U20u, + Usdu, + Usdy,) , (4.14)

where we renamed the function f; as f, we get the finite transformation

x = &1(X1;a), r2 = Xo, r3 = X3, xy = Xy,
f(X1) f(Xy)
= U, = Uy, = Ug——~L,
L f(X) _
. . . - o . f(@)
Z1(X71; a) being such that 7;(X1;0) = X; and 0x, 71 = X)) whereupon
1
we may write
Ui = uq, ) Uz = ug0x, 71, Us = u3dx, 11, (4.16)
Uy = us0x, 71, Us = us,
and system (4.8) is equivalent to system (4.13) with
Py,
= k=1,...,12,
PE= (0,212
aXlefi‘l 8?(1)(15:1
_ = —qug—121 4.17
P13 = —Ua g P = U (4.17)
ag(lxlj]_
P15 = —U4W7 p16 =0,
where Pk = Pk(ul, U28X1-i17 U38X1.i‘1, U48X1{Z'1, u5) (]{ = 1, ey 12).
4.3.2 Finite transformations generated by =5, =3, =,
By considering the generators Z; (i = 2,...,4),
4
i = f(X)0x, + Y (Updx, f(X)y, — Urdx, f(X)0,) (4.18)

k=1
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where we renamed the function f; as f, we may write the general finite
transformation arising from the integration of Lie’s equations in the three
cases in a unified form:

Xk? k= 17 747 k 7& ?
Tp =9 .
i(Xsa), k=i,
f(X)
Uk =\ k=1, A4k 7& Z
f(x)
4 -
_ a Ox.
Y U+ £(X) ) Uz’/ X’{(X)da, k=i,
Tt o J(X)
Us, k=5,
(4.19)
where 7;(X; a) is such that z;(X;0) = X; and
f®) / Wda, k#1,
O &= ®) 0 (4.20)
—, k=i.
f(X)
By introducing the matrix J with the (j, k)-entry equal to 0x,%; (j,k =
1,...,4), the (5, 5)—entry equal to Ox,Z; and all remaining entries vanishing,
we may write
w=AU, A=-71_. 4.21)
8Xixi
moreover, by defining the matrices
(75} u9g us Uq 0 U1 UQ Ug U4 0
uz p1 p2 p3 O U o P P30
gq=|u ps+ ps ps 0|, Q=|Us P P F 0], (422
ug pr ps py O U P Ps Py O
us pro pu piz 0 Us Pio Pu P2 0
system (4.13) is mapped to system (4.8) with
q=AQJ",
5 5 4 5
0?Ry; 0?Ry; (4.23)
m — Am 2 J
Prism =2 Ani D (Z U ATaX: ~ 2= " ITaX,
j=1 =1 \k=1 k=1
(m = 2,...,5), where Ry; is the generic entry of the matrix JQ7, and it is

P, = P,(U) (k = 1,...12), with U defined by (4.21); note that the right
hand side of (4.23); is vanishing for m = 1.

4.3.3 Finite transformations generated by =5, =¢, =7, =g

By considering the generator Z4; (i = 1,...,4),

Bt = Ui f(X)0us, (4.24)
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where we renamed the function fi1; as f, we get from Lie’s equations the
finite transformation

$k:Xk, uk:UK, k‘zl,...,4, U5:U5—anf(X). (425)
System (4.13) is equivalent to system (4.8) if

Pk:Pk, ]{7:1,...9,

Py i1 + augy1 f(x), i=1,
Po+k = . k= 17 . 737

Poyp +aPsivp-6f(x), i=2,...,4,

4
Prosk = at; Y Ox, f(x)0u, Pyrjmss kK =1,....3,
=2
4
au; | Ox, f(x) + Z Ox; f(x)0us Ps+j | i=1,
j=2

P16 = 4
au; | Ox, f(x) + Y Ox, f(%) (Bu; Psrj + af (x)0u; Psivj—7) |
=2

i=2,...,4,
(4.26)
where Py = P(u1, u2, ug, ug, us + au; f(x)) (k=1,...,12).
4.3.4 Finite transformations generated by =,
By considering the generator =y,
Eg = Us f(X)9us, (4.27)

where we renamed the function fg9 as f, we get from Lie’s equations the
finite transformation

i = Xk, ug = Uy, k=1,...,4, us = Usexp(af(X)). (4.28)
System (4.13) is equivalent to system (4.8) provided that:

pk:Pka

4
pra+i = aexp (—af(x)) | Y Ox,f(X)u; Psitj-a | us,
= (4.29)

4
P16 = a 0}(1 f(X) + Z 8Xjf(X)8U5P8+j Us,
j=2

where ¢ = 1,...,3, and P, = Px(u1,ug,us, us,usexp(—af(x))) with
k=1,..., 12
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4.3.5 Finite transformations generated by =,

By considering the generator =1,
=10 = f(X)0us, (4.30)

where we renamed the function fip as f, we get from Lie’s equations the
finite transformation

xp = Xg, up = Ug, k=1,....,4, us = U5—|—af(X), (4.31)
and the equivalence between (4.8) and (4.13) is recovered provided that

=P, k=1,...,12,

4
prayi =a Y Ox, f(X)0u; Psiyja,  i=1,...,3,
i=2 (4.32)

4
P16 =a | Ox, f(x) + > 0x;f(x)0u, Pss; | »
j=2

where P, = Pk(ul, U2, Uz, Uq, U5 — af(x)).

4.3.6 Finite transformations generated by =;;

By considering the generator =14,

4
En =Y gr(X)0u,, (4.33)
k=1

where we renamed the functions fio1; as g, along with the constraint
24: Ox,9k(X) = 0, and integrating Lie’s equations, the following finite trans-
Igg;mation arises:

= Xp, up = U + agr(x), k=1,...,4, us = Us.  (4.34)
System (4.13) is equivalent to system (4.8) provided that:

pr = Py, k=1,...,12,

4 4
prove = a | Ox, 901 (%) + > ) 0x,6i(x)00, Pyerja |, £=1,...,3,
i=1 j=2
4 4
pro=a| Y > 0x,0i(x)0u,Psij |
i=1 j=2

(4.35)
where P, = Pi(u1 — ag1(x),us — aga(x), us — ags(x), us — ags(x), us).
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4.3.7 Finite transformations generated by =,

In this case the finite transformation consists of a uniform scaling of the
dependent variables,

x =X, u = exp(a)U, (4.36)

and for such a transformation there are no balance laws equivalent to con-
servation laws.

4.4 Physical application

In this Section, we make some assumptions on the form of the functions
involved in the generators of equivalence transformations in order to deal
with physically relevant systems of differential equations. In particular,
we construct the finite transformations corresponding to the infinitesimal
generator Y, Z;, where we assume

fo =n1(X1) X2 4+ no(X1) X3,
f3 = —na(X1) X2 + ni(X1)Xs, (4.37)
fa=mn3(Xq),

with n;(X7) (i = 1,..., 3) arbitrary functions depending on X;.
Integration of Lie’s equations provides:

r1 = 71(X1;a),
To = T2(X1, X2, X350) =
= exp (m1(X7;a)) (X2 cos (ma(Xi;a)) + Xssin (me(X1;a))),
r3 = T3(X1, X2, X3;a) =
= exp (m1(X1;a)) (—Xasin (ma(X1;a)) + X3 cos (ma(Xi3a)))
vy = T4(X1, Xy50) = Xy +m3(X1;0),
Uy = exp (2m1(X1;a)) ug,
Us = exp (m1(X1;a)) [(ug cos (ma(X1;a)) — us sin (ma(X1;a))) Ox, %1
—uy (Ox, %2 cos (ma(X1;a)) — Ox, T3 sin (ma(X1;a)))],
Us = exp (m1(X1;a)) [(ug sin (ma(X1;a)) 4+ us cos (ma(X1;a))) Ox, %1
—uy (Ox, T2 sin (ma(X1;a)) + 0x, T3 cos (ma(X1;a)))],
Uy = exp (2m1(Xy;a)) (ugOx, %1 — u10x,24) ,

Us = us,
(4.38)
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where
m;(X1;a) = ):1 ;jgds, A (X1:a) = ng(a1) —ni(X1), i=1,....3,
o,y - TTBE By, Tai)

(4.39)
System (4.13) describes the 3D unsteady flow of an ideal fluid subject to no
extraneous force along with the choices

Uy = p, Us = pu, Us = pv, Uy = pw, Us = pS,

U2 UsUs UaUy
P =2 U, U Py=P, = Py = Pr =
il 0 + p(U1,Us), 2 4 U, 3 7 U,
U2 UsU, 2
p=2 Uy, U Ps=Ps = Py=-4% Ui, U
5= 7, + p(U1,Us), 6 R U, " =7, +p(U1,Us),
U2U5 U3U5 U4U5
Py = P = Py =
10 U, 11 U, 12 U,
(4.40)

p being the fluid mass density, (u, v, w) the components of its velocity, S the
entropy, and p(p, S) the pressure. Thorugh the transformation (4.38), we
get the system (4.8) with

B u3  plexp(—2mi)ur, us) _ ugug Uy
p1=—"+ —5 ) D2 =ps= ) p3=pr = )
Ul (8)(11'1) w1 U1
2
U plexp(—2m1)uy, us U3 U4 UUs
p5:73+ ( ( ~)2’ )7 Pe = P8 = ) P1o = )
uy (0x,71) Uy uy
B u?  plexp(—2m)ug, us) ugus UqUs
by = — =~ \2 ) Pb11 = ) P12 = )
uy (0x,71) uj up
. Ox,miuz + Ox, mous 552(8%(1)(17”1 - (alel)2 + (8X1m2)2)
P13 =2 = + 5 uy
Ox,T1 (0x,71)
x3(8§(1X1 mg — 20x,m10x,Mm2) ag(lxli’l
+ ) uy — o 2“27
(0x,21) (0x,21)
Py = 28X1m1U3 — 8X1m2u2 B $2(8§(1X1m2 — 28X1m18X1m2)u
H Ix, 71 (Ox,21)? !
23(0%, x,m1 — (Ox,m1)* + (5X1m2)2)u1 0%, x, 71 "
= - po 3
(0x,21)? (Ox,21)?
%, x, 71 9%, x, 74 Ox,m1
=l o+ =2 —us.
D15 (0x.31)? 4 (0x,71)° 1s Di6 Ox. i1 5

By choosing 0x,Z1 = 1 (Whereupon z1 = X1 +a), m; =0, ma = wX; + Xy,

2
gX
msg = Tl + a1 X1 + ap, where w, ag, a1, az, g and X, are constants, we
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recover the system

Our | Ouy | Ous , Ous _
81‘1 8$2 8%3 8564_

Ouo o [(u3 0 (ugus 0 (ugua) _

= 20.)11,3 — w2x2u1,

Ous 0 [ uous 0 u% 0 (uzug)
0z + Oza ( U1 > + Ox3 <u1 +plu,us) ) + Ory \ wy )

= —2wus + wQ:cgul,

Oua 0 [ usuy 0 [ usuy 0 ui

o + o + (=2 +p(ur,us) | = gui,

Or1  Oxs ( Uy Ooxrs \ w1 Ory \u1 plus, us) gt

ou 0 [ugu 0 [(usgu 0 [usu

ous 0 (ugus) O (usus) O ([uaus)

8x1 a$2 Ul 8333 (75} 5'374 (75}
With obvious identifications, we recognize the equations of an ideal gas in
a non-inertial frame rotating with constant angular velocity w around the
vertical z4—axis and subject to gravity. This implies that the Euler equations
for an ideal gas in a non-inertial frame rotating with constant angular ve-

locity around a vertical axis and subject to gravity can be transformed in a
form where the gravity and apparent forces disappear.

0,

4.5 Conclusions

In this Chapter, we have characterized a class of partial differential
equations in four independent variables expressed under the form of a lin-
ear conservation law and four nonautonomous nonlinear balance laws that
can be transformed by an invertible point transformation into an autonom-
ous system of conservation laws. This has been accomplished through the
use of equivalence transformations. The general results obtained have been
specialized in order to deal with a model of physical interest. In particular,
it has been shown the equivalence of the 3D unsteady Euler equations of an
ideal gas subject to gravity and Coriolis forces with the corresponding sys-
tem where forces are absent. The approach used, and based on equivalence
transformations, allows one to determine the members of a general class
of partial differential equations that can be mapped by an invertible point
transformation to a target system with suitable properties, e.g., a system of
autonomous conservation laws.
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5 Transformations of nonlinear
first order systems

N this Chapter, we present some new results about the use of Lie symme-
tries for transforming a given nonlinear first order system of differential
equations into an equivalent form. At first, a theorem providing neces-
sary conditions enabling one to map a nonlinear system of first order par-
tial differential equations to an equivalent first order autonomous and ho-
mogeneous quasilinear system is given. The reduction to quasilinear form
is performed by constructing the canonical variables associated to the Lie
point symmetries admitted by the nonlinear system. Some applications to
relevant partial differential equations (second order Monge-Ampere equa-
tions) are given. An application related to a partial differential equation
defining a surface in R® whose Gaussian curvature is proportional to the
mean curvature showing that the conditions for transforming to quasilin-
ear form are only necessary is given.

In the second part of this Chapter, a theorem providing necessary and
sufficient conditions enabling one to map a nonlinear system of first order
partial differential equations, polynomial in the derivatives, to an equiva-
lent autonomous first order system polynomially homogeneous in the de-
rivatives is proved. Moreover, several classes of first order Monge—Ampere
systems, either with constant coefficients or with coefficients depending on
the field variables, are considered. The results presented in this Chapter are
contained in [31, 32].

5.1 Reduction to quasilinear autonomous and homo-
geneous form

In this Section, we shall consider nonlinear systems of first order partial
differential equations; nevertheless, it is worth of being recalled that higher
order partial differential equations can always be rewritten (though not in
a unique way!) as first order systems.

Among the first order systems of partial differential equations, a special
role is played by quasilinear systems either for their mathematical proper-
ties or for their ubiquity in the applications.

Here, we consider nonlinear first order systems and investigate whether
they can be reduced by an invertible point transformation to an equiva-
lent first order system of autonomous and homogeneous quasilinear equa-
tions. First order autonomous and homogeneous quasilinear systems pos-
sess many relevant features: for instance, they admit self-similar solutions
suitable to describe rarefaction waves. Also, many efficient numerical
schemes useful for investigating physically relevant problems are available
for such a kind of systems. We give necessary conditions for such a reduc-
tion.
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5.1.1 Necessary conditions

Let us consider a general nonlinear first order system of partial differ-
ential equations,

A (x, u, u(l)) =0, (5.1)

where x € R" are the independent variables, u € R™ the dependent vari-
ables, and u(") denotes the set of all first order derivatives of u with respect
to x. We want to exploit the possibility of constructing an invertible map-
ping like

z = Z(x,u), w = W(x,u), (5.2)

allowing us to map it to a quasilinear homogeneous and autonomous sys-
tem. When this is possible then necessarily the nonlinear system has to pos-
sess a suitable (n + 1)-dimensional solvable Lie algebra as subalgebra of the
algebra of its Lie point symmetries.

Let us suppose that system (5.1) can be mapped through an invert-
ible point transformation like (5.2) into an autonomous and homogeneous

quasilinear system, say
n

. OW
A(w)=— =0 5.3
; (W), =0, (53)
where A (i = 1,...,n) are m x m matrices with entries depending at most

on w. Every system like (5.3) admits the Lie point symmetries generated by
the following vector fields:

0
E’L = 877 1= 17 , 1,
2
" 9 (5:4)
= 1= 2~

these vector fields span an (n + 1)-dimensional solvable Lie algebra where
the only non-zero commutators are

[Ei, En+1] = Ei, 1= 1, ey T (55)

Moreover, the first n vector fields span an n—dimensional Abelian Lie alge-
bra, and generate a distribution of rank n.

Since neither the rank of a distribution nor the Lie bracket of two in-
finitesimal generators of symmetries is affected by an invertible change of
coordinates, it follows that if a system of the form (5.1) can be mapped by
the invertible point transformation (5.2) to the form (5.3) it has to admit, as
subalgebra of the Lie algebra of its point symmetries, an (n+1)—-dimensional
Lie algebra with a suitable algebraic structure.

Therefore, the following theorem is proved.

Theorem 5.1.1. A necessary condition in order the nonlinear first order system
A (X, u, u(l)) =0 (5.6)
be transformed by the invertible map

z = Z(x,u), w = W(x,u), (5.7)
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into an autonomous and homogeneous quasilinear first order system is that it ad-
mits as subalgebra of its Lie point symmetries an (n 4 1)-dimensional Lie algebra
spanned by

n m
0
— A .
== YW+ Yt w g sl 68)
j=1 A=1
such that
[Ei, E]] = 0, [EZ, En+1] = Ei, i,j = 1, Lo, n. (59)
Furthermore, the vector fields =1, ..., =, have to generate a distribution of rank
n. The new independent and dependent variables are the canonical variables asso-
ciated to the symmetries generated by =1, . .., =y, say
Ei(Zj) = (5@', EZ(W) = 0, i,j = 1, ey Ny (510)

where d;; is the Kronecker symbol. Finally, the variables w, which by construction
are invariants of =1, . . . , Ey,, must result invariant with respect to =, too.

Proof. The proof follows from the above considerations. The construction
of the new independent and dependent variables, which are the canonical
variables of the admitted symmetries, is the same as the one given below in
Theorem 5.3.1. O

The conditions required by Theorem 5.1.1 are not sufficient to guarantee
the transformation to quasilinear form, as shown by next example.

Example 5.1.1. Let us consider the first order system made by the equations

8U1 aUQ

8.752 8x1 ’
e (24 (o 0mdue (0w Ous duy
! 81’2 anl 8562 3 8562 8561 axg
8u1 OUQ 8u1 2 8u1 3U1 aUQ 6u1 2 8u1
+ <H48$lax2+/ﬁ35 <ax2> ) 87951—’_ (Hﬁama@-i-lw <8$2> 87332
8’LL1 8u2 8u1 2 aUQ 8U1 2 8u1 8U1
+ (Hgaxlam‘i‘/ﬁlg <ax2> ) 873524‘/110 <8[El> +/€1187$187x2

2 2
+ /{12%% + K13 <8m> + 514%% + K15 <BUQ> =0,
1 09 To 0x9 0x9 0x9
(5.11)
with uy(x1, x2), ua(z1, x2) scalar functions, and k; (u1,uz) (i = 1,...,15) arbi-
trary smooth functions of the indicated arguments.
It can be easily ascertained that system (5.11) admits the Lie point symmetries

spanned by the operators

0 0
1_81131’

[1]

(5.12)

[11

0
3 = (21 — auy — buy) . + (29 — buy — cug) p
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a, b, ¢ being constants, provided that the conditions

K1 — czfﬂo + bek11 — ackio — bgmg + abkig4 — a2/115 =0,

ko — 2 K10 + bekil — ackia — b2 k13 + abkig — a’kys = 0,

K3 + 2(02%;1() — bekil + ackis + b2/<613 — abkig + CL2H15) =0,

K4 + 2cKk10 — br11 + ak12 = 0,

K5 — 2ck10 + br11 — ak12 = 0, (5.13)
kg + cki11 — 2bk13 + ak1g4 = 0,

k7 — ck11 + 2bk13 — akyg = 0,

kg + ck12 — br1g + 2ak15 = 0,

K9 — CR12 + bli14 — 2a/<15 =0

are satisfied.
Since

[Z1,22] =0, (=1, 23] = =1, [E2, B3] = Eo, (5.14)

applying the theorem, we introduce the new independent and dependent variables

z1 = x1 — auy — buo, Z9 = Ty — buy — cuo,
1 1 1 2 2 = T2 1 2 (5.15)
w1 = Uy, w2 = U2,
and the nonlinear system (5.11) reduces to
Oun _ Owy _
82’2 8z1 o
e (290 4 o, Q010w Own Dy 5.16
10 821 1 82:1 622 12 821 822 ( ' )

811]1 2 8101 811]2 8w2 2 .
+ K13 <822> + /{1467226722 + K15 6722 = O,

i.e., reads as an autonomous system polynomially homogeneous in the derivatives.
We notice that system (5.16), by specializing the functions ko, . . . , K15 as fol-
lows,

k1o = —r(1 + wd)?,
k11 = dkwiwa(l + w%),
w12 = 2((2 — K)(1 + w} + w}) — kwiw}), (5.17)
k13 = —4(1 + w} + w2 + kwiw?), '
K14 = dkwiwa(1l + w%),
k15 = —k(1 +w?)?,
is equivalent to the second order partial differential equation
2
K (1 + wi) w§121 — dRw,, Wy, (1 + wi) Wi 2 Way 2o
—9 ((2 —K) (1 + wgl + wi) — nwzlwi) Wiy 2 Wiy 2 (5.18)

2 2 2.2 2
+4 (1 Twy, Fwy, + Hwnw@) Wa129

2 2\2 2
— 4KW,, W, (1 +wz1) Wz 2o Waozo + K (1 —i—le) (U 0,
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ow ow

where w,, = o = Wy, Wy = 0 = wy, and k is an arbitrary function of w,,
1 2

and w,.
Considering a smooth surface in R?® with the metric ds* = dz? + dz3 + dw?,
and its Gaussian and mean curvature,

2
wzl 21 wzg zo T w

G = 2122
(T4 w? +w?)?’ (5.19)
H— 11+ wgg)wmﬂ — 2wz Way W2z + (1 4 wgl)w@m '
D) 1 2 2 )3/2 ’
( + wzl + wZQ)
respectively, equation (5.18) can be written as
G = kH?, (5.20)

whereupon it should be k(w,,,w,,) < 1. In the limit case k = 1, Eq. (5.20)
characterizes a surface with all its points umbilic; it is known that a surface with
all its points umbilic is a (open) domain of a plane or a sphere [79]. 1t is worth of
being remarked that Eq. (5.20) with xk = 1 is strongly Lie remarkable [60], since
it is the unique second order partial differential equation uniquely characterized by
the conformal Lie algebra in R3 [59].

Remark 5.1.1. Notice that the Example 5.1.1 provides a system polynomial in
the derivatives which is transformed into a system polynomially homogeneous of
degree 2 in the derivatives.

Remark 5.1.2. Theorem 5.1.1 can be used also when the nonlinear source system
is autonomous. In such a way, when the hypotheses of the theorem are satisfied, the
target system should be autonomous too; in fact, only in this case the invariance
with respect to the homogeneous scaling of the independent variables of the target
system implies that the system is a homogeneous polynomial in the derivatives (a
quasilinear system if the degree of the homogeneous polynomial is 1).

As we will show later, if the nonlinear system of partial differential
equations involves the derivatives in polynomial form, then the conditions
of Theorem 5.1.1 are necessary and sufficient for the mapping into a system
where each equation is a homogeneous polynomial in the derivatives.

5.2 Applications

In this Section, we provide some examples of systems of first order non-
linear partial differential equations, whose Lie symmetries satisfy the con-
ditions of Theorem 5.1.1, and prove that they can be transformed under
suitable conditions to quasilinear autonomous and homogeneous systems.
The nonlinear first order systems are obtained from second order (1 + 1)-,
(24 1)-and (3 + 1)-dimensional Monge-Ampeére equations (see [50] for de-
tails). It is worth of noticing that some classes of these systems have been
proved to be linearizable by invertible point transformations in [67].

Hereafter, to shorten the formulas, we use the notation u; and u ;; to
indicate the first order partial derivative of u with respect to x;, and the
second order partial derivative of u with respect to x; and x;, respectively.
Moreover, we shall denote with f,; and f.;; the first order partial derivative
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of the function f with respect to u; and the second order partial derivative
of f with respect to u; and u;, respectively.

5.2.1 Monge-Ampere equation in (1 + 1) dimensions

In 1968, Boillat [12] proved that the most general completely exceptional
second order equation in (1 + 1) dimensions is the well known Monge—
Ampere equation,

K1 (U,nu,zz - U?lg) + Kou 11 + K3U 12 + Kau 922 + k5 = 0, (5.21)
with u(z1, z2) a scalar function, and «; (z1, z2,u,u1,u2) (i = 1,...,5) arbi-
trary smooth functions of the indicated arguments.

By introducing
Ul = u71, U9 = u72, (522)
along with the assumptions that the functions «; (i = 1,...,5) depend at

most on (u1, uz), we obtain the following nonlinear first order system:

ug1 —ur2 =0,
5 (5.23)
K1 (uLluzg — ul,g) + Kou1,1 + K3U1,2 + Kauz 2 + k5 = 0.

Through the substitutions
U — U + a1 + aexs, Uy — U2 + QX1 + a3xa, (5.24)
a; (i = 1,...,3) being constant, we get the system

ug —ur2 =0,

K1 (U1,1U2,2 — U%,Q) + (0131'11 + Iig)ul,l (5 25)
+ (—2a9k1 + K3)u12 + (1K1 + Ka)u2 2 '

+ ((anag — Oz%)/il + a1ka + asks + agkg + k5) = 0.
The nonlinear system (5.25) becomes homogeneous if
k5 = —((cnag — a3) k1 + a1k + agks + azky), (5.26)

and in such a case it is straightforward to recognize that it admits the Lie
point symmetries spanned by the operators

I N RS AN R
Y= 820 27T Bmy B3 = (1 f;1)8m1+(x2 f;g)axQ,(5.27)

(1]

where f(u1,u2) is an arbitrary smooth function of its arguments, provided
that
—#Ko [0 + K3 f12 — Kafi11

= . 5.28
1+ azfoo +2a0f12 + a1 fin (5.28)

R1

Since
[Z1,Z2] =0, (=1, 23] = =1, [E2, E3] = Eo, (5.29)

we introduce the new variables

21 =x1 — fa, 2o = T2 — f2, wy = u1, wy = Uy, (5.30)
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and the generators of the point symmetries write as

o  _ o _ @ 9
_8721, '—'2—87227 —13—2'187214‘228722. (531)

[1]

1

In terms of the new variables (5.30), the nonlinear system (5.25) becomes

wa1 —wi2 =0,
(5.32)
(ask1 + K2)wi1 + (—200k1 + K3)wi 2 + (a1K1 + Ka)wa e = 0,

i.e., reads as an autonomous and homogeneous quasilinear system.
The following example provides a physical system leading to a Monge-—
Ampere equation.

Example 5.2.1 (One-dimensional Euler equations of isentropic fluids). Let
us consider the Euler equations for an isentropic fluid

Pl + (pv),Q = Oa
(pv),1 + (pv* + p(p, 5)) 2 =0, (5.33)
51 +wvss =0,

where p is the fluid density, v the velocity, s the entropy, p(p, s) the pressure which
is a function of the density and the entropy, x; the time, and xo the space variable.
By introducing a potential function ¢ such that

p =02 pv=—¢1 (5.34)

it results s = s(¢). Moreover, by introducing 1) and w such that

2
D = = — s v —|— = — s
pv=12=—¢1 pv°+p=—11 (5.35)
?f):—u,l, ¢:u,2a
we arrive to the nonlinear equation
2
U2

w1 = ——= +p(u22,s(u1)). (5.36)

Uu,22

This equation becomes of Monge—Ampere type for the class of fluids characterized
by the constitutive law of Von Kdrmdn [93]
K2 (s)

— b(s 5.37
p ) + b(s), (5.37)

where k(s) and b(s) are functions of the entropy. What we get is
U11U22 — U,212 + 52(s(u72)) —b(s(uz2))u =0. (5.38)

The nonlinear first order system derived from equation (5.38) belongs to the class
of equations (5.23) and is mapped to a homogeneous and autonomous quasilinear
system provided that

K2 (s(u2)) = af — az(ar + b(s(uz)),
1+ azfar+2asf12+ a1 fnn (5.39)
b(s(uz)) = o ,
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and f(uy,us) is such that

0 (1 + aszfo2 + 2a2f;12> _0
ouq fi '

(5.40)

5.2.2 Monge-Ampere equation in (2 + 1) dimensions

The most general second order hyperbolic completely exceptional equa-
tion in (2 4 1) dimensions has been determined in 1973 by Ruggeri [84]; it is
a linear combination of the determinant and all minors extracted from the
3 x 3 Hessian matrix of u(x1, 2, x3) with coefficients x; (: = 1,...,14) de-
pending on the independent variables, the dependent variable and its first
order derivatives. This equation can be written in the following form:

OH OH OH OH OH OH
kiH 4+ kKo —— + K3 + K4 + K5 + K¢ + K
8'&711 5"LL712 6u113 8u722 8'&723

+ KU 11 + Ko 12 + K10U,13 + K11U 22 + K12U .23 + K13U 33 + K14 = 0,
(5.41)

7
8u733

where H is the determinant of the 3 x 3 Hessian matrix of u.
Let us assume «; (i = 1,...,14) depending at most on first order deriva-
tives of u. By introducing
uyp = u71, ug = u72, usz = u.3, (5.42)

)

the following nonlinear first order system is obtained:

ug1 —ur2 =0, uz1 —ur3 =0, uzo —ug3 =0,
Ha OH n OH n OH n OH n OH n OH
K Ko——+ K K K K K
' “Oury | COuiy Ours  COuzg  COugs  Ouss
+ Kgu1,1 + KgU12 + K1oU1,3 + K11U2,2 + K12U2 3 + K13u33 + k14 = 0.
(5.43)
As done in the previous subsection, the substitutions
Ul — U1 + a1 + aexs + 33,
Uy — U2 + QX1 + 0o + 53, (544)

uz —» uz + 3T1 + Q5T + a6T3,
a; (1 =1,...,6) being constant, provided that

K14 = (alag + a%ag — ajouog — 2003005 + a§a4)n1 — (ag — ay0) K2
+ 2(ig — agas) ks + 2(azoy — agas) kg + (a§ — a106)Ks
+ 2( a5 — aaag) ke + (a3 — aray) kT — Q1 ks — azky — A3k1g

— 04K11 — O5K12 — QgR13,
(5.45)
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allow us to get a homogeneous system with the same differential structure
as (5.43), say

U1 — u1,2 = 0, uz1 —u13 =0, uz —uz3 =0,

. . OH _ OH . OH . OH _ OH . OH
kK1H +Ro— + k3 + K + K + & +K78u
3,3

4
Oui 1 Out 2 Ouy 3
+ Rgui,1 + Koui 2 + Kiou,3 + Kiiug2 + Kiaua 3 + Kizusz 3 = 0,

> 8’1@2 6 61@73
(5.46)
where the expression of %; in terms of the coefficients x; (i = 1,...,13) and
the constants «; (j = 1,. .., 6) can be easily found.
The nonlinear system (5.46) admits the Lie point symmetries spanned
by the operators

=1 8%1 ’ =2 &EQ ’ =3 8:63 ’ (5 47)
Zi= (o~ fa) g+ (22— fa) o + (s~ fis) e |
=24 = (T i1 8331 2 ;2 81’2 3 ;3 81’3,

where f(u1,u2,u3) is a smooth arbitrary function of its arguments, pro-
vided that the following relations hold true:

k1 — Hi'Rg — Hi?Rg — Hp’Rag — Hi R — Hp Rig — HP Rz = 0,

Ko + f33k11 — fi3R12 + fiook13 =0,

2k3 — f.33kg + faskio + fiskiz — 2f12m13 = 0,

2K4 + fi23k9 — fiok10 — 2fask11 + fi2ki2 = 0, (5.48)

K5 + f33k8 — faskio + fi11k13 = 0,

2K — 2f.23Ks + fa3Ko + fa2k10 — faikiz =0,

K7+ fi2ks — fi2kg + fa1k11 = 0,
H}j denoting the cofactor of the (i, j)-entry of the Hessian matrix H; of
the function f(uy,us,ug). It is evident that conditions (5.48) place severe
restrictions on the coefficients of system (5.46); in fact, they state that the
functions k; (¢ = 1,...,7) have to be expressed in terms of the coefficients

ki (i = 8,...,13) and the function f. These symmetries generate a 4—
dimensional solvable Lie algebra,

[Zi, 2] =0, [Ei,24] = &4, ,7=1,...,3, (5.49)
whereupon we may introduce the new variables

21 =x1— f1, =22~ f2, 23=x3— f3, (5.50)
w1 = U1, w2 = U2, w3 = u3,

and the generators of the point symmetries write as

- 0 - d _ 0
=1 = 3 =2 = g7 =3 = 53
021 0z9 0z3
i 5 5 (5.51)
S4=215— t2— t 23—

821 822 823
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In terms of the new variables (5.50), the nonlinear system (5.46) reduces to

wa1 — wi2 =0, w31 — w3 =0, w32 — wz3 =0, (552)
Rgwi,1 + Kowi 2 + Kiowi,3 + Kiiwe2 + Kigwa 3 + Rizws 3 = 0,

i.e., to an autonomous and homogeneous quasilinear system.

5.2.3 Monge-Ampere equation in (3 + 1) dimensions

The most general second order completely exceptional equation in (3 +

1) dimensions has been characterized by Donato et al. [27] and once again it

is given as a linear combination of the determinant and all minors extracted

from the 4 x 4 Hessian matrix of u(z1,x2, x3,x4) with coefficients ; (i =

.,43) depending on the independent variables, the dependent variable
and its first order derivatives:

O*H
’le'f‘Zl‘ir +Z m+zr:’fr+51U1j+ﬂ43—0

z,j,k,l,m,nzlj...,él, 1<j, k<l, k<m<n,

i9—i) 13 —
p= 020 g g BB o)

2 2
ala+1
O'ab:4(a—1)—(2)

(5.53)

+0b,

where H is the determinant of the 4 x 4 Hessian matrix of u; actually, the
Monge-Ampere equation in (3 + 1) dimensions involves only 42 indepen-
dent coefficients because

0*H O*H 0*H

=0. 5.54
8u,126u,34 + 8u,138u,g4 + 3u7140u,23 ( )

Hereafter, we assume, without loss of generality, k24 = 0, and the remaining
functions x; depending at most on first order derivatives.
By introducing

up=upg, U = U2, uz = u3, Uy = Uy, (5.55)

the following nonlinear first order system is obtained:

ug1 —ur2 =0, uz —ur3 =0, ug1 —ura =0,
ug2 —uz3 =0, Ug2 — U4 = 0, ug3 —ugg =0,
) (5.56)

H 0°H

k1H + E Krm— + E Ksg——F—— + E Kr431Uij + ka3 = 0.
C{)UZJ 8uk,l8um7n
T S I
As done in the previous subsection, the substitutions
Ul — U + 11 + QT + a3xr3 + gy,
U2 — U2 + a1 + 5T + QT3 + 7y, (557)

U3 — U3 + a3r1 + AT + AgT3 + g4,

Ug — Ug + Q41 + Q72 + Qg3 + 1024,
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provided that k43 can be suitably expressed in terms of the remaining co-
efficients and of the constants «; (¢ = 1,...,10), lead to a homogeneous
system like (5.56) where we can assume 43 = 0.

This nonlinear system admits the Lie point symmetries spanned by the
operators

9 _9 _9 _9
8%17 =27 8%27 57 8:637 =T 8:647

Z5 = (11 fl)iJr(fL"z—f2)£+($3—f3)£+(904—f4)

1]
[1]
1]

—_
=1

where f(u1,uz,us3,us) is a smooth arbitrary function of the indicated argu—
ments, provided that x; (: = 1, .. ., 32) can be expressed suitably in terms of
ki (7 =33,...,42) and f(u1,uz,us3, us):

K1+ H}llisg + H}2ﬁ34 + H}3Ii35 + H}4/<;36 + H]2c2/<;37 + H]2v31<,38 + H]2c4/£39
+ HPkao + HY'kag + Hf'hag = 0,
Ko+ (f34 — fissfua)ksr + (fosfaa — foafsa)rss + (faafss — fosfisa)kso
+ (34 — foafuaa)kao + (fazfaa — fosfaa)kar + (fas — foofias)kaz =0,
263 + (fi33fua — f3a)ksa + (foafisa — fisfaa)rss + (fasfisa — foafiss)kse
+ (fi1af3a — fasfua)kas + (fi13f30 — fi14f.33) k39
+2(fa2faa — faafea)kao + (fa3fi2a — 2fa2f34 + faafios)ka
+2(fa2f33 — fi13fi23) ka2 = 0,
264 + (foafia — fosfaa)ksa + (fazfua — faa) + (fsfioa — fao2fiza)kse
+ 2(fasfaa — faafsa)rar + (faafioa — faofaa)kss
+ (faofsa + faafos — 2fa3foa)kse + (fia2fioa — faafoe)ka
+2(fa3fe2 — fia2fi23)ka2 = 0,
265 + (fsfisa — foafiss)ksa + (fasfioa — fazfaa)kss + (fiafiss — fas)kse
+2(faafas — fasfza)kar + (faafiza + fazfioa — 2faaf03)Kas
+ (fasfies — faafis3)kae + 2(fiafioe — fiaafioa)kao
+ (fa2fi23 — fasfieo)kar =0,
Ko+ (f34 — fissfuaa)kss + (fasfaa — faafsa)rss + (faafss — fasfisa)kse
+ (fia = farfaa)kao + (farfaa — fasfaa)kar + (fis — faifiss)kaz =0,
2k7 + 2(fosfiaa — foaf3a)k3s + (fiafiza — fasfaa)ksa
+ (faafioa — faofaa)kss + (faofiza + fasfioa — 2faaf23)k36
+ (farfaa — fAa)kss + (fasfiaa — farfsa)rse + (fazfiaa — farfoa)ka
+2(fa1f23 — fa2fas)kaz =0,
2r8 + 2(fi24f33 — fi23f;34) K33 + (fi13fi3a — f1afi33) K34
+ (fa2fza + faafios — 2fa3fea)kss + (fi13fiez — fi2f.33)k36
+ (fasfaa — farfsa)mss + (farfiss — fis)kse + 2(fia1foa — fazfiaa)kao
(fiazfas — fiarfiez)kar = 0,
( — foafaa)kss + (fiaafua — faafoa)ksa + (fiafo2 — fa2fioa)kse
(f3

_l’_
K9 +
+ — farfaa)ksr + (farfioa — fazfaa)kse + (fia — farfaz)kae =0,
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2k10 + 2(fio2fi3a — fio3fi04) k33 + (fi3fioa + fiaafios — 2f12f.34) k34
+ (fa2foa — faafoo)kss + (faafos — fasfo2)kse
+2(fa1f34 — fasfaa)mar + (fiaafia — fiaifioa)kas
+ (fazfas — farfas)kse + (farfoe — fig)kar =0,

k11 + (fa3 — faafss)kss + (faafiss — fasfos)ksa + (fasfoz — faafas)kss
+ (fis — farfss)rar + (farfos — faofas)kss + (fia — faifaz)kao =0,

2k12 — faakao + fi3ak41 — fi33k42 = 0,

2k13 + fiaak3s — fi34k30 — fioakar + 2f23Kk42 = 0,

2k14 — fi34k38 + fi33K39 + 2f.24k40 — fi23k41 = 0,

2k15 + fiaakss — f3ak36 — fi1akar + 2f13k42 = 0,

2k16 — f:3a4k35 + f33K36 + 2f,14K40 — fi13K541 = 0,

2k17 + fi3ak34 — f23K36 — fi14K38 + fi12km41 = 0,

2k18 — faakar + fioakzg — fioakaz = 0,

2K19 + 2f34k37 — fi2akss — faskag + fi22k41 = 0,

2K20 + fuakizs — foakze — fiaksg + 2f12k42 = 0,

2K21 + [i2ak35 — fi2skse — fi1akss + [skize = 0,

2K22 — fi2ak34 + fi22K36 + 2f14k37 — fi12K39 = 0,

2k93 — f.33k37 + fi23k38 — fi22k40 = 0,

2k95 + fi33k34 — fi23k35 — fi13kss + 2f12k40 = 0,

2k96 — fi23k34 + fi22k35 + 2f13k37 — fi12K38 = 0,

2k97 — fuakss + fiaksze — fi1kaz =0,

2kog + 2f.34k33 — fi14k35 — fi13K36 + fi11541 = 0,

2ko9 + 2foak33 — fiaaksa — fia2k36 + fi1kz9 =0,

2k30 — [i33633 + fskss — fiaikao =0,

2K31 + 2f,23k33 — fasksa — fizkss + fiikss =0,

2k32 — fi2k33 + fi2k34 — fi1ksr = 0.

Also in this case, the previous conditions place severe restrictions on the

coefficients of system (5.56) since imply that the functions x; (: = 1,...,32)
have to be expressed in terms of the coefficients x; (i = 33, ...,42) and the
function f.
Due to
(5,551 =0, [Ei,Z5] = Es, 1,7 =1,...,4, (5.59)

we introduce the new variables

z1=x1— f1, z2=x2— f2, 23=w3— f3, 24=12x4— [a,

(5.60)
w1 = ut, W2 = U2, w3 = ug, Wq = Uy,
and the generators of the point symmetries write as
= 0 - 0 - 0 - 0
== = o= — E3=—, =y =
821 82’2 82’3 824 (5 61)
Hy =% i +z +z i +z i .
=5 ! 821 2 aZQ 3 82’3 4 82’4
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In terms of the new variables (5.60), the nonlinear system (5.56) assumes
the form of an autonomous and homogeneous quasilinear system,

wo,1 —wi2 =0, w31 — w13 =0, wy,1 —wia =0,

w32 — w23 =0, wy2 — wa 4 =0, wy,3 — w34 =0, (5.62)
K33W1,1 + K34W1 2 + K35W1,3 + K36W1,4 + K3tW2 2 + K38W2, 3

+ K39w2 4 + KaoW3,3 + Ka1W3 4 + Kaowa s = 0,

where k; = k;(w1, w2, w3, wy) (i = 33,...,42).

5.3 Reduction to autonomous polynomially homoge-
neous in the derivatives form

In this Section, we consider a general nonlinear system of first order par-
tial differential equations involving the derivatives of the unknown vari-
ables in polynomial (of degree greater than 1) form, and establish a theo-
rem giving necessary and sufficient conditions in order to map it to an au-
tonomous system which is polynomially homogeneous in the derivatives.

In some relevant situations, e.g., Monge-Ampeére systems, the target
system results to be quasilinear, but there are cases where the system we
obtain is polynomially homogeneous in the derivatives but not quasilinear
(see Example 5.1.1). This means that the conditions of the theorem are only
necessary for the reduction of a nonlinear first order system to autonomous
and homogeneous quasilinear form [31].

The main difference of the theorem here presented with the similar one
proved in [65] (concerned with the transformation of a general first order
quasilinear system of partial differential equations into a first order quasi-
linear homogeneous and autonomous system) consists in the possibility of
admitting now an invertible point transformation like

z = Z(x,u), w = W(x,u), (5.63)

i.e., a mapping where the new independent variables z are allowed to de-
pend also on the old dependent ones. In the next Section, a theorem giving
necessary and sufficient conditions for the existence of an invertible map-
ping linking a nonlinear system of first order partial differential equations
which is polynomial in the derivatives to an autonomous system polyno-
mially homogeneous in the derivatives is proved.

5.3.1 Necessary and sufficient conditions

Let us consider a general system of first order partial differential equa-
tions
A (x, u, u(1)> =0, (5.64)

where x € R?, u € R™ and u)) € R™" are the independent variables, the
dependent variables, and the first order partial derivatives, respectively. In
particular, in the following we consider systems (5.64) composed by equa-
tions which are polynomial in the derivatives, with coefficients depending
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at most on x and u, i.e., systems made by equations of the form

|ov|
0
Z Ao [] 92 4 Bo(x,u) =0,  s=1,...,m, (565)
_ axjk
|exl, =1 k=1
where « is the multi-index (s, . . . , a;.), j the multi-index (j1, ..., j,), ar =
L,...,m, jy = 1,...,n, Ny are integers, and A ;(x,u), B*(x,u) smooth

functions of their arguments.
The aim is to determine necessary and sufficient conditions for the con-
struction of an invertible point transformation

z=17(x,u), w =W (x,u), (5.66)

mapping system (5.65) into an equivalent autonomous one which is homo-
geneous polynomial in the derivatives w(!), i.e., made by equations of the
form

S A Haw% - s=1,...,m, (5.67)

0z
oo Jk
‘a|1|J|:Ns

for some integers N; of course, it may occur that the target system turns
out to be linear in the derivatives, i.e., Ny = 1 (s = 1,...,m), whereupon
we have an autonomous and homogeneous quasilinear system.

The following lemma guarantees that an invertible point transformation
like (5.66) preserves the polynomial structure in the derivatives.

Lemma 5.3.1. Given a first order system of partial differential equations like (5.65)
which is polynomial in the derivatives, then an invertible point transformation like
(5.66) produces a first order system which is still polynomial in the derivatives.

Proof. Straightforward, by using the chain rule. O

Theorem 5.3.1. The nonlinear first order system of partial differential equations
polynomial in the derivatives

N, o]
Oug
Z: A=) [T Wj: +B(x,u)=0, s=1,....m,  (5.68)
ja j|=1 k=1

is mapped by an invertible point transformation, say
z = Z(x,u), w = W(x,u), (5.69)

to the equivalent nonlinear first order autonomous system having homogeneous
polynomial form, say

Z Z‘;J(W) H Oy =0, s=1,...,m, (5.70)

|exl,[j1=Ns k=1

for some integers N, if and only if there exists an (n + 1)-dimensional subalgebra
of the Lie algebra of point symmetries, admitted by system (5.68), spanned by the
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vector fields
uz—Zﬁjxu——Fanxuaua 1=1,....,n+1, (5.71)
such that
=, 2] =0, i=1,....n—1, i<j<n,
=62 =0, , ’ (5.72)
[Zi, Ent1] = iy i=1,...,n,
where the Abelian subalgebra spanned by Z., ..., =, generates a distribution of

rank n. Moreover, the variables w, which by construction are invariants of =, .. .,
En, have to be invariant with respect to =,, 11 too.

Proof. Suppose the conditions of Theorem 5.3.1 are satisfied, and so the sys-
tem (5.68) admits an (n + 1)-dimensional algebra as subalgebra of the alge-
bra of its Lie point symmetries generating a distribution of rank (n + 1) and
verifying the structure conditions (5.72). Let us introduce a set of canonical
variables for the vector field =, say

yi (i=1,...,n), vy (a=1,...,m), (5.73)
such that
Ewi=1, Ziy, =0, Ei,=0 (5.74)
(11 = 2,...,n); as a consequence, = takes the form
0
==, (5.75)
Ayl

i.e., it corresponds to a translation in the variable yi.
Since [E1,Z3] =0, itis

Z1(E2y}) = Za(Z1y}) =0, E1(Eov)) = E2(Evl) =0 (5.76)

(t=1,...,n;a = 1,...,m). Thus, the infinitesimals of =, represented in
terms of the canonical variables of Z;, will depend upon the invariants of
E1 only, i.e., 25 writes as

—_ = 8 S 2.1 1 0
=2 Z ]1’ 8y1 + ZAa(yjlvvﬁ)@ (5'77)

? a=1

(1=2,....n; B=1,...,m).
If ©F # 0 we need to replace y{ with

yt + o1 (), vp), (5.78)

where the function 1 satisfies

H
Il
o

m 1
2
(s} )+ 3 0 v 51+Z Wb gt =0 (579)

11=2 a=1 Vo
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That enables us to write =; and =5 as follows:

d ) 2 d
1= BT HQ—Z@ Vi, v 31+ZA Yjp v )(9 (5.80)

i1=2 a=1

[1]

where j1 = 2,...,n.
Introducing the canonical variables

y%:y%, y%, y% (ia =3,...,n), vi (a=1,...,m), (5.81)
such that
Bays =1,  EBayp =0,  Exi=0 (5.82)
(i1 =2,...,n), it is obtained
o = 8?;% (5.83)
Continuing inductively for k = 2,...,n — 1, since Z;4; commutes with =,

.., 2k, In terms of the canonical variables

yFo(i=1,...,n), vt (a=1,...,m), (5.84)
we have
_ 0 _ 0 _ 0
:,1 — —, :2 = A R 9 :k,’ Y
Oy} s Iy
" 5 m 5 (5.85)
Eer1 = O WG vE) o T D AT g ) 5
i=1 Oy v

where j, = k+1,...,n. If @f“ #0,for{ =1,...,k, weneed to replace the
variable y} with
k ki k ok
Yr + i (Y5, v5), (5.86)

where the function gp’g satisfies

&P

ket ol 41 9%;

Oy (yf, vE) + Z Ot () v +ZA yE v e ook — 0, (5.87)
ip=k+1 a=1

so that =5, 1 writes as
" 0
= k+1 AF L
Eri= Y, O v +Z o vh)5, ook (5.88)

hence, we may construct the canonical variables

1 k
TR VA y,]:;H Yk, yf: (ip = k+1,...,n), " (a=1,...,m),
(5.89)
related to the operator =i 1, such that the latter writes as
— 0
Ekt1 = 777 (5.90)

3yk+1
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The complete application of the described algorithm enables us to write
each operator Z; in the form

- 0 :

:iza—%, 1=1,...,n, (5.91)
and the new independent and dependent variablesare z; = ' (i = 1,...,n),
we = vy (@ =1,...,m), respectively.

Therefore, what we have obtained is a variable transformation like (5.69)
allowing to write the system (5.68) in autonomous form.
Finally, since [Z;,E,+1] = Z; (i = 1,...,n), itis

Ei(Ent12j) = Enta1(8izg) + Eizj = 6ij,
Ez( n+1wa) - En+1(Eiwa) + Eiwoc = 07
where §;; is the Kronecker symbol; these relations, together with the hy-

pothesis that the variables w, (o = 1,...,m) are invariant with respect to
ZEn+1, allow the vector field =, to gain the representation

(5.92)

[1]

- ~ 9
En1 =Y 25 (5.93)
j=1 J

As a consequence, since the resulting system, written in the variables z and
w, is autonomous and polynomial in the derivatives, and is invariant with
respect to a uniform scaling of all independent variables, then it necessarily
must be polynomially homogeneous in the derivatives, i.e., it has the form
(5.70).

The condition that the n—dimensional Abelian Lie subalgebra of the
symmetries generate a distribution of rank n ensures that we may construct
the complete set of the new independent variables z.

Conversely, if the nonautonomous and/or nonhomogeneous system
(5.68) can be mapped by the invertible point transformation (5.69) to the
autonomous system polynomially homogeneous in the derivatives (5.70),

then, since the latter admits the n vector fields 9. spanning an n—dimen-
2

sional Abelian Lie algebra, and the vector field Z 2j %, then it follows
j=1 J

that also the system (5.68) must admit (n 4 1) Lie point symmetries with the

requested algebraic structure. O

5.4 Applications

In this Section, we provide some examples of nonlinear first order sys-
tems polynomial in the derivatives whose Lie symmetries satisfy the condi-
tions of Theorem 5.3.1, and prove that they can be transformed under suit-
able conditions to autonomous first order systems having homogeneous
polynomial form; the systems that will be considered are of Monge-Ampere
type, and, remarkably, they are reduced to quasilinear (or linear) form.

In particular, we are concerned with the nonlinear first order systems
of Monge-Ampere equations for the unknowns uq(z;) (o = 1,...,m; i =
1,...,n). These systems have been characterized by Boillat in 1997 [13] by
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looking for the nonlinear first order systems possessing, as the quasilinear
systems, the property of the linearity of the Cauchy problem. These systems
are also completely exceptional [11, 52], and are made by equations which
are expressed as linear combinations (with coefficients depending at most
on the independent and the dependent variables) of all minors extracted
from the gradient matrix of uy = uq(x;).

Hereafter, to shorten the formulas, we denote with u, ; the first order
partial derivative of u,(z;) with respect to z;, and with w, ; the first order
partial derivative of w,(z;) with respect to z;; moreover, we denote with
fi:a the first order partial derivative of the function f; with respect to u, (or
Wy ). In the following we limit ourselves to consider the coefficients of the
Monge-Ampere systems at most functions of the field variables.

541 Casem =n=2

Let us consider the nonlinear first order system of Monge-Ampere
made by the equations

Ko (u1,1u2,2 — w1 2u2,1) + KiuL1 + Kyui2 + Kjug 1 + Kjug s + k5 =0 (5.94)

(i = 1,2), with uy(z1, z2), u2(x1, x2) scalar functions, and /ﬁ§ (uy,uz) (i =
1,2; 5 =0,...,5) arbitrary smooth functions of the indicated arguments.
The substitutions

U] — U1 + a1121 + a1222, Uz — Uz + a2171 + Qie2%2, (5.95)

where «;; are arbitrary constants, produce a system with x{ = 0 (i = 1,2)
provided that

Ko(allagg — 04120121) + Kjaq1 + Koo + Kyl + Kgaee + Ky = 0 (5.96)

(¢ = 1,2). Conditions (5.96) provide two constraints on the functional form
of the coefficients so that not all systems can be written in a form where
K,g = 0; however, if the coefficients mé are constant, due to the arbitrariness
of the constants «;;, then (5.96) can always be satisfied whatever the values
of the coefficients are.

It is easily recognized that system (5.94), now taken with x{ = 0, admits
the Lie point symmetries spanned by the operators

0 _ o _ P 5
= o :2:871:2, :3:($1—f1)aixl+(l‘2—f2) s (5.97)

[1]

1

where f;(u1,u2) (i = 1, 2) are arbitrary smooth functions of their arguments,
provided that

Ko+ Rifa = Ky fro — Kifoa +Rifla =0, i=1.2. (5.98)

The constraints (5.98), once we assign the 10 functions k:;'-(ul, ug) (i = 1,2,
Jj =0,...,4), are the differential equations providing us the functional form
of fi(u1,uz) and fo(ur, u2).
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In the case where all the coefficients Hé» are constant, then the functions
f1 and f, are forced to be linear, i.e.,

J1 = Bnur + Praug, Ja = Barur + Baaug, (5.99)
Bi; being constants whose value is determined by the coefficients KZ;
Since
[E1,Z2] =0, [E1,Z3] = E4, [E2, 23] = Ea, (5.100)
we introduce the new variables
21 =x1 — f1, 29 = X2 — fo, w1 = Uy, w2 = u2, (5.101)

and the generators of the point symmetries write as

0 0 0 0
- By = — Ba = 2 — — 5.102
1 92, 2 92’ 3 = 21 921 + 22 B2 ( )

[1]

In terms of the new variables (5.101), the nonlinear system (5.94) becomes
mﬁwm + /-@éwlg + ngg,l + ﬁflwg,g =0, (5.103)

i.e.,, reads as an autonomous and homogeneous quasilinear system. This
system is linear if all the coefficients f<;§~ are constant; nevertheless, since it is
a 2 x 2 homogeneous and autonomous quasilinear system, it can be written
in linear form by means of the hodograph transformation also when the
coefficients ﬂ§- depend on u; and us.

In conclusion, all Monge-Ampere systems with m = n = 2 can be re-
duced to a linear system when the coefficients /s;'- are constant; on the con-
trary, when the coefficients depend upon u; and wus the reduction to the
linear form is possible provided that the constraints (5.96) are satisfied.

542 Casem=2,n=3

By considering the gradient matrix of uq(z;) (@« =1,2; i =1,...,3)

H= ( Y1 Y12 U3 ) (5.104)
U1 U2 U3

and its extracted minors of order 2,

Ul U2
U1 U2

U1l U3
U21  U23

U2 U3
U22 U23

H' = H? = H3 = , (5.105)

the nonlinear first order system of Monge-Ampere is made by equations
like
KiHY + kS H? + Ky H?

! . | | | | | (5.106)
+ kjur 1 + Kyul 2 + Kgua 3 + Krug + kgug e + Kotz g + Kig = 0,

with /4:} (uq) (i =1,2; j =1,...,10) arbitrary smooth functions of the indi-
cated arguments.
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The substitutions

u] —> U1 + 1121 + @222 + @33, (5.107)
Uy — Ug + 2121 + Qa2 + o33,

where «;; are arbitrary constants, produce a system with k%, = 0 (i = 1,2)
provided that

K1 (1102 — arpaor) + Ky(Qr1ao3 — azanr) + ky(a12a23 — a13as)
+ /-iflan + /@’5@12 + /{%0413 + Iii70421 + /@%0422 + /@éagg + /@Zio =0
(5.108)
(¢ = 1,2). Actually, conditions (5.108) can always be satisfied when the
coefficients H; are constant because of the arbitrariness of the constants a;.
The nonlinear system (5.106), now taken with k%, = 0, admits the Lie
point symmetries spanned by the operators

=9 - _9 - _0
=1 8.%17 =27 81‘27 == 81’3’ 5 (5109)
E4:(:Ul—fl)aT:l+(:E2—f2)aT:2+($3—f3)87m>

where f;(u1,u2) (1 = 1,...,3) are arbitrary smooth functions of their argu-

ments, provided that

K1+ Kifze — ks fi2 = 7 fan + Rgfiin = 0,
Ky + ki f32 — Kgfr2 — KRrfaa 4 Rofia =0, (5.110)
KY + K 3.2 — K fae — Kb f31 + Kb fa1 = 0.

The six conditions (5.110) cannot be fulfilled for an arbitrary choice of the

coefficients H; In the simplest case, where the coefficients né are constant,

they can be always satisfied and the functions f; must be linear:

f1 = Briur + Braua,  fo = Parur + Bagua, f3 = B31ur + Boug, (5.111)

Bi; being arbitrary constants.
The Lie point symmetries (5.109) generate a 4-dimensional solvable Lie
algebra,

[Ei, 5] =0, [Zi, Z4] = E4, ,j=1,...,3, (6.112)
whereupon we may introduce the new variables

=z —f1, z2=x2—f2, z3=1z3— f3, (5.113)

wy = ug, Wz = U2,
and the generators of the point symmetries write as

0 0 0 0 0 0
! 821 ’ 2 8,22 ’ 3 (923 ’ 4 A1 821 ta2 8,22 +2s 82:3 ( )

(1]
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In terms of the new variables (5.113), the nonlinear system (5.106) reduces
to

KAWL+ KEW12 + KEWL3 + K7W + Kgwa g + Kgwaz = 0, (5.115)

i.e., reads as an autonomous and homogeneous quasilinear system.

543 Casem =3, n=2

By considering the gradient matrix of uq(z;) (a =1,...,3; i =1,2)

u11 o U12
H=1 uz1 wug2 (5.116)
us,1  U3,2

and its extracted minors of order 2,

Ul U2
U1 U2.2

ui1 U2
uz,;1  U3s,2

u21 U222
uz,1  U3,2

H!' = H? = H3 = . (5.117)

the nonlinear first order system of Monge-Ampere is made by equations
like

KiHY + kS H? + Ky H?

, . . , . . . (5.118)
+ Kju11 + KEut 2 + Kguz1 + Khuge + Kgug 1 + Kous 2 + Kig = 0,

with /<;§- (uq) (¢ =1,...,3; j =1,...,10) arbitrary smooth functions of the
indicated arguments.
The substitutions

up — up + 1121 + a2,
U9 — U2 + (2171 + (22T9, (5.119)

U3 — U3 + 311 + a32x9,

where «;; are arbitrary constants, produce a system with s, = 0 (i =
1,...,3) provided that

Ki(on1ao2 — aia0m1) + Ky(ariase — ai2asn) + ki(Qo1age — azeas)
+ ﬁian + ﬁgau + /iéom + R@Om + Réam + Héa32 + Hilo =0.
(5.120)
Also in this case, conditions (5.120) can always be satisfied when the coeftfi-
cients # are constant because of the arbitrariness of the constants cv;;.
The nonlinear system (5.118), now taken with x%{, = 0, admits the Lie
point symmetries spanned by the operators

O 5l memioplrmop
1= gy R E=@-f) gt f)g - (6120)

[1]
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where f;(u1,ug,us) (i = 1,2) are arbitrary smooth functions of their argu-
ments, provided that

Ky + Ky fa — KEfi2 — Kefa + K f11 =0,
Kh + ki foz — K fis — Kgfaa + Ko f11 =0, (5.122)
kS + kg faz — Kb fis — K faz + Ko fi2 = 0.

The six conditions (5.122) cannot be fulfilled for an arbitrary choice of the

coefficients Iﬁ?z In the simplest case, where the coefficients /ié are constant,
they can be always satisfied and the functions f; must be linear:

fi = Puiur + Biauz + Prisus, fo = Parur + Pagua + Pasus,  (5.123)

Bi; being arbitrary constants.
The Lie point symmetries (5.121) generate a 3—dimensional solvable Lie
algebra,
[2,5,]=0, [E,5s]=5, i,j=12, (5.124)

whereupon we may introduce the new variables

21 =x1 — f1, 22 =22 — fo, (5.125)
w1 = Uy, w2 = U, w3 = us,

and the generators of the point symmetries write as

_ 9 0 o0
1_8217 2_82’2’ = 182’1 282’2'

[1]
[1]

(5.126)

In terms of the new variables (5.125), the nonlinear system (5.118) reduces
to

Iizle + %’510172 + K%wg’l + I{Z7w272 + I{éw;g,l + I{éw;g’Q =0, (5.127)

i.e., reads as an autonomous and homogeneous quasilinear system.

544 Casem =n=3

By considering the gradient matrix of uq(x;) i =1,...,3; a=1,...,3)

uyl o U2 U13
H=1 u21 wu22 u2g3 (5.128)

Uzl U322 U33

and its extracted minors of order 2,

U2,2 U2 u2,1 U2 U2,1 U222

Hl _ ) 3 ’ H2 — ) 3 , H3 — ) ) ,
Uz U33 uz;1 U33 uz1  U32
u u u u u u

i I I B LR L R T e GO B R R R DY)
uz2 U3,3 u3,;1 u3,3 u3;1 Us2

g7 | Utz uLs g8 | U1 uis g9 | U1 ui2

- ) - M - M

U22 U3 U1 U3 U21 U2
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the nonlinear first order system of Monge-Ampere results composed by
equations like

whdet(H) + w{H + k5 H? + k5 H? 4+ 6 HY + kEH? 4 £5HS
+ KEHT + Kk H® 4+ 6§ HY + Kiguia + Kiqutg + Kigur 3 + Kigua1 (5.130)

+ KiqUu22 + Ki5u2 3 + Kigu3 1 + Ki7u32 + KigU3 3 + Kig = 0,

with &% (ua) (0 = 1,...,3; j = 0,...,19; a = 1,...,3) arbitrary smooth
functions of the indicated arguments.
Also in this case, the substitutions

up — u1 + 1121 + 122 + 1323,
Uy — U2 + 2121 + QioaX9 + 23T3, (5131)

U3 — U3 + a31r1 + 329 + 333,

where «;; are arbitrary constants, allow us to obtain a system with xiq = 0
provided that u; ; = «; is a solution of equations (5.130). This require-
ment implies some constraints on the coefficients né. in the general case; on
the contrary, no limitation to the values of the coefficients exists if they are
assumed to be constant.

The system (5.130), with k!4 = 0, admits the Lie point symmetries
spanned by the operators

- 0 _ 0 _ 0
21 = =, 9= 7, =3 = 3
8:751 (9:752 8953 (5‘132)
Si = (@1 = 1) oo+ (52— f2) e+ (1 — f3)
== (m =Nl g 2= ) g~ 5= 1) gy
where f;(u1,uz,u3) (i = 1,...,3) are arbitrary smooth functions of their
arguments, provided that
K — (fafas — fosfa2)klo — (fisfae — fiafss)kly
— (fr2fos — fiafo2)ris — (fasfsn — foafas)kis
— (fifs3 — fisfasn)kia — (fusfon — frafzs)kls
— (farfaz — fafs)K%e — (frafan — frafae)kls
- (f1;1f2;2 - f1;2f2;1)’%i18 = 07
K1+ Kiaf33 — Kisfas — Kigfae + Kigfae =0,
Kb 4 Kiafas — Kisfig — Kb fao + K 2 =0,
5+ K13f3.3 — Ki5f1;3 — Kigf3:2 + Kigf12 (5.133)

K + Kiafa — Kiaf13 — Kigfae + Kirfi2 =0,
K+ K11 f33 — Kiafas — Kirfa + Kigfaq =0,
Kb+ Kiof33 — Kiaf13 — Kigf31 + K1 fia =0,
K6 + Kiofas — Kinf13 — Kigf1 + Kirfia =0,
KE + K3 fa0 — Kiofa — Kiafaa + Kisfa1 =0,
kg + Kiof3:2 — Fiaf12 — Kl fa1 + Kisfi1 =0,

K§ + Ko fae — Kl f12 — Kigfan + Klafin = 0.
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The vector fields (5.132) span a 4-dimensional solvable Lie algebra,
[Ei, 2] =0, [Es, 4] = Ei, i,j=1,...,3, (5.134)
whereupon we may introduce the new variables

21 =x1 — f1, 22 =x2— f2, z3=x3— f3, (5.135)
w1 = Uy, w2 = U2, w3 = u3,

and the generators of the point symmetries write as

- 0 _ 0 _ 0
=1 = 5 =2 = 5T =3 = 5
071 0zo Oz3
_ _27+27+Zi (5.136)
=1 A 821 2822 30Z3 .
In terms of the new variables (5.135), Egs. (5.130) write as
/iziowl,l + thl,z + Hilzwl,z + fiing,l + lizi4w2,2 + %35102,3 (5.137)

+ Kigws 1 + Ki7ws 2 + Kigws g = 0,

i.e., they are in autonomous and homogeneous quasilinear (linear, if the
coefficients are constant) form.

Conditions (5.133) play severe restrictions to the expression of the co-
efficients K. When these coefficients are assumed to be constant, we are
forced to take

J1 = Briur + Prauz + Pi3us,
fo = Boru1 + Pazuz + Bagus, (5.138)
f3 = B31u1 + Baguz + Bazus,

where 3;; are arbitrary constants; also in such simple case, the reduction to
linear form is not always possible due to (5.133).

5.4.5 Case m and n arbitrary

It is easily recognized that, a general Monge—Ampere system with m
dependent variables and n independent variables, provided that some suit-
able conditions on the coefficients (at most depending on the field variables)
are satisfied, is invariant with respect to the Lie groups generated by the
vector fields

Elzaaxz, izl,...,n,
0 5 (5.139)
Ent+l = ; (i — fi(ua)) 9z,
where f;(u,) are smooth functions of (uy, ..., u,) which have to be linear

in their arguments when the coefficients of the Monge—Ampere system are
constant.

As one expects, for m > 3 or n > 3, we have a situation similar to the
case m = n = 3, i.e., even in the case of constant coefficients, not all Monge—
Ampere systems can be reduced to (quasi) linear form.
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5.5 Conclusions

In the first part of this Chapter, a theorem giving only necessary condi-
tions for the transformation of a nonlinear first order system of partial dif-
ferential equations to autonomous and homogeneous quasilinear form has
been given. The reduction to quasilinear form is performed by constructing
the canonical variables associated to the Lie point symmetries admitted by
the nonlinear source system. Some examples concerned with the first order
systems related to second order Monge-Ampeére equationsin (1+1), (2+1)
and (3 + 1) dimensions where the procedure works are also discussed. As
physical example, it has been shown that the one-dimensional Euler equa-
tions for isentropic fluids can be equivalent to a nonlinear second order
Monge-Ampere equation with a special constitutive law and, under suit-
able conditions, can be mapped into autonomous and homogeneous form.
Moreover, an example of a first order system polynomial in the derivatives
that can be reduced to a system polynomially homogeneous of degree 2 in
the derivatives (equivalent to a second order partial differential equation
for a surface in R? such that its Gaussian curvature is proportional to the
square of its mean curvature) is provided.

In the second part of this Chapter, a theorem giving necessary and suf-
ficient conditions for transforming a nonlinear first order system of partial
differential equations involving the derivatives in polynomial form to an
equivalent autonomous system polynomially homogeneous in the deriva-
tives has been proved. The theorem is based on the Lie point symmetries
admitted by the nonlinear system, and the proof is constructive, in the sense
that it leads to the algorithmic construction of the invertible mapping per-
forming the task.

The theorem is applied to a class of nonlinear first order systems belong-
ing to the family of Monge-Ampére systems that have been characterized
by Boillat in 1997 [13]. These systems share with the quasilinear systems the
property of the linearity of the Cauchy problem. They are also completely
exceptional [11, 52], and are made by equations which are expressed as lin-
ear combinations (with coefficients depending at most on the independent
and the dependent variables) of all minors extracted from the gradient ma-
trix of uq = ua(z;) (@ = 1,...,m; i = 1,...,n). We considered explicitly
either the case of constant coefficients or the case of coefficients depending
on the field variables, for m = 2,3 and n = 2,3. If m = 2and n = 2,3,
orn = 2 and m = 2,3, and the coefficients are assumed to be constant,
we proved that the Monge-Ampere systems can always be transformed to
linear form.

Nevertheless, for arbitrary m and n, Monge-Ampere systems, provided
that the coefficients entering their equations satisfy some constraints, can
be mapped to first order quasilinear autonomous and homogeneous sys-
tems. This, in some sense, casts new light on the fact, underlined by Boillat
[13], that Monge-Ampere systems, because of the linearity of the Cauchy
problem, are the closest to quasilinear systems, which are Monge systems.
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6 Decoupling of quasilinear
first order systems

N this Chapter, we deal with the decoupling problem of general quasi-
linear first order systems in two independent variables. After introduc-
ing the problem, we start by considering hyperbolic quasilinear first or-
der systems in two and three dependent variables; these systems can be
in principle nonautonomous and/or nonhomogeneous. By means of a di-
rect approach, we determine the conditions guaranteeing the decoupling,
and write these conditions in terms of the eigenvalues and eigenvectors of
the coefficient matrix. Then, we discuss general autonomous and homoge-
neous quasilinear first order systems (either hyperbolic or not), and prove
the necessary and sufficient conditions for the decoupling. The results are
also extended to the case of nonhomogeneous and/or nonautonomous sys-
tems. The proofs of the theorems presented in this Chapter are mainly
based on some quantities, built with the eigenvalues and the eigenvectors
of the coefficient matrix, as well as (if any) with the source terms, which are
invariant under an invertible change of variables. Some examples of physi-
cal interest where the procedure can be applied are also given. The original
results here presented are contained in [33, 34].

6.1 The problem

Let us consider first order systems of partial differential equations in the
form of balance laws [15, 20], that in one space dimension read as

OFY(u) n OF!(u)
ot ox

where u € R" denotes the unknown vector field, F'(u) € R" collects the
components of the densities of some physical quantities, F!(u) € R" the
components of the corresponding fluxes, and g(u) € R" the production
terms; when g(u) = 0, we have a system of conservation laws.

Systems like (6.1) fall in the more general class of nonhomogeneous
quasilinear first order systems of partial differential equations,

Ao(u)%;1 + Al(u)g—;l = g(u), (6.2)

where AY(u) and Al(u) are n x n matrices (the gradient matrices of F%(u)
and F!(u), respectively, in the case of conservative systems). As shown
in Chapter 3, special problems of physical interest may require to consider
nonautonomous and /or nonhomogeneous quasilinear systems of the form

0
+ Al(t, x, u)a—;1 =g(t,z,u). (6.3)

Ou

A%(t, z,u) T
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The analytical, as well as numerical, treatment of quasilinear systems
of conservation laws is in general a difficult task. In the case of hyperbolic
systems, the generalized eigenvalues of the matrix pair {A4°, A'}, giving
the wave speeds, depend on u, whereupon the shape of the various com-
ponents in the solution will vary in time: rarefaction waves will decay, and
compression waves will become steeper, possibly leading to shock forma-
tion in a finite time [15, 20]. Since also the eigenvectors, determining the
approximate change of field variables across a wave, depend on u, non-
trivial interactions between different waves will occur; the strength of the
interacting waves may change, and new waves of different families can be
created, as a result of the interaction.

For a strictly hyperbolic system of conservation laws we have n families
of waves, each corresponding to an eigenvalue of the system. The non-
linearity of wavespeeds leads to the formation of shocks, so that solutions
must be understood in the weak sense. The existence and stability of global
weak solutions for Cauchy data with small total variation was established
by Glimm [30]. For systems of more than two equations nonlocal resonant
interaction effects between different families of waves are observed, lead-
ing to a variety of new phenomena [57] such as blowup of solutions [41],
and delay in the onset of shocks [58]. The resonance determines the occur-
rence of solutions exhibiting a strong nonlinear instability in the form of
catastrophic blowup of solutions [41, 49]. In fact, there are systems where
Cauchy data with arbitrarily small oscillation can grow arbitrarily large in
a finite time [95, 96, 98].

In dealing with quasilinear systems, it may be interesting to look for
the conditions (if any) leading to their possible decoupling into smaller
non-interacting subsystems (full decoupling), or their reduction to a set
of smaller subsystems that can be solved separately in hierarchy (partial
decoupling).

For homogeneous and autonomous first order quasilinear systems of
partial differential equations in two independent variables, the decoupling
problem can be formulated as follows [9, 10].

Problem 6.1.1. When can a system like

8ue Ou;

ZA@ (u1, ..., )833 (=1,...,n, (6.4)
be locally decoupled in some coordinates vi(u), ..., vy (u) into k non—interacting
subsystems, say

ov ", ~ ov 4
thj - = Z Amj+i,m]~+é(vmj+17 s 7'Um]-+nj) (;r:? ) (6'5)
=1
of some orders my, ..., ng withny + ... +n, = n, where j = 1,...k, i =
L...,njand mj =ni + ...+ n;?

A first result has been obtained by Nijenhuis [63] in the case of a strictly
hyperbolic system; the necessary and sufficient conditions for the complete
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decoupling of system (6.4) into n non—interacting one-dimensional subsys-
tems require the vanishing of the corresponding Nijenhuis tensor

0Aji, 0Aj; 0A.; 0Auk
—Agp—L + A — A, .
ok tA Ouy, 7Y Ou

N — A .
gik Y Oug Oug

(6.6)

The decoupling problem has been considered by Bogoyavlenskij [9, 10],
who provided necessary and sufficient conditions by using Nijenhuis [63]
and Haantjes [36] tensors. More in detail, to reduce system (6.4) into block—
diagonal form with k£ mutually interacting blocks of dimensions n; x n;
[9, 10] it is necessary and sufficient that in the tangent spaces 7% (R") there
exist k smooth distributions L1y, ..., Liyx of dimensions n1, . . ., nj such that
Lix ® -+ @ Lix = Tx(R™) and the conditions

A(sz) C LiXa N(L’ix, sz) - LiXa N(LiXa ij) C Lix + ij> (67)

hold, provided that the eigenvalues of the operator A in any two different
subspaces Lix and L;x are different almost everywhere for x € R” (i #
J; 4,5 € {1,...,k}). In the more restrictive case of the decoupling into k
non-interacting blocks, the different blocks gmjﬂ-,mﬁg depend on different
variables; hence, for the generic case the eigenvalues corresponding to any
two blocks gmj+7;,mj+g do not coincide with each other almost everywhere
for x € R™ (while inside a given block some eigenvalues can coincide). In
this case, the necessary and sufficient conditions for the reducibility of the
systems (6.4) into k non-interacting subsystems have the form

A(sz) C Lix, N(LZ‘X, Lix) C LZ'X, N(Lix, ij) =0. (68)

Within this theoretical framework, a couple of recent papers by Tunitsky
[90, 91], who established necessary and sufficient conditions for transform-
ing quasilinear first order systems into block triangular systems by using a
geometric formalism for such equations, based on Nijenhuis and Haantjes
tensors, are worth of being quoted.

In this Chapter, we shall consider either autonomous and homogeneous
first order quasilinear systems like

ou Ju

or general nonhomogeneous and/or nonautonomous ones, say

%tl + A(t, z, u)g—; =g(t,x,u) (6.10)
(possibly coming from systems in conservative form), and obtain the neces-
sary and sufficient conditions allowing for the partial decoupling in two or
more subsystems, as we shall precise below. When such a partial decoupling
is possible, we may solve the various subsystems separately in hierarchy.
Also, we shall prove how to extend the conditions to be satisfied in order to
characterize the systems that can be fully decoupled into non—interacting
subsystems. The conditions we shall discuss later involve, as one expects,
just the properties of the eigenvalues, the eigenvectors (together with the
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generalized eigenvectors, if needed) of the coefficient matrix; in particu-
lar, the conditions for the full decoupling of a hyperbolic system in k non-
interacting subsystems require the vanishing both of the change of charac-
teristic speeds of a subsystem across a wave of the other subsystems, and
of the interaction coefficients between waves of different subsystems. Even
if the computation of eigenvalues and eigenvectors of the coefficient ma-
trix may be hard (especially for large matrices), the conditions we derived
have a simple interpretation, as we shall discuss later. Moreover, when the
required decoupling conditions are satisfied, we have also the differential
constraints whose integration provides the variable transformation leading
to the (partially or fully) decoupled system.

6.2 Direct approach for the decoupling of hyperbolic
systems

Let us consider a general first order quasilinear hyperbolic (in the ¢-
direction) system of partial differential equations

ou; - ou;
v Ais I _ g .
5 + ; ij(t, z,u) o gi(t,x,u), (6.11)
or, in compact form,
ou ou
a +A(t,$,ll)% - g(t,.’E,U), (612)
where u = (uy,...,u,)%, A being an n x n real matrix whose entries A;;

are smooth functions depending at most on the independent and depen-
dent variables, and g € R" being the source term with components smooth
functions of ¢, z and u. Because of the hyperbolicity, the matrix A has real
eigenvalues, and a corresponding set of eigenvectors spanning R".

By denoting with x = (t,z) the original independent variables, and
introducing new independent variables X = (7', X') depending on ¢ and z,
and new dependent variables U = (Uy, ..., U,)T as functions of ¢, z and u,
through a locally invertible map like

X = Z(x), u = h(x, U), (6.13)

or, equivalently,
x = z(X), U = H(x,u), (6.14)

the quasilinear form of (6.12) is preserved.

Remark 6.2.1. The previous result is coherent with the equivalence transforma-
tions admitted by system (6.12) [69]. In fact, their projection on the space (t,x,u)
is generated by the following vector fields:

- 0

=1 = fl(tax)aa
5 (6.15)

Ei+2:fi+2(tvzau)87ma i=1,...,n,
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where f; (i = 1,...,n+2)are arbitrary functions of the indicated arguments. The
finite transformations corresponding to (6.15) provide a map like (6.13) preserving
the differential structure of (6.12).

By defining the (invertible) matrices

Ohy Ohy
6U1 U 6U7L % %
URTL s s | oz 0z |7 '
Ohy Ohn ot oz
aU;, ' dU,
the system (6.12) writes as
ou ou
(Jirl + Ji124) (Vuh) == + (Jo1I + J22A) (Vuh) = =
oT 90,4 617
_(,_oh_,on ©17
“\& e o)
whereupon, if det (J111 + Ji12A) # 0, we obtain
ou -~ ou
T + A(T, X,U)a—X =G(T, X,U), (6.18)

where the entries of matrix A and the components of G now depend on 7,
X and U. N
The matrix A and the vector G involved in (6.18) have the form

12[ = (VUh)_l (JHI + JlgA)_l (ngf + JQQA) (th),
oh ah> (6.19)

G = (VUh)il (Jll.["‘ J12A)71 ( — E — A%

Let 1) = (lg’), . ,lﬁp) and r = <r§l), .. .,r,(f)) be the left and right
eigenvectors of matrix A corresponding to the eigenvalue );, respectively;
then, L&) =10 (Vyh) and R® = (Vyh)~'r(® are the left and right eigen-
Jo1 + Ja2;

' . Jin + Jiz i
In the next two Sections, we shall consider the cases n = 2 and n =

3, and derive the conditions on the source system and the transformation
allowing us to obtain a system like (6.18) that results partially (or fully)
decoupled in some subsystems.

It is worth of being remarked that the introduction of a transformation
of the independent variables as well as the possibility that the new field
variables depend not only on the old dependent variables but also on the
independent variables does not have effects on the decoupling process, but
may be useful if we want to get a somehow decoupled system which is
autonomous [22, 26, 66] or homogeneous and autonomous [19, 65]: in these
last cases the Lie point symmetries admitted by the source system play a
central role [65, 66].

vectors of A corresponding to the eigenvalue A; = , respectively.
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6.3 Direct approach for the decoupling of hyperbolic
systems in two dependent variables

With the aim of identifying the 2 x 2 systems that can be decoupled by
means of an invertible point transformation like (6.13) (or (6.14)), two main
cases can be distinguished:

(I) Partial Decoupling:

~  9An 0G4
2= 50, T au, O (6:20)

(IT) Full Decoupling;:

~ ~ 0A1,  0Asy  0G,  0Gy
A = A = = = = = . _21
2= =50, — ou,  oU, U 0 (6:21)

In addition, we may be interested to get a (partially or fully) decoupled
system which is autonomous and/or homogeneous.

When a partially decoupled system is recovered, the first equation can
be solved for Uy; inserting this solution in the second equation, we get an
equation for Us. When a fully decoupled system is recovered, the two re-
sulting equations can be solved independently from each other.

(I) Partial decoupling.
Let us require that A;7 is vanishing and that A;; and G are indepen-
dent of U, thus obtaining some constraints on the structure of (6.12).

From Ajs = 0, it follows that

_Ohy 2y Ol (2

_ @ _ Ohy 2y Ol
O=8" =50, ~ a2

(6.22)

whereupon, considering the inverse transformation of (6.13) as U =
H(x, u), it follows
(VuHy) - r® =0; (6.23)

condition (6.23) means that we may write
VuHi = a(t,z,u) 1D, (6.24)

with a suitable function « of the indicated arguments.

Since Tot + Jon
A=Ay =221 220 6.25
11 1 T+ T (6.25)
the condition _
0An
=0 6.26
o0, (6.26)
is equivalent to
oh
(VuA1) - =— =0. (6.27)

oly
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oh
Furthermore, condition (6.22) means that the vectors FTiA and r® are
2
parallel, so that the relation (6.27) can be rewritten as

(V) - v =0, (6.28)

which is a structure condition on the original system.
Moreover, by requiring G to be independent of Us, after some alge-
bra, we get

0(VuH1)
ot

0(VuH1)

A
+ A1 O

(vu((vuﬂl) -g) + ) 1@ =0. (629

Therefore, the first equation can be decoupled from the second one by
introducing the new dependent variables (Uy, Uz), where

Uy = Hi(x,u) (6.30)
is found by solving the linear first order partial differential equation
(VuHy) - r? =0, (6.31)
provided that the following conditions are satisfied:
(Vudr) - x® =0,

(vu (Vul)) -g) +

O(Vuty) + A1

V) ) _, (©32
ot Ox

Remark 6.3.1. If H; is independent of t and x, then condition (6.32), re-

duces to
(Vu (10 -g)) -x® =0, (6.33)

(I) Full decoupling.

Actually, the full decoupling can be considered as a subcase of partial
decoupling. In fact, in addition to the constraints necessary to par-
tially decouple the system (6.12), we need to require also that Ay is
vanishing, and 12(22 and G are independent of U;. The same steps
as in previous subsection provide the following result. We need to
introduce the new dependent variables U; = H;(x,u) (i = 1,2) by
solving

(VuHp) -t =0,  (VuHy) -t =0, (6.34)

and a fully decoupled system is recovered provided that the condi-
tions
(Vahi) r) = 0,
o(VuH;
(Vu (Vui) - g) + 202t

i
T

8(VUH1~)> ) 0, (6.35)
ox

where i, j = 1,2, i # j, are fulfilled.
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Remark 6.3.2. If Hy and Hy are independent of t and x, then the structure
conditions leading to the full decoupling become

(Vi) =0 (6.36)
(5 (10-8)) ¢ |
wherei,j =1,2, i # j.

Example 6.3.1. Let us consider a 2 x 2 system where one of the field variables ()
is a velocity, and assume the system to be invariant with respect to the Galilean
group, i.e., let us take the system

ou Oou Oug
877514_ 15 + fi(u2)—=— O = g1(u2),

(6.37)
auz aul 8U2

v + f2(U2)% +U1% = g2(u2),

where f;, g; (i = 1,2) are arbitrary functions of their argument such that fi fo > 0.
The characteristic velocities are

A1 =u1 + / fife, A2 =u1 — v/ fifa, (6.38)

with associated left and right eigenvectors

D= (\/Ev \/ﬁ>v 1(2 = (\/f>27 fl

r(l):<\/ﬁ> r@):( i ) (6.39)
Vi)’ V2
The conditions (6.28), (6.29) and (6.31) provide

2f1 — (fif2) =0,

g1+ <\/§gz> =0, (6.40)

(the prime denoting the differentiation with respect to the arqument) whose inte-
gration gives

/ ﬁdw =V fifa — K1,

g1 = K2 — \/]7927 (6.41)
Hy = H; (m—i—/\/gdlm)

where k1 and ko are arbitrary constants.
By choosing the new dependent variables as

Ui =ui + v/ fife — ki1, Uz = uo, (6.42)
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and replacing the inverse transformation of (6.42) in (6.37), i.e.,
u=Ur—Vfifo+r,  uz=0s, (6.43)
we get the following partially decoupled system
ou oU
87t1 + (U + RI)T; = Ka,
oU U oU. 649
S T L)+ (U =2/ A H(02) + k1) 2 = 2(U2).
The system so considered, when
foluz) =ua,  g1(u2) = ga(u2) =0, (6.45)

represents the one—dimensional Euler equations of a barotropic fluid with density
ug and pressure

p(uz) = /uzfl(u2)du2- (6.46)

The constitutive law

pluz) = gug’, Kk constant, (6.47)

allows to satisfy the decoupling conditions and, in the new variables
U1 =uy + \/EUQ, UQ = U2, (648)

we have a partially decoupled system

8(%1 Ulaa : 0,

OU. a(xf OU. (6.49)
2 U 1 U U 2

WJ“ 2%“ 1= 2k 2)% 0-

6.4 Direct approach for the decoupling of hyperbolic
systems in three dependent variables

To decouple systems like (6.12) with n = 3 by means of an invertible
point transformation like (6.13), three main cases can be distinguished:

1. Partial Decoupling;:

i _aflu_aﬁm_ac;l_o
BT 0us T aus Uz

e e (6.50)
~ 8A21 8A22 8G2
oUs3 oUs  0U3
2. Partial Decoupling:
< A A
Tt = Agp = Qs Oy _ 0G5 _0Gs _ 0 oy

oUy oU, oUu, 90U

3. Full Decoupling:
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A combination of both previous cases:

i 78211178151276(;170
BT 0u; T auy T auy

- 0Ay1  O0Asy  OG
Aoe — _ _ _ 6.52
BT 0U; T oU3 0 0, (6.52)
- 0Ass  0As3  0G3  0Gs

Ai :A = = = = = U.
=4 =50 = B, T au, oty

In the case 1, the first two equations can be solved for U; and Us; insertion
of these solutions in the third equation leads to an equation for Us. In the
case 2, the third equation can be solved for Us; insertion of this solution in
the first two equations provides two equations for U; and U,. Of course,
having a 2 x 2 system, we can check the conditions derived in the previous
paragraph enabling us to perform a further decoupling.

6.4.1 Partial decoupling: case 1

Let us require that 213 = Avgg = 0 and that /Ll, AVlQ, /Ll, 222, and G4, Go
are independent of Us; after some algebra, we get some constraints on the
structure of (6.12) and the conditions leading to the variable transformation.

From glg = Aoz = 0, we obtain

0= Rg?)) = T§3)011 + T§3)021 + T§3)C31,

(6.53)
0= Rgg) = T&S)Cm + Tég)CQQ + T§3)C'32,

where we denoted with C;; the cofactor of the (i, j)—entry of matrix Vyh,
whereupon it follows
(VuH:) -+ =0,

(6.54)
(VuHs) - t® =0.
Therefore, we have
(1) p(2) (1) p2)
~ R,’R ~ Ry’R
A= (A1 —Ao) 22— + Ay, App=—(A — Ap)—1,
A A
(1) p(2) (1) p(2) (6.55)
~ R,’R ~ RS’R
Ao = (A1 — Ag) 2A2 ; Agy = —(A1 — A9) 2A1 + Ag,

where A = Rgl)Rg) — Rél)R§2).
It is easily ascertained that the entries A;; (i, = 1,2) are independent
of Us if A; and Ay do not depend on Us, and

(1) (2)
9 % =0, 9 % =0. (6.56)
oU3 R} oU3 RS
Therefore, we obtain

o) B0 (arg) By, 6.57)
oUs3
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h
that, taking into account (6.53), which means that the vectors 887 and r®®
3
are parallel, can be rewritten as

(Var1) - @ =0,  (Vada)-r® =0. (6.58)

From (6.56), through the use of the relation R(") = (V,H)r(", it follows

Vo H,) - r) VuHi) r?
o (EqufW)r(S):O’ v (Evrfl;@) T =0. 6%

Because of (6.54) we can write
VuHy = Ozk(t,ﬂf,U) 1(1) +Bk(t,$,11) 1(2)7 k=1,2, (660)

where «j and [y, are suitable functions such that a; 82 — a1 # 0.
Inserting (6.60) in (6.59), we get

(a1 82 — a1V - p(1)12) . ((vur(l))r(3) _ (vur(3))r(1)> =0,

(6.61)
(182 — )12 . r @)D ((vur<2>)r<3> _ (vur<3>)r<2>) —0:
therefore, we obtain the following additional structure conditions:
12) . ((vur<1>)r<3> _ (vur<3))r<1>) — 0,
(6.62)

1 ((vur<2>)r<3> _ (vur<3>)r<2>) —0.

oG, 9Gy

Moreover, by requiring i i 0, after some algebra we get
3 3

(Vu((Vqu-) -g) + OVulli) + /\ia(qui)) x® =0, i=1,2. (6.63)

ot or
6.4.2 Partial decoupling: case 2
From A3, = A3y = 0, it follows that
0= R:gl) = 7’%1)013 + Té1)023 + 7’:(),1)033,
2 _ (2 (2) 2) (6:64)
0=R;y’ =7r"Cizg+ry Coz+r3 Cs3,

ie.,

(6.65)
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In this case, the expression of entries of A reads

(1) p(2) (1) p(2)
A Ry By i RVR
All = (Al - AZ) 2 A +‘/\17 A12 — 7(A1 - AQ)%v
q, - W= M) RVRPRY — (A - ARV R RY
RYA
(As — A3)RSVRPRY
R 6.66
T RYRY - RV (6.66)
AQl:(Al_A2)%; A22:—(A1—A2)%+A2,
g -~ M) RVRIRY 4 (A - Ay RYRYRSY
RYA
(- ARVRPRY o
®) ; 33 = A3,
R{YA
where & = RVRY) — R R
The independence of As3 from U; and Us leads us to get
Frralir 67
U, Uy (6.67)
ie., ) ;
h h
A A . 6.68
(Vads) - g =0 (Vuds) - 57 =0 (6.68)

Recalling that (6.64) means that the vectors Oh and oh belong to the
oU; U

plane spanned by r(") and r(?, the conditions (6.68) can be rewritten as

(Vars) -t =0,  (Vads)-r® =0, (6.69)
that are the structure conditions on the original system.
Finally, by requirin 0Gs _ 0Gs _ 0 we get
Yy, by req g 8U1 - 6U2 - g

(6.70)

(vu(<VuH3) g+ 2Wufla) | Ag‘?(V“H@) S0 g,

ot ox

fori=1,2.

6.4.3 Full decoupling

It is now clear that we may decouple the system into two non-interact-
ing blocks if the conditions of both cases 1 and 2 are verified.
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Example 6.4.1. Let us consider the following Galilean first order system:
8U1 811,1 811,2 aU3 .
5+ (u1 + p11) 5, TP g, TP =01
Ouz  p11p22 Oug Oug Ous
i) et —= — = 6.71
5t o1y O + (u1 + p22) 5, P85, =9 (6.71)
8’LL3 aU3
ﬁ + (Ul +p33)% =93,
where p;j, g; (i, = 1,...,3) are arbitrary functions of us and us.
The characteristic velocities are
A1 = ug, A2 = uy + p11 + p22, A3 = u1 + p3s, (6.72)
with associated left and right eigenvectors
1V = (poopss, —p12p3s, Prapes — P13pa2) | 1®) = (0,0,1),
1@ = (p11(p11 + p22, —p33), P12(P11 + P22, —P33), P11P13 + P12P23)
P12 P12
rM = —py |, r® = py |, (6.73)
0 0
P12(p13(p22 —p33) — p12p23)
r® = | pi1(pi2pes — p13paz) — Prapaspss)

p12p33 (P11 + P22 — p33)

By taking p13 = Z—zplg, conditions (6.54), (6.58), (6.62) and (6.63) give us the

following relations

Hy = Hi(uy, ugus), Hy = Ha(uy, ugus),

q12
P11 = q11 — q22, b2 = —,

u2

U2 .74
D22 = q22, D23 = *(%2 —p33), (6 )

us

( g3>
g1 = ¢1, g2 =uz | C2—— |,
us

where q11, q12, q22, ¢1 and ¢y are arbitrary functions of (uaug).
By choosing the new dependent variables as

Uy = vy + ugus, Uz = ugus, Us = ug, (6.75)

and replacing the inverse transformation of (6.75), i.e.,

Us

= — = U- 6.76
U, u3 3, (6.76)

up = Uy — Uy, U
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in (6.71), we get the following partially decoupled system

oU, q22 oUy
T Uy + Uy (22 (qu1 — o) — 1 . et
ot +( 1+ Uz (q12(Q11 q22) )+Q11 Q22> Oz
oU:
+ <U2QZ2(Q22 —qi1) + a2 + 2q22 — Q11> T c2,
q12 Us ox
oU, q22 oUy
— U, —= — — 6.77
9 + < 20 (g1 Q22)> o (6.77)
oU:-
+ (Ul + Us (m(Q22 —qu) — 1) + CI22> =2 =1, c2,
q12 ox
8U3 U2 8U3 o U2
B + (Ul Us + p33 (U37U3>> Oz =03 <U3’U3> )

where the first two equations do not depend on Us.

6.5 Decoupling of hyperbolic homogeneous and au-
tonomous systems

The results of previous Sections suggest us the form of the necessary
and sufficient conditions for the decoupling problem in the general case of
quasilinear first order systems in two independent variables and an arbi-
trary number n of dependent variables.

Let us start by considering the case of a hyperbolic first order homoge-
neous and autonomous quasilinear system of partial differential equations
in two independent variables, and provide the necessary and sufficient con-
ditions for decoupling it.

Let us introduce the notation we will use, and formally define the mean-
ing of partially and fully decoupled systems.

Definition 6.5.1 (Notation). Given U = (Uy,...,U,)T € R", and a set of
k > 2 integers ny,...,ny such that ny + ...+ ny = n, let us relabel and group
the components of U as follows:

{{U(U), LUy gD U(’“’"’“)}} . (6.78)

Moreover, let us set
i k
U; = AU NN SAG IR S b o) b (6.79)
U } U }

the cardinality of the set U; is m;, whereas the cardinality of the set U; isn —my,
where m; = nq + ...+ n;.

Definition 6.5.2 (Partially decoupled systems). The first order quasilinear sys-
tem

ou ou

— +T(U)— =0 .

5 TTU)G =0, (6.80)
U = (Uy,...,U,)T € R, T being an n x n real matrix with entries smooth

functions depending on U, is partially decoupled in 2 < k < n subsystems of
some orders ni, ..., ng (n1 + ...+ ng = n) if, relabelling and suitably collecting
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the components of U in k subgroups, say
{{U(M), L uey gD U<’fv”k>}} , (6.81)

we recognize k subsystems such that the i—th subsystem (i =1, ..., k) involves at
most the my; field variables of the set U;.

Definition 6.5.3 (Fully decoupled systems). The first order quasilinear system

ou ou
— +T(U)——=0 6.82
U = (Uy,..., Un)T € R", T being an n x n real matrix with entries smooth
functions depending on U, is fully decoupled in 2 < k < n subsystems of some
orders ny,...,ng (n1 + ...+ ng = n) if, relabelling and suitably collecting the
components of U in k subgroups, say
{{U(M), LUty gD U(’“"k‘)}} : (6.83)
we recognize k subsystems such that the i—th subsystem (i = 1,..., k) involves

exactly the n; field variables {UV ... U®ni)},

The following lemma will direct us to prove a theorem providing nec-
essary and sufficient conditions for the partial decoupling of a hyperbolic
first order quasilinear system in two independent variables.

Lemma 6.5.1. Let T be an n x n lower triangular block real matrix, say

'Tli 0;2 oé oé_l oé 1
™ 17 03 ... 03, 02
o | o e e (6.54)
k—1 k—1 k—1 k—1 k—1
le TQk T?;C T,?C_1 Okk
I/ Y & N S '

T;f being m; x n; matrices with entries smooth functions depending on U =
(Uy,...,U)T, and O;'- n; X nj matrices of zeros (ny + ... +np =n; 2 < k < n).
Let us assume that matrix T has real eigenvalues and a complete set of eigenvec-
tors. By relabelling and suitably collecting the components of U in k subgroups,
say

{{U(l’l), LUy gD U(’“’"’“)}} , (6.85)

it can be stated that the entries of matrices T;f (t=1,...,k; 5 =1,...,1) depend
at most on the m; variables of the set U; if and only if:

1. the set of the eigenvalues of T' (counted with their multiplicity) and the cor-
responding left and right eigenvectors can be divided into k subsets each
containing n; (i = 1,..., k) elements, say

[AD, Ay A, Ay
(LD, Ly, g, e (6.86)

(L) (L) (k.1) (k)
(RO, ROy RED RGO
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where , A
{A(z,l)’ o ,A(“”)} (6.87)

are the eigenvalues (counted with their multiplicity) of matrix T};

2. the following structure conditions hold true:

(VU A(z:a)) RO =,

L) . ((VURM,/&))Ru,w) —0,

i=1,...k—1, £=1,....i, (6:88)
a=1,...,n;, pB=1,....np, a#pifi=2{,
j=t+1,...0k, yv=1,...,n;,
where
_ 0 0 0 0
Vu = <8U(171)’”"E)U(lv"l)""’8U(’“1)"”’8U(kv”k)> . (6.89)
Proof. Let the lower triangular block matrix 7" be such that the entries of
matrices T]Z (t=1,...,k—1; j =1,...,i) depend at most on the elements
of the set U4;.
The set of the n eigenvalues of 71" is the union of the sets of the n; eigen-
values of T! (i = 1,..., k); since the entries of matrix 7} depend at most on

the elements of the set U/;, the same can be said for its n; eigenvalues.

Let us denote the set of left and right eigenvectors of matrix 7" as in
(6.86), and group the components of a right (left, respectively) eigenvector
R (L"), respectively) as follows:

il

T,

R() — R.zu cLEO = (L L), (690)
R](Cr,a)

where RET’Q) (LET’Q), respectively) are column (row, respectively) vectors
with n; components.
Taking into account the relations for the left eigenvectors,
LU + LYY 4 LTk = A i)

LTS 4+ LUV TR LT = ACOLS,

)

...... (6.91)
LEYTEILEITE = AFLE,
LT = ACOL),
since A" is an eigenvalue of 77, if r < k, we can choose Ls,ial), o ,L,(:’a)

as zero row vectors; this means that the left eigenvectors LY (o =1,...,
n,) may have non-vanishing only the first m, components (m, = n; +
... + n;); moreover, due to the hypotheses of the functional dependence
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of matrices 77, the components of L™ ... L") depend at most on the

elements of the set U,..
Analogously, by considering the relations for the right eigenvectors,

TR — ACoIR()
TfRY’a) + TZZRSW) _ A(T,a)Rg‘,a)’
...... 692)

lefler,a) + TQkflem) .. +T]ic:llR’(cr_,oi) _ A(T’Q)RIEQO{)’

TR + TERSY + .+ T RUY 4+ TPRIY = APORI

since A(") is an eigenvalue of 77, if r > 1, we can choose RY’O‘), ce RY_’O{)
as zero column vectors; this means that the right eigenvectors R (a =
1,...,n;) for r > 1 may have non-vanishing only the last n — m,_; com-
ponents; moreover, due to the hypotheses of the functional dependence of
matrices 7}, the components of Rg’"’“) (s =r,...,k) depend at most on the
elements of the set ;. Notice that, because of the hyperbolicity assumption,
the vectors R, as well as the vectors L") (r = 1,...,k; a = 1,...,n,)
are linearly independent.

As a consequence, conditions (6.88) are trivially satisfied. In fact, at
most the first m; components of the vector VyAGe) may be non-vanishing,
whereas the first m;_; components of RU) are zero: since j>1,

(VUAW)) JRUM = 0. (6.93)

Moreover, since the first m,_; components of R5) are vanishing, the com-

ponents of RW ) (s =4¢,...,k)depend at most on U, the first m;_; of RU")
are vanishing, and j > /, it follows that the first m; components of the vec-
tor (VyREAYRUN) are vanishing; therefore, it is

1,0 . ((VURw,ﬁ))R(m) —0. (6.94)

Vice versa, if conditions (6.88) hold true, then it can be proved that all en-
tries of matrices T]Z (t=1,...,k—1;j = 1,...,i) depend at most on the
elements of the set U4;.

At first, let us prove that from (6.88); it follows that AP (1 < r <
k; a =1,...,n,) can at most depend on the elements of the set U4,

Let us denote with A one of the eigenvalues of the matrix 7} (1 < r < k),
and let us set

VU = (Vl, v ,Vk> s (695)

< o ...8>, i=1,....k (6.96)

where

Vi=\guan o o
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Since R for j > r may have non-vanishing only the last n — m;_; com-
ponents, conditions (6.88); read

(Vep1d) R + (Vo 0A) - RUSY 4 (Vi) - R =0,
(Vis2) - RUEZD 4 4 (VeA) - RUF2) =,

(ViA) - RS =0,

(6.97)
whereupon it immediately follows that
on OA o 0N
QUr+LL) — T gulrtlne) T Ukl T gy (kg '
(6.98)

Moreover, because of the lower triangular block structure of matrix 7', the
left eigenvectors L(»®) may have non-vanishing only the first m; compo-
nents, and the right eigenvectors R"Y) may have non-vanishing only the
last n — m;_1; components, (6.88)2 can be written as:

i (LW : ((ijg,W))Rg?’”’) T (ka%ﬂ))R,?’”’))) =0, (699
r=~{

fori=1,....k—1,¢<4,j=i+1,...,k,and o # B for £ = i.
From the relations

TR = ACOIRI® =1 k-1, (6.100)

for j > r, we obtain

k k
(Z(%T:)Rw) RO+ (17 = AL,) (Z(vsR&”’“))RW =0,

s=j s=j
(6.101)
I being the r x r identity matrix, whereupon
k
L) . Z(VSA:)REM) R
o (6.102)

k
+ (A(nb’) _ A(Tva))Lg"vB) . (Z(VSR,@”’“))REJ’”)> = 0.

s=j

As a consequence, either when a = 3, or using (6.99) when o # £, it is

s$=)

k
Lo . (Z(VST:)RS”)) R =0 (6.103)

for o, 8 = 1,...,n,. Therefore, using (6.103) for j = k,k —1,...,r+ 1, it

remains proved that all entries of the matrix 7} (r = 1,...,k — 1), and so all

the components of R, depend at most on the elements of the set ;.
Let us now take the relations (6.99); by specializing them neatly for ¢ =

i—1,i—2,...,1and j = k,k —1,...,i+ 1, it is immediately deduced that
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the components of Rg’“"")

set Us.
Finally, from the relations

for s > r depend at most on the elements of the

STTIREY = ACORIY =10 i<k, (6.104)

for j > i, we obtain

% k
SR | REY | =o0. (6.105)

s=r t=j

By neatly specializing the relations (6.105) forr =i —1,i —2,...,1and j =
k,k —1,...,i+ 1, it follows that the entries of the matrices 7! (s = 1,...,1)
depend at most on the m; variables of the set ¢/;, and this completes the
proof.

O]

k
Remark 6.5.1. Relations (6.88) provide Z nim;(n —m;) constraints, and this is
i=1

exactly the number of conditions required to ensure that the entries of matrices T;f
(i=1,...,k j=1,...,4)are independent of the elements of the set U;. In fact,
the number of entries of the matrices T; are nym;, and the cardinality of the set U,
isn —m;.

Remark 6.5.2. If matrix T has the lower triangular block structure (6.84) then,
since the first m;_1 components of RUY) gre vanishing, and j > i > {, the
first m; components of the vector (VyRYYREA) can not be different from zero;
therefore, it is identically

LG . ((VUR(JW))R(M*)) =0,

i:17...,k—1, 621,...,7;7 (6106)
a=1,...,n;, B=1,...,ny, a#pifi=1{,
j=it+1,...0k, yv=1,...,n;.

Consequently, conditions (6.88) may be written as well as

(VU A(m)) RO =,
L) . ((VUR(Z,B))R(M) _ (VUR(M))R(M)) —0,
i=1,...,k—1, (=1,...,1i,

a=1,...,n;, B=1,....ny, a#pifi=1¢,
j=i+1,....k, v=1,...,n;.

(6.107)

This result reveals useful in the proof of next theorem.
By using Lemma 6.5.1, it is immediately proved the following theorem.

Theorem 6.5.1. The first order quasilinear system

ou ou
AP <o, (6.108)



100 Decoupling of quasilinear first order systems

with u € R", A n x n real matrix with entries smooth functions of u, assumed to
be hyperbolic in the t—direction, can be transformed by a smooth (locally) invertible
transformation

u=h(U), or, equivalently, U = H(u), (6.109)

into a system like
P2 <o (6.110)

in the unknowns
U= (U(l’l), LUt gk U(’“v”w)T, 6.111)

where T = (Vo H) A (VoH) ! is a lower triangular block matrix having the form
(6.84) with T; (t=1,...,k; j=1,...,1) n; x nj matrices such that their entries
are smooth functions depending at most on the elements of the set U;, whereas Oj-
are n; X m; matrices of zeros, respectively, if and only if:

1. the set of the eigenvalues of matrix A (counted with their multiplicity), and
the associated left and right eigenvectors can be divided into k subsets each
containing n; (i =1, ..., k) elements, say

(DDA} kD, AL
{{1(171% TS (LA VRS (L A 1<k’”k>}} , (6.112)
{{r(l’l), . ,r(l’”l)}, R {r(k’l), e r(k’"k)}} :

2. the following structure conditions hold true:

(Vu A(m)) pm =,
16E.) | <<vur(fﬁ))r(m) _ (vurm)r(w)) —0,
i=1,....,k—1, (=1,...14,

a=1,...,n;, B=1,....n9, a#pifi=1{,
j=1it+1,...0k, yv=1,...,n;.

(6.113)

Moreover, the decoupling variables U = HO(u) (i = 1,....k — 1; a =
1,...,n;) are found from

(qu@»a)) el =, (6.114)

where j =i+ 1,...,k, y=1,...,n,.

Proof. Let us consider the hyperbolic system

ou ou
— 4+ A(u)— =0 11
and denote the k subsets each containing n; (i = 1,...,k) eigenvalues

(counted with their multiplicity), together with their associated left and
right eigenvectors, as in (6.112). The hyperbolicity condition implies that
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the eigenvalues NG (=1, . k; a=1,...,n;)are real, whereas the cor-
responding left (right, respectively) eigenvectors are linearly independent
and span R".

Let us assume that the conditions (6.113) are satisfied. Then, by intro-
ducing a smooth (locally) invertible transformation like (6.109) such that

(Vu H(z»a)) el — o,

’L.Zl,...,k—l, O[:l,“‘,ni’ (6.116)

j=t+1,...0k, y=1,...,n;,

we obtain the system (6.110), where 7" is a lower triangular block matrix
like (6.84).

It remains to prove that the entries of the matrices T; (i=1,....k—
1; j =1,...,i) do not depend on the elements of the set U;.

Itis

)\(i,a) — A(i,a)’ l(i,a) — L(i,a) (VUH), r(i,a) _ (VUH)ilR(i’a),

(6.117)
and also
Vu() = Vu()(VuH). (6.118)
As a consequence, we have:
0= (Vu)\(ivo‘)) ) =
- (VUAW)) (VoH)(VyH)'RUY) = (6.119)

— (VUA(W)) -RUM),
whereupon

(Var@)) 209 —0 & (VgAC)) . ROD 0. (6.120)
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Furthermore, it is

0 =102 . ((Vur(&ﬁ))r(jf/) _ (vurm))r(m)) _

= L0 (VH) (Vo (VoH)'RED ) (V,H) RO
v ((VUH) 1R(m)> (v H)—lRW’)) _
= L0 (VH) (Vo ((Vul) ROV ) (VH)(VuH) 'ROY
~Vu ((VuH)'RUD) (VuH)(VuH) 'RV =
L0 (v, H) (VU ((VUH)—lR“ﬂ)) R (6.121)
—Vu ((VUH)*lR(JE’Y)) R(m)) _

|
=
&
4
=
=
—~
<
a

(VuH)_l) (R(K,B)R(j,”/) — R(Jﬂ)f{(&ﬁ))
+(V H)™! ((VUR( ARG — (VUR(J}V))R(&/B))) —
( BYRE (VUR(M))Rw,ﬁ)) —

— ) . ((VURw SR )) ’

whereupon

L) . ((VUR(&B) )Rm)) —0 o
, , , (6.122)
o 160) . <(Vur(€ﬁ))r(m) _ (vur(m)r(e,ﬂ)) —0.

As a result, by using Lemma 6.5.1, the entries of the matrices T]Z (i=1,...,
k—1;j=1,...,i) donot depend on the elements of the set I;.

Vice versa, if the entries of the matrices TJZ G=1,....,k—1;5=1,...,49)
do not depend on the elements of the set U, ie., the system is partially
decoupled in k subsystems, then, because of (6.120) and (6.122), conditions
(6.113) must hold, and this concludes the proof. O

As a byproduct of Theorem 6.5.1 we may recover immediately the con-
ditions for the full decoupling problem in the case of hyperbolic first order
quasilinear systems.

Theorem 6.5.2 (Full decoupling of hyperbolic systems). For a hyperbolic sys-
tem of first order homogeneous and autonomous quasilinear partial differential
equations like

Ou Ou
—+A =0 6.123
o AW =0, (6123)
u € R", A n x n real matrix with entries smooth functions of u, to be locally
reducible into k non—interacting subsystems of some orders ny, . .., ng, with ny +
..+ ng = n, in the unknowns
U= (U(l’l), LU gkl U(k’"’“))T : (6.124)

respectively, it is necessary and sufficient that:
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1. the characteristic velocities (counted with their multiplicity), and the cor-
responding left and right eigenvectors can be divided into k subsets each
containing n; (i = 1,..., k) elements, say

[0, A0y D, aGmoy)
{00, ey e, e (6.125)
{{r(l’l), ey kD ,r(k’"k)}} :

2. the following structure conditions hold true:

(Vu A@a)) CA—
16.) | ((vurw,ﬁ))r(m) _ (vurm))r(m)) =0,

(6.126)
v/l:?j:]‘7"'7k7 Z#]?
a,f=1,....,n5, a#p, y=1,...,n;.
Moreover, the decoupling variables
U = g0 (q), (6.127)
are found from
(Vur)) - x0o) o, (6.128)
where

ihj=1,....k i#j, a=1,...,n, v=1,...,n;.

The coefficient matrix for a fully decoupled system results in block diagonal form
(diagonal if k = n).

Proof. It immediately follows from Theorem 6.5.1. O

Some comments about the decoupling conditions of previous theorem
and some well known facts concerning wave solutions of hyperbolic quasi-
linear systems are needed. For such systems, it is relevant to quantify the
dependence of the wave speeds (the eigenvalues of coefficient matrix) upon
the field variables (see [96]). More precisely, we may compute the change of
the characteristic speed A(*) across a wave with speed A9, say (VA®))-r0).
For j = i we have the decay coefficient (Vu)\(i)) - r(); this is of special
importance since it determines the genuine nonlinearity or linear degen-
eracy of the wave [11, 52]. In the case of completely exceptional systems,
i.e., systems where all admitted waves are linearly degenerate, weak waves
do not give rise to shock formation. Another important effect, which can
have dramatic consequences on the behavior of solutions, is due to the in-
teraction of two waves leading to the formation of waves in other fami-
lies. In particular, for incident waves belonging to different families, the
reflected wave is determined to leading order by the interaction coefficient
1) . ((vur(j))r(f) — (vur(f))r(i)) [97].

Therefore, the conditions (6.126), guaranteeing the decoupling of a hy-
perbolic first order quasilinear system in k£ non-interacting subsystems,
have the following (obvious) meaning;:
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1. the change in the characteristic speeds of a subsystem across a wave
of a different subsystem must be vanishing;

2. waves of different subsystems do not interact.

6.6 Decoupling of general homogeneous and autonom-
ous systems

In Section 6.5, we considered the decoupling problem for hyperbolic ho-
mogeneous and autonomous quasilinear systems. Here, we investigate the
case where the coefficient matrix does not possess a complete set of eigen-
vectors and/or has complex—valued eigenvalues. Also in this general case
we give necessary and sufficient conditions for the partial or full decou-

pling.

Definition 6.6.1. Let A be an n x n real matrix whose entries are smooth functions
depending on u € R". If the matrix A has not a complete set of eigenvectors and/or
has complex—valued eigenvalues, let us associate:

o to each real eigenvalue its (left and right) eigenvectors and, if needed, its
generalized (left and right) eigenvectors in such a way we have as many
linearly independent vectors as the multiplicity of the eigenvalue;

e to each couple of conjugate complex eigenvalues the real part and the imag-
inary part of its (left and right) eigenvectors (or generalized eigenvectors,
if needed) in such a way we have as many couples of linearly independent
vectors as the multiplicity of the conjugate complex eigenvalues.

Let us denote such vectors with a superposed hat, and let us call them for simplicity
(left and right) autovectors.

Lemma 6.6.1. Let T be an n x n lower triangular block real matrix of the form
(6.84) whose entries are smooth functions depending on U,

U= (U(Ll), LU gk U(k’"k))T (6.129)

(n1+ ...+ ng = n), where T; are n; x n; matrices, and 03- n; X nj matrices of
Zeros.

The entries of matrices T; (1t=1,...,k; 7 =1,...,1) depend at most on the
my; variables of the set U; if and only if:

1. the set of the eigenvalues of T' (counted with their multiplicity) with corre-
sponding left and right autovectors can be divided into k subsets each con-
taining n; (i =1,..., k) elements, say

{{A(l’l), G AGRDY A ,A(’“’”k)}} :
{{fﬂul), S A R N A S (6.130)

{{13&71), ROy RED ,ﬁwa}} :
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2. the following structure conditions hold true:

(vUA(m)> CRUY — 0,
L) . (WUﬁ(z,m)ﬁm) —0,

i=1,...k—1, ¢=1,...,i, (6.131)
a =1, y Ty /3:17 , Ty, Oé#ﬁlflzfa
j:i+17"'7k7 7:17 7nj7
where
0 0 0 0
Vu = (aU(M) e T BOED) aU(km>> . (6.132)
Proof. The proof is as that of Lemma 6.5.1 taking into account that:
1. the left autovectors L") (a = 1,...,n,) may have non-vanishing
only the first m, components;
2. the right autovectors R (a =1,...,n,) forr > 1 may have non—

vanishing only the last n — m,_; components.

Moreover, using (6.131) and the relations defining the generalized eigen-
vectors, it is also proved that the entries of matrices T/ (r = 1,...,i) are
independent of the elements in the set I/;. ]

Because of Lemma 6.6.1, Theorem 6.5.1 can be generalized to all first
order autonomous and homogeneous quasilinear systems.

Theorem 6.6.1. The first order quasilinear system (not necessarily hyperbolic)

Ou ou

— +A(u)=— =0 6.133
o AW =0, (6:133)
u € R”, A nxn real matrix with entries smooth functions of u, can be transformed
by a smooth (locally) invertible transformation

u=h(U), or, equivalently, U = H(u), (6.134)
into a system like
ou ou
— +T(U)—=— = A
8t+ ( )81‘ o, (6.135)
in the unknowns

U= (U(Ll), Lyt gk U<’fv”k>)T, (6.136)
where T = (VoyH) A (VyH) ™! is a lower triangular block matrix having the form
(6.84), with T]Z (i=1,...,k; j=1,...,%) n; xnj matrices such that their entries
are smooth functions depending at most on the elements of the set U;, whereas O;
are n; X nj matrices of zeros, respectively, if and only if:

1. the set of the eigenvalues (counted with their multiplicity) of matrix A, and
the associated left and right autovectors can be divided into k subsets each
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containing n; (i =1, ..., k) elements, say

{{A(M), LA @mOy kD AUmk)}} :
{{T@’l), Y R W LD I ,T(kv"w}} , (6.137)
{{?071), L Eey kD) ,?“fv"k)}} :

2. the following structure conditions hold true:

(Vu A@a)) F0) — 0,
1) . ((vu?(eﬁ))?(m _ (vu?(jw))?(&ﬂ)) =0,
i=1,....k—1, ¢=1,...,1i,

a=1,...,n;, B=1,...,ny, a#pifi=1,
j=it+1,....k, yv=1,...,n;.

(6.138)

Moreover, the decoupling variables U = HO(u) (i = 1,....k — 1; a =
1,...,n;) are found from

(VUH(W)) U — 0, (6.139)

where j =i+ 1,....k,v=1,...,n;.
Proof. The proof, due to Lemma 6.6.1, is as that of Theorem 6.5.1. O

Finally, we are able to state the following theorem providing the condi-
tions for the full decoupling of general first order quasilinear systems.

Theorem 6.6.2 (Full decoupling of general systems). For the first order homo-
geneous and autonomous quasilinear system (not necessarily hyperbolic)

ou 4 ou

o TAWZ =0, (6.140)

u € R", A n x n real matrix with entries smooth functions of u, to be locally
reducible into k non—interacting subsystems of some orders ny, . .., ng, with ny +
...+ ng = n, in the unknowns

U= (U“vl), L utm) gkl U(k’"k))T , (6.141)

respectively, it is necessary and sufficient that:

1. the eigenvalues of matrix A (counted with their multiplicity), and the corre-
sponding left and right autovectors can be divided into k subsets each con-
taining n; (1 = 1,..., k) elements, say

(DD, A} D AL
{{Tﬂvl), S (O L S (L A ,W:nw}} , (6.142)
G B R L s

)
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2. the following structure conditions hold true:

(Vu )\(W)) 0 — 0,
) . ((vuf(iﬁ))f(jﬁ)  (VuE) )f(iﬁ)) -0,

(6.143)
Vi,jzl,...,k, Z#]v
a,f=1,....,n;, a#p, y=1,...,n;.
Moreover, the decoupling variables
Ut = g9 (u), (6.144)
are found from
(qu@a)) 0 =g, (6.145)
where

hwi=1,...k i#j, a=1,...,n, y=1,...,n;.

The coefficient matrix for a fully decoupled system results in block diagonal form
(diagonal if k = n).

Proof. It immediately follows from Theorem 6.6.1. O

6.7 Decoupling of nonhomogeneous and/or nonauto-
nomous systems

In some physical applications it may occur to consider systems involv-
ing source terms, and/or systems where the coefficients may depend also
on the independent variables, accounting for material inhomogeneities, or
special geometric assumptions, or external actions [2, 18, 19, 48, 65, 78, 81].
Therefore, one has to deal with nonhomogeneous and/or nonautonomous
first order quasilinear systems of the form (6.10).

In some cases, systems like (6.10) may be transformed by a (locally) in-
vertible transformation to autonomous and homogeneous form or only to
autonomous form preserving the quasilinear structure. This is possible if
and only if the system (6.10) admits suitable algebras of Lie point symme-
tries. In [65] it has been proved a theorem stating necessary and sufficient
conditions in order to map systems like (6.10) to autonomous and homo-
geneous form. By relaxing the hypotheses, the same theorem can be used
to map systems (6.10) into autonomous and nonhomogeneous first order
quasilinear systems [22, 66].

Therefore, three different situations may occur:

1. System (6.10) can be mapped by an invertible point transformation to
an equivalent autonomous and homogeneous first order quasilinear
system in the independent variables (¢, x), Z(t, #) and the dependent
variables U = U(¢, z,u). It is required that it admits as subalgebra of
its algebra of Lie point symmetries a three-dimensional Lie algebra
spanned by the vector fields

_ 0 0 - 0
A=1
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(i=1,...,3),such that

moreover, it has to be verified that all minors of order two extracted
from the 3x2 matrix with rows (73, ;) (i = 1, ..., 3) are non—-vanishing,
and the variables U, which by construction are invariants of Z; and
E, result invariant with respect to =3 too.

2. System (6.10) can be transformed to an equivalent autonomous and
nonhomogeneous first order quasilinear system in the independent
variables t(t, x), Z(t, z) and the dependent variables U = U(t, z, u). It
is required that it admits as subalgebra of its algebra of Lie point sym-
metries a two—dimensional Lie algebra spanned by the vector fields

- 0 0, % 0
2 = Tz‘(t,aﬁ)a +&(2, x)% + Z niA(t, z, u)% (6.148)
A=1

(i = 1,2), such that the 2 x 2 matrix with rows (7;,&;) (1 = 1,2) is
non-singular and

[2,2]=0, i,j=12 (6.149)

3. System (6.10) can not be transformed to autonomous form.

In the first case, the decoupling problem can be faced by using the re-
sults of previous Sections, whereas cases 2 and 3 can be managed together.

It is worth of being observed that the decoupling of the system (6.10)
is not affected by a variable change of the independent variables provided
that the new independent variables depend only on the old independent
variables. Therefore, we can manage in a unified way nonhomogeneous
quasilinear systems either when they are autonomous or not. So, we in-
troduce only new dependent variables U, as suitable functions of the old
dependent variables, and state the following two theorems for the partial
and the full decoupling.

Theorem 6.7.1 (Partial decoupling for quasilinear systems). The first order

quasilinear system

Ou Ou
a +A(t7$7u)% - g(t,x,u), (6150)

u, g € R", Anxn real matrix (the components of g as well as the entries of matrix
A are smooth functions depending on t, x and ), can be transformed by a smooth
(locally) invertible transformation

u=h(U), or, equivalently, U = H(u), (6.151)
into a system like
ou ou
ot T(t,x, U)% = G(t,z,U), (6.152)

in the unknowns

U= (U(l’l), ) gkl UUf’“k))T , (6.153)
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where
G= (G(l’l), LG gkl G“fv"k))T , (6.154)

T = (VuH) A(V H) ™! being a lower triangular block matrix having the form
(6.84), G = (VuH)g, such that T! and GO (i = 1,... k; j = 1,...i; o =
1,...,n4) depend at most on t, x and the elements of the set U;, whereas 0} are
n; X n; matrices of zeros, respectively, if and only if:

1. the set of the eigenvalues of matrix A (counted with their multiplicity), and
the associated left and right autovectors can be divided into k subsets each
containing n; (i = 1,..., k) elements, say

{{A(Ll) ) )\(1 n1) 1. {)\(k A ’/\(k,nk)}} ’
{{T@»l), ey {WJ), o ,Tvank)}} , (6.155)
{{?ﬂ’l), S U LV ,?Uf’"k)}} ;

2. the following structure conditions hold true:

(Vu A@%a)) F6m — 0,
) . ((vu?“ﬂ) R0 — (V30 );wa)) —0,
(vu(l o). g)) 707 =0, (6.156)

i=1,....k—1, £=1,...,i,

a=1,...,n;, B=1,....n, aFpifi=1{,
j=i+1,....k, y=1,...,n;.

Moreover, the decoupling variables U = HO(u) (i = 1,...,k — 1; a =
1,...,n;) are found from

(qu@a)) F0) =, (6.157)

where j =i+ 1,...,k,y=1,...,n;.

Proof. The proof, due to Lemma 6.6.1, follows the same steps as those of
Theorem 6.5.1, the only difference being in the additional requirement ex-
pressed by (6.156)3.

Itis

u

V(16 . ) £ =

(6.158)

H)(V.H)~ 1(;)) RO —

Vi 16 )(v H)(V,H)'RU =
Q) ).f{(m)'

0= (s
(v
(o
(v

\Y

C:

Therefore,

(Vu@@) - g)) 509 =0 & (Vy(@io.G)) ROV =0. (6159
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Since L () may have non-vanishing only the first m; components, whereas
RU") may have non-vanishing only the last n — m;_; components, condi-
tions

(vU(IZW) : G)) ‘RO = (6.160)
are necessary and sufficient in order the components {G"D ... G}y
to be dependent at most on ¢, x and the elements of the set U/,, and this
concludes the proof. O

Finally, we are able to state the following theorem providing a solu-
tion to the full decoupling problem for general nonhomogeneous and/or
nonautonomous first order quasilinear systems.

Theorem 6.7.2 (Full decoupling for nonhomogeneous quasilinear systems).
For the first order nonhomogeneous and/or nonautonomous quasilinear system,
say

Ou Ou

E + A(t,l', u) or

u, g € R", Anxn real matrix (the components of g as well as the entries of matrix
A are smooth functions depending on t, x and ), to be locally reducible into k non—

= g(t,z,u), (6.161)

interacting subsystems of some orders ny, ... ,ng, withny + ...+ n, = n, in the
unknowns
U= (U(Ll), LU gkl U(’“’”k))T : (6.162)

respectively, it is necessary and sufficient that:

1. the eigenvalues of matrix A (counted with their multiplicity), and the corre-
sponding left and right autovectors can be divided into k subsets each con-
taining n; (i =1,..., k) elements, say

(0D, AGmy D ke
{{im, LAy kD ,TUCW}} , (6.163)
{{#1’1), LUy kD) ,?wa}} :

2. the following structure conditions hold true:

(Vu)\(z7a)> . /I'\(‘]’,Y) — 07
1) ((v@(iﬂ))f(m) _ (V@(J}v))?(iﬂ)) —0,

(7 ) o1
Vi7j217"'7k7 Z‘#]?
a,f=1,....,n;, a#p, vy=1,...,n;.
Moreover, the decoupling variables
Ut = g (y), (6.165)

are found from
(Vu H(z‘,oo) 20 =, (6.166)
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where
ihj=1,....k i#j, a=1....,n, v=1,...,n;.

Proof. 1t immediately follows from Theorem 6.7.1. O

6.8 Applications

In this Section, we consider some applications of the results above de-
rived. As far as the notation is concerned, the components of the field u are
denoted with the symbols typically used in the applications.

The first two examples are related to the Euler equations of an ideal gas
with the special value I' = 3 [17, p. 88] for the adiabatic index, whereas the
third example concerns the equations of a model of travelling threadline
with a particular constitutive law for the tension.

Example 6.8.1. One—dimensional Euler equations of barotropic fluids.
Let us consider the one—dimensional Euler equations of a barotropic fluid

ou Ju
with
p voop
u = |: v :| R A= p/gp) v ] s (6168)

where p(t, x) is the mass density, v(t, z) the velocity, and p(p) the pressure. This
system is strictly hyperbolic provided that p'(p) > 0 (the prime denoting the dif-
ferentiation with respect to the arqument), with characteristic velocities

A2 =v £ V/p(p), (6.169)

to which correspond the left and right eigenvectors

L= (VP(0).£p),  1ia= ( - ) (6.170)
The conditions for the possible decoupling provide the constraint
pp" (p) —2p'(p) = 0, (6.171)
which is satisfied by the special constitutive law
p(p) = pop®, po constant. (6.172)

Thus, if the adiabatic index is equal to 3 (in this case the characteristics are straight
lines, [17, p. 881), we may introduce the variable transformation

U = H(u) (6.173)

such that
(qul) cTo = O, (qug) r] = 0. (6174)

As a consequence, by choosing

Ur = Hi(p,v) = v+ /3pop, Us = Ha(p,v) = v —+/3pop,  (6.175)
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we obtain the following fully decoupled system

o 85 (6.176)
2 2
o Vg, =0

Example 6.8.2. One—dimensional isentropic gas dynamics equations.
Let us consider the one—dimensional Euler equations for the isentropic flow of
an ideal fluid subject to no external forces,

ou ou
4 A= = .
5 + A(u) o 0, (6.177)
with
p v p 0
u=|v |, A= %gi; v %% , (6.178)
S 0 0 w

where p(t,x) is the mass density, v(t,z) the velocity, s(t,x) the entropy, and
p(p, s) the pressure.
The eigenvalues of matrix A are

/\1 9o =0 @, /\3 =, (6179)
’ 8p

with associated left and right eigenvectors

_ (/% L, [Op _
11,2 - ( ap7ip7 3 8p> ) 13 — (07 07 1)7
P

o (6.180)
rio = + %z , r;;(()).

0

The constraints
(VUAI) ‘g = 07 (vu)\l) ‘I3 = 07

6.181
(VHAQ) ‘r1 = O, (Vu)\g) - rg = 0, ( )

are satisfied with the constitutive law
p(p,s) = pop’s® + f(s), (6.182)

where py is constant and f(s) a function of its arqument; therefore, we may intro-
duce the variable transformation

U = H(u) (6.183)

such that
(6.184)
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As a consequence, by choosing

Ui Hl(p,’l),S) =0+ 3p0/037
Uy = Ha(p,v,8) = v — +/3pops, (6.185)
Us = H3(p,v, ) = s,

we obtain the following partially decoupled system

ouy . oUy

o Vg =0

oUs oUs

) i 6.186
Ot +U Oz 0, ( )
8U3 1 8U3 .

5 T §(U1 + UQ)% =0,

where the first two equations can be solved independently from each other and the
third one.

Example 6.8.3. Model of travelling threadline.

Let us consider the nonlinear model describing the motion of a moving thread-
line [1, 24] taking into account both geometric and material nonlinearities.

Based upon the following hypotheses:

e the motion is two—dimensional;

o the string is elastic and always in tension;

o the string is perfectly flexible;

o the effects of gravity and air drag are neglected;
in [1] the following equations have been derived:

12dV 0

m(1 + u?) el (T'sinb), .
av12dVY 0 (6-187)
m(1l+u?) = %(TCOSH),

supplemented by the continuity equation

d ov®
- (m(l + ui)lﬂ) +m(1+ud) 2o =0, (6.188)
and a constitutive law in the form
T =T(m, my). (6.189)

In the previous equations, m is the mass per unit length, V' the axial component of
the velocity, V'Y the transverse component of the velocity, T' the tension, and u the
transverse displacement; moreover, the subscripts t and x denote partial derivatives
with respect to the indicated variables.

Upon introduction of the quantity

p=m(1+u2)/? (6.190)
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and taking into account (see [1] for details) that

Uy 9 1
s cost) = —————,
(1+u2)l/2 (1+u2)l/? (6.191)

VY =u +V*u, = v+ V%,

sinf =

assuming the constitutive equation for the tension in the form T = T (m) [24], the
governing equations can be written as

ou ou
5 A =0, (6.192)
where
p 1% p 0 0
i € / T
Ve ey Ve 0 e (T + %)
u= , A= | e . e ™| (6.193)
0 0 2V* (V*)? — il
€ 0 0 -1 0

The eigenvalues of matrix A are

_ 1/2 T 1/2
Mo=V¥4+ | — As=V¥+ | —M— .194
12=V <1 +52)) , 34=V <m(1 +52)> ,  (6.194)

with associated left and right eigenvectors

—(1+e)T" 142 1
11,2: + ( +€)T’ ) e 7\’ T/’l s
pe(Ver i) e (Veryik) VeE ik
pT
13,4 = <07 07 P IOVI + 212) )
(L+e2) (6.195)
P €
1/2
T! 1/2 :l,: ( 7 5 ) T 5
ro = T1e2 7 r34 = m(1+€2) +18/2
T T
0 - (Ve * oemy)
0 1
The structure conditions for the partial decoupling
(Vus) x5 =0, (6.196)
L; - ((Vure)r; — (Var;)re) =0, iW0=1,2 i#l, j=34,
are satisfied with the following constitutive law
k
T(m)=—, k constant. (6.197)
m

Then, we may introduce the variable transformation

U = H(u) (6.198)
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such that
(VuH;) -1, =0, i,=1,2, j=34. (6.199)

By integrating relations (6.199), i.e,

(Vuﬁ)aﬂl_@fh:o (me%)aﬂz_aﬂz:o,

p | Ov Oe ’ p ov de
(6.200)
Vz—ﬁ @_@_0 Vﬁv_@ aHQ_@_O
p ov de P ov de
it follows that
Hy = Hy(p, V"), Hy = H (p, V7). (6.201)

As a consequence, by choosing the identity transformation, we obtain this partially
decoupled system

dp | a.0p V'

EJFV 8m+p8:€ =0,

ovE  kap  LOVE

o par V. aw Y

) ) o (6.202)
ov OV a2 M) o8

2V a£+<(v> p2>8x 0,

g _v_y,

ot Oz

It is worth of being observed that with the constitutive relation (6.197) the system
(6.192) has two distinct eigenvalues each with multiplicity 2, and is completely
exceptional [11, 52].

6.9 Conclusions

In the beginning of this Chapter, we faced the decoupling problem of
hyperbolic quasilinear first order systems in two independent variables and
two or three dependent variables. The considered systems can be in prin-
ciple nonautonomous and/or nonhomogeneous and we provided the con-
ditions leading to the partial or full decoupling of the systems. As phys-
ical applications, the partial decoupling of Galilean first order systems in
two and three dependent variables has been considered. In the family of
2 x 2 Galilean first order systems the one-dimensional Euler equations of
barotropic fluids, which, under suitable conditions, can be mapped to the
partially decoupled form, have been characterized. Then, a generalization
of the results found by a direct approach in the case of the decoupling prob-
lem for quasilinear first order systems involving two or three dependent
variables is presented. After introducing the definitions of partially and
fully decoupled systems, a theorem establishing the necessary and suffi-
cient conditions for the decoupling of hyperbolic first order homogeneous
and autonomous quasilinear systems has been given; remarkably, the proof
involves only the properties of eigenvalues and eigenvectors of the coef-
ficient matrix, and is constructive in the sense that it gives the differen-
tial constraints whose integration leads to the decoupling transformation.
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The results were extended, at first, to general first order homogeneous and
autonomous quasilinear systems and, then, to general nonhomogeneous
and/or nonautonomous ones. Some examples of systems of physical in-
terest that can be, under suitable conditions, partially or fully decoupled
are presented. In particular, the theorem is applied to the one—dimensional
isentropic gas dynamics equations that have been decoupled into two non—
interacting blocks, and to a nonlinear model describing the motion of a
moving threadline which, with a special costitutive law rendering it lin-
early degenerate, has been partially decoupled.
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