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Abstract

We obtain a basis of joint or proper differential invariants for the scalar linear hy-
perbolic partial differential equation in two independent variables by the infinitesimal
method. The joint invariants of the hyperbolic equation consist of combinations of
the coefficients of the equation and their derivatives which remain invariant under
equivalence transformations of the equation and are useful for classification purposes.
We also derive the operators of invariant differentiation for this type of equation. Fur-
thermore, we show that the other differential invariants are functions of the elements
of this basis via their invariant derivatives. Applications to hyperbolic equations that
are reducible to their Lie canonical forms are provided.

1 Introduction

The second-order scalar linear partial differential equation (PDE) in two independent
variables (¢, x) is of the form

Autt + QBut;,; + Cum + Dut + E"U,x + Fu= G, (1)

where A, B, C, D, E, F and G can be constants or given differentiable functions of ¢
and x.

All linear PDEs similar to equation (1) are parabolic, hyperbolic or elliptic. Parabolic
equations describe heat flow and diffusion processes and satisfy the property B> — AC = 0.
Hyperbolic equations describe vibrating systems and wave motion and satisfy the property
B?— AC > 0. Elliptic equations describe steady-state phenomena and satisfy the property
B? — AC < 0.

Moreover, one can further simplify the equation (1) by introducing new coordinates,
i.e. characteristics coordinates, see e.g. [8]. When this PDE (1) is written in terms of the
new coordinates, it takes on one of three canonical forms (depending on whether B2 — AC
is positive, zero, or negative respectively). We consider the hyperbolic canonical form.

The linear hyperbolic equation has a variety of applications in the physical and bio-
logical sciences [1, 2, 3, 4, 8, 14, 15, 16]. For example, population dynamics, tides and
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waves, chemical reactors, flame and combustion problems, the linearized theory of tran-
sonic aerodynamics, etc.

We are interested here in the differential invariants of the hyperbolic equation with
respect to the dependent and independent variables by use of the infinitesimal method.
We write it as

Uty + a(t, z)ug + b(t, 2)ug + c(t, x)u =0, (2)

where a, b and ¢ are differentiable functions of ¢ and z.

Lie [10] was the first to classify the general linear second-order PDE in two independent
and one dependent variables. He obtained seven canonical forms according to their sym-
metries and classes of equations. Of these four belonged to the hyperbolic class and three
belonged to the parabolic class (the elliptic equation can be transformed into the hyper-
bolic equation by means of complex transformations [3, 8]). He also developed methods
for their integration. Practical criteria for reduction of parabolic equations to the classical
heat equation are given in [7].

The two semi-invariants h = a;+ab—c and k = b, +ab—c, known as Laplace invariants,
were discovered by Laplace [9] in 1773 for the equation (2) in his fundamental memoir [9]
dedicated to the integration theory of linear PDEs. These two quantities h and k are
unaltered under linear transformations of the dependent variable

u=o(t,x)u, o(t,z) #0, (3)

where o is a twice differentiable arbitrary function.

It was claimed in [5], [6, p. 262] that the Ovsiannikov [12] joint invariants p = k/h
and ¢ = (0,0, Inh)/h (see [5, 6, 12]) form a basis of invariants for the equation (2) under
transformations of dependent and independent variables and the other joint invariants are
functions of p, ¢ and their invariant derivatives. Notwithstanding, the invariants p and ¢
were utilized to classify equation (2) with three non-trivial Lie point symmetries when
p = const and ¢ = 0 or p = const and ¢ = const # 0. In the case where p and ¢ (# 0) are
constants, equation (2) is reducible to the Euler—Poisson equation [13]. We show in this
paper that there are three more third-order joint invariants of equation (2) in addition
to the Ovsiannikov invariants which together form a basis of joint invariants. All other
higher order joint invariants are functions of these via invariant differentiations.

We outline our work in this paper as follows. In Section 2 we deal with the derivation
of the joint invariants by the infinitesimal method under the transformations of dependent
and independent variables. Section 3 focuses on obtaining the operators of invariant
differentiation which can be used to find the invariants of higher orders. In Section 4 we
compare the basis of invariants obtained in the previous Sections 2 and 3 with those of
the Lie canonical forms for the equation (2). Some examples are given in Section 5 to
illustrate our results obtained. Finally, concluding remarks are made in Section 6.

2 Invariants of linear hyperbolic equations

In this section, we derive the joint differential invariants by the infinitesimal method. We
begin this section by stating some preliminaries.
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We recall that an equivalence transformation of equation (2) is an invertible trans-
formation belonging to the class t = ¢(t,z,u), T = @(t,z,u) and @ = (¢, z,u) which
preserves the order of equation (2) as well as the properties of linearity and homogeneity.
In general, though, the transformed equation has new coefficients a, b and €.

It is also a known fact that the set of all equivalence transformations of equation (2) is
an infinite group which consists of the linear transformations of the dependent variable (3)
and invertible transformations on the independent variables:

t= d)(t)’ T = ()O(x)7 ¢ # 0, Px 7£ 0, (4)

where ¢(t) and p(z) are arbitrary functions and u is the new dependent variable. Two
equations of the form (2) are called (locally) equivalent if they can be mapped to each
other by a combination of the equivalence transformations (3)-(4). The semi-invariants
(Laplace invariants) of (2) are combinations of the coefficients a, b and ¢ of (2) that
remain unchanged under the transformations (3) only. The joint differential invariants of
the equation (2) are combinations of the Laplace invariants (h, k) and their derivatives
which are unaltered under the transformations (3)—(4).

We obtain the joint differential invariants of (2) in terms of the Laplace invariants (h, k)
by the infinitesimal method (see [5, 6] for the infinitesimal approach).

Firstly we write the operator in the form

0 0 0 0 0 0
X = gl +§2—+Q v TS g g T g tege

where ¢! = ¢X(t, x,u), €2 = 52(75,337u) and p, v and w are functions of ¢, z, a, b and c¢. We
invoke the determining equation X (uy + auy + buy + cu)|(2) = 0. One easily arrives at

gl = a(t)v §2 = ﬂ((]?), = —afy, v = —bay, W = _(C@t + C/Bx)7 (5)

where the functions «(t) and ((z) are arbitrary.
We now seek a projected generator of the form

0 0 0
X = () et ) ﬁx bat%_(cat‘f’cﬂz)ac"‘ruta—t—i- "o (6)
Here, we utilize the following total differentiations with respect to ¢t and x:
D; = 2 + 0 + 0 + 9 4+.--4+0D 0
Yot "0 T "0, " " B, tob
b bl b el b el
tt b, tr Ay b, Ct e Ctt dey Cte 5~ dca )
D 0 +a 0 +a 0 +a i +---+b g
YT 0w e M oa, T ay *ob
0 0 0 0 0
+ abx+t8bt+ +c8 +c 9e +Ctat+ (7)

We calculate p; by use of the equations (5) and (7) and it is

pir = Dy(p1) — arDy(€1) — agDy(€%) = —ag(oy + Ba).-
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In a similar manner, v, is found as v, = —b;(ay + (). Then, the action of X on the
Laplace invariants yields

Xh=—(ap+ B)h,  Xk=—(oq+ Bk

We look for an infinitesimal generator, by utilising the preceding equations, in the space
of the Laplace invariants h and k:

0 0
X = X(h)% —I—X(k)ak
i.e., the generator
8 0
The infinitesimal test XJ = 0 for the invariants J(h, k) is
oJ oJ
h% + k%

The solution of this PDE gives us the first-order joint differential invariant p = k/h which
is one of Ovsiannikov’s invariants [13] who derived it using another approach.

In order to find the second-order differential invariants, i.e., the invariants of the form
J(h,k, hi, hy, ki, kz), one should prolong the operator (8) once. We have

=HMan Vo T oan, ohy " ok, T ok,

where = —(ay + By)h, v = —(ay + Bz)k, and py, py, v¢ and v, are found via the total
differentiations with respect to t and x presented in (9). The total differentiations are

+ Pt m T Ha

0 0 0 0 0 0 0
D, = . " e
= 8t+htah+htt8h + hy 8h$+ +/€tak+k’ttak + ky 8k$+
0 0 0 0 0 0 0
ax—l-h 8h+h 8hm+ht 6ht+ + kg 8k+k D + k¢ 8]%Jr 9)

with the aid of which we have
pt = Di(—(at + Bz)h)) — heDi(a) — ha Di(5),
—(atth + 20étht + Bxht)
and in an analogous manner we find
Kz = _(athx + ﬁxazh + 2/8:Eh:6)7
vy = —(auk + 2aeks + Brke),
Vg = _(ath + ﬁxxk + 2596]51‘)

Therefore, the once-extended generator of (8) is

0 0 0
X =—(ay + ﬁm)h% — (ou + ﬁm)ka/@ (oueh + 200hy + ﬁmht)aht
0 0
- (athx + 6xmh + 26xhx)8h$ (attk + 200k + ﬁxkt) Ok

0
- (atk:p + ﬂxwk + 2ﬁxkx)a—km
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The equation X J(h,k, hy, hy, ki, k) = 0, upon the equation to zero of the coefficients of
ity Ber, ¢ and [B,, provides the following system of four PDEs:

oJ oJ oJ oJ
[y -
one ok =V oh, Vor,
aJ  dJ aJ oJ oJ oJ
h— +k— +2h hz 2k +k,— =0
R T T R T T
aJ  oJ oJ oJ oJ oJ
— + 2 + 2k,— = 0. 11
"on TV ar T o, T2 g, TR, T2y, =0 1
The solution of this system of PDEs (11) gives rise to
J=a(p,J3),

where @ is an arbitrary function of the Ovsiannikov invariant p and the second-order joint
differential invariant JJ is

(hki — khy)(hky — khy) 1

J21 = 5 = Eptpx-

We further deduce the third-order differential invariants, i.e., those of the form J(h, hy,
By Bty Py Bwass Ky Kty Koy Kty ko, ko) under the twice-extended generator of (8), viz.

X = ua +,Uta +uxi+1/ti+vxa + Htt o — 0
8h 6k Ohy Oh, Ok Ok, Ohyt
0 0 0 0 0
F i gy~ faw gy Vit T Ve g F Ve
where

pee = —(ueeh + 3ouehy + 3aihyy + Behat),

pte = —(uthe + 20ihie + Beaht + 2B:hiz),
paz = —(thee + Brzah + 3Brahs + 3Bihaz),
vie = —(aupek + 3ouiks + 3akys + Boki),
Vie = — (ke + 204k + Beakt + 2B:kiz),
Vig = —(Qtkoy + Broak + 3Bsuke + 3Bukez)

are calculated in a similar way as explained before.

Separation of the terms with Bypz, i, Bra, Qut, oy and [, of the equation X J(h, hy, hy,
hity Pigy Pass ky ke, Ky kit Kz, ko) = 0 results in the system of six PDEs:

oJ oJ oJ oJ
h = k—+h— =
Ok e + Ohygy =0 Ok * Ohy 0,

aJ aJ aJ o7 aJ  8J
e g T g, T3 g T g thg thgs

aJ 0J aJ aJ 8] . aJ
K 3k h 3h Ry 9
ok g, T g Mg TR they =0

oJ oJ oJ oJ oJ
k 8km + 2k, 8]{7t$ + 3ky—— Ok +h s + 2h; O

aJ aJ a.J aJ aJ aJ aJ
2 2 — —
o Bhugy o Ragy o 2k + e 4 2hig o+ o =0,

k

:()7
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oJ oJ oJ oJ oJ
T 7 2 x T N1 2 T a1
3k O + 2k e + k‘ttaktt + 3h Ohe + 2hy D
oJ oJ oJ oJ oJ oJ oJ
h 2k, ki— +2 hy— +k— +h— = 0. 12
F it gy T e g, T gy, T 2he g Fhigp t e gy =0 (12)

The solution of this system of six equations leads to
J = (p, b, I, 02,73, 74,

where ® is an arbitrary function of

P, J21,

Ji= 3 (khm + hkiy — hiky — hoky),

J2 = %(h/% — khy)? (hkhy — h®kye — 3kh} + 3hhiky)

J3 = %(hkt — khy)? (hkhyy — h*kgy — 3kh2 + 3hhyks)

Ji = %(hhm — hihy) (13)

in which h and k are nonzero. In the event that one of them is zero, one can factorize the
equation (2). The joint differential invariant J3 can be written as
JA_ k (0:0zInh) _ p(atax Inh)
5" h  h hoo
Since p and Jj are joint invariants, then ¢ = (9,0, Inh)/h must be a joint invariant. Of
course, joint invariants p and ¢ are known as the Ovsiannikov invariants (see [13]).

3 Basis elements and invariant differentiation operator

In this section, we find the operators of invariant differentiation that enable one to calculate
the joint differential invariants of higher orders for (2).

Recall that an operator X (see [13]) is said to be an operator of invariant differentiation
for a group G if for any differential invariant J of the group G, X(.J) is also a differential
invariant of this group.

Let the operator D be defined by

D = \D; + kDy,

where A and k are differential functions of h, k and their derivatives and D;, D, be given
by (9). The first prolongation of the generator (8), viz. (10), and the formula for the
invariant differentiation operator, viz. X = X +D(£10y 4 £20,) (see [13, p. 316]) result in

~ 0 0 0
X =—(ay + ﬁz)h% — (ou + ﬁm)kak (oueh + 200hy + ﬁmht)aht
0
- (athx + ﬁ:ﬂ:ﬂh + 2ﬁxh ok + 20k + ﬁxkt) ok
t
0 0

D -

- (atk:p + ﬂxwk + Qﬁxk + Aoy

)9
Ok,
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Since the functions o and 8 are arbitrary, upon the equation to zero of the coefficients
of aut, Pra, o and B, in the equation X J(h, hy, hy; k, ki, ky; A, k) = 0 yield the following
system of four PDEs:

0J 0J oJ o0J
h—+k—=0 h k =0
ah ok "om, ok,
0J 0J 0J 0J 0J 0J 0J
o tho t 2+ ha— + 2k + ko — A5 =0,
hah—l-kak—l- htaht-i—h ahx—i- ktakt—i-kakx )\8)\ 0
oJ oJ oJ oJ oJ oJ oJ
kS el v on, 2Tk, T pog, 2 k2 . 1
h6h+k8k+htaht+ hahm—i-ktakt—i- k@kx Arw 0 (15)
Solution of the above equations (15) results in
J=J (p7 J217 01762) 5
where p and J21 are as before and the constants Cy and Cy are
K
Cy = Akh, Cy = ﬁ(hkx — khy). (16)
We have from equations (16) that
hky — khy h?
A= TCS’ k= WCZa (17)

where C3 is a constant. In the cases Co =1, C'3 =0 and Cy = 0, C3 = 1, one obtains two
independent operators of invariant differentiation

_ hk, —kh, 8 h2
Xi=————"72D Xo=——""D,,
! h3 b 27 hk, — kh,

(18)
respectively.

If one uses the operator of invariant differentiation X7 on p, the joint differential inva-
riant J3 is obtained, i.e., X1(p) = J3. Similarly, Xo(p) = 1 is found, i.e., no new invariant
is found. Hence, a basis of joint differential invariants is

{p,a. 73,75, J3}. (19)

Now we are in a position to state the following theorem.

Theorem 1. The basis of invariants (19) of (2) defined by (2) gives a complete set of joint
differential invariants of equation (2). Any other joint differential invariant is a function
of the basic invariants (19) and their invariant derivatives.

The joint differential invariants (19) defined by (2) provide necessary conditions for
local equivalence of two (1 + 1) linear hyperbolic equations of the form (2). The sufficient
conditions are obtained by the construction of the transformations that map two equations
of this type to each other.
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4 Lie canonical forms

Lie [11] showed that a linear second-order hyperbolic equation can be reduced to one
of four canonical forms according to the non-trivial Lie point symmetries it admits. In
this section, we calculate the joint differential invariants obtained in Section 2 for the
Lie canonical forms of the canonical linear hyperbolic equation. This is required for the
applications in the next section.

Recall that in the event of the Laplace invariants h or k being zero, the hyperbolic
equation (2) is factorizable.

Consider the first Lie canonical form

Uz + A(T)uy +u =0, (20)
where A(z) is an arbitrary nonzero function of x. We have the Laplace invariants h = —1
and k = A’ — 1. Then the corresponding joint invariants are

p=1-4A', ¢=0, J3=0, J§=0, J3=0,

provided A’ # 1. Any hyperbolic equation of the form (2) having the above differential
invariants is reducible to the equation (20).
The second Lie canonical form is given by

Uty + Q(t — x)ugy + Z(t — x)u =0, (21)

where Q and Z are arbitrary functions of their arguments. It has the Laplace invariants
h=—-Zand k = —(Q' + Z). The basic invariants of (21) are

1"

Q/ 7 (Z/)2 (ln Z)//

p=— + c+1, 1= 73 73 7
1 7 A "o 7 " " (h’l Z)//
J= =75 22Q" +2(2) - Q2" 222" - 2Q ]:2(c+1) o

J2 =0, J3 =0,

where Z # 0 and Q'/Z = ¢ = const (# —1). Any equation of the form (2) is transformable
into the equation (21), if it has the same differential invariants as above.
Now consider the third Lie canonical form

Uy + AUy +u =0, (22)

where A is an arbitrary constant. The equation (22) has the Laplace invariants h = —1,
k = A — 1 and the basic invariants of (22) are

p=1-—A4, q=0, J3 =0, J2 =0, J3 =0,

where A # 1.
The fourth Lie canonical form is
A B s (23)
u u u =
tx t— T (t — l‘)2 )
where A and B are arbitrary constants. The Laplace invariants are h = —B/(t — x)? and
k= (A — B)/(t — z)?. The basic joint invariants for this equation (23) are
A 2 1 4 2 3
p:].*E, qIE, J3:*§(A*B), J3:0, J3=0,

where B # 0 or A # B.
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5 Applications
Some examples are given to illustrate the results obtained in Section 3.

Example 1. Consider the telegrapher’s equation [16]

Upw + %(Ut +ug) =0, A = const # 0. (24)

This equation governs the propagation of signals on telegraph lines and is of dissipative
type. Equation (24) has Laplace invariants h = M\?/4 = k and the joint differential
invariants (19) are

Hence, equation (24) is transformable into the third canonical form (22)

+u=0, A=0,

U

g

by means of the transformation

A A

t=>t T = i = /\(t+ )
=3b T = 23:, U = U exp 5 z) .

Example 2. We now consider another equation [4]:

Utz + (ug —ugz) =0, [ #0,—1 (25)

t—x
which has the Laplace invariants h = —I(l + 1)/(t — )% = k. Its invariants (19) are

2 4
p=L =y BT gy B

Thus, equation (25) is reducible to the fourth canonical form (23)

B

MG

i =0,

g

provided A =0 and B = (I + 1), by the equivalence transformation
t=t, I =z, a=ut—z)""

Example 3. Finally, consider
Uty + (. + 2)up + zuy +u =10 (26)

which has the Laplace invariants h = 22 4+ 22 — 1, k = 2% + 22 and invariants (19)

x? + 2z 1

= = =0 Ji=0 J? =0 J3=0.
p x2+2x_17 q ) 3 ) 3 ) 3
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Comparison of the invariants of the first canonical form (20) with those of (26) and the
use of the rules of derivatives D, = ¢(t)D;, D, = ¢'(x)Dz give
3

A(z) = —x, o(z) = % + 2% — .

Moreover,

2
o(t) = —t, o(t,z) = exp {% + 2:5} .
Thus, equation (26) is reducible to the first canonical form (20)
gy + A(Z)uz +u =0
by means of the transformation

B g8 ) ) 22
t = —t, a::§—|—1‘ —x, U = U exp ?—G—Z’E .

6 Concluding remarks

We have derived the complete set of joint differential invariants for the scalar linear hy-
perbolic equation of the form (2) upto third order by the infinitesimal method. This
completes the Ovsiannikov invariants obtained in [12, 13]. In fact, we have found a basis
of joint differential invariants for equation (2). The operators of invariant differentiation
were obtained that enable one to find the joint differential invariants of higher orders for
hyperbolic equations (2). Other invariants of (2) are functions of the basic invariants and
their invariant derivatives. Finally, some examples were given to illustrate our results.
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