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Abstract

It is well-known that symmetry properties are extremely important for choosing dif-
ferential equations which can be suitable for description of real physical processes.

We present functional bases of second-order differential invariants for various repre-
sentations of some extensions of the Poincaré group and for a set of m scalar functions
(e.g., for similarity and conformal groups). These results enable us to describe new
classes of nonlinear multi-dimensional invariant equations and to simplify the problem
of symmetry classification of second-order scalar partial differential equations.

0 Introduction

The concept of invariant is widely used in various domains of mathematics. In this pa-
per we investigate differential invariants within the framework of symmetry analysis of
differential equations.

Differential invariants and construction of invariant equations were considered by S.
Lie [1] and his followers [2, 3]. Tresse [2] proved the theorem on existence and finiteness
of a functional basis of differential invariants. However, there exist few papers devoted
to construction of differential invariants for specific groups involved in mechanics and
mathematical physics in explicit form.

Knowledge of differential invariants of a certain algebra or group facilitates classifi-
cation of equations invariant with respect to this algebra or group. There are also some
general methods for investigation of differential equations which need the explicit form of
differential invariants for symmetry groups of these equations” (see, e.g., [3, 4]).

A brief review of our investigation of second-order differential invariants for the Poincaré
and Galilei groups is given in [5, 6]. Our results on functional bases of differential invari-
ants are founded on Lemma about functionally independent invariants for the proper
orthogonal group and for two n-dimensional symmetric tensors of order 2 [7].

We should like to stress that we consider functionally independent invariants of tensors
but not irreducible ones, as in the classical theory of invariants.

Bases of irreducible invariants for the group O(3) and three-dimensional symmetric
tensors and vectors are adduced in [8].

DEFINITION 1. A maximal set of functionally independent invariants of order r <[
of the Lie algebra L is called a functional basis of the [ th-order differential invariants for
the algebra L.
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We consider invariants of order 1 and 2, and we need the first and second prolongations
of the operator

X = €04, + 1 Our (1)
(see, e.g., [9-12])

1 . 2 1 ,

X =X+n0ur, X = X + 10,
the coeflicients n; and 7;; taking the form

77; = (aﬂﬁi + UfauS)Ur - u};(azz + ufaus)fk,

My = (O +ujOus + uj,ﬁuz)nf — (O, + ujaus)gk.

While writing out lists of invariants, we shall use the following designations

_ Ou _ %
Ya =9z, “ab = r0xp

Sk(uab) = Ualaguazag e uak_lakuakap
Sjk(uab) Uab) = Uaras *** uajflajvajajJrl T Uak(ha

Rk(uaa uab) = ualuakualaguagag s Uay_qap-

Here and further we mean summation over repeated indices from 1 to n. In all lists of
invariants, k takes values from 2 to n and j takes values from 0 to k. We shall not discern
upper and lower indices with respect to summation: for all Latin indices

_ _ 2 2 2
Talqg = Tqx® = 2%, = a7 + 25+ - + 25,

When we calculate second prolongations with the usual Lie technique (see e.g. [9]),
we imply that action of an operator of the form X9, ,, where X are some functions,
is as follows:

Xabauab (ucducd) = 2Xabuab§ auabucd = 0acObd-

With this assumption, 9, ,up, =0, a # b.

1 Differential Invariants for the Euclid Algebra

We consider the Euclid algebra AE(n) defined by the basis operators
0

0a Bz,

Jab = a0 — TpO,. (3)

Here and further, the letters a, b, c,d, when used as indices, take values from 1 to n, n
being the number of space variables (n > 3).

The algebra AF(n) is an invariance algebra for a wide class of multi-dimensional scalar
equations involved in mathematical physics — the Schrodinger, heat, d’Alembert equations,
etc.
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In this section we shall explain in detail how to construct a functional basis of second-
order differential invariants for the algebra AFE(n). This basis will be used further to find
invariant bases for various algebras containing the Euclid algebra as a subalgebra.

1.1 MAIN RESULTS

THEOREM 1. There is a functional basis of second-order differential invariants for the
Euclid algebra AE(n) with the basis operators (3) for a scalar function u = u(xy, ..., Ty)
consisting of these 2n + 1 invariants

u, Sk (uab)y Rk(uaa uab)' (4)

THEOREM 2. Second-order differential invariants of the algebra AE(n) (1.1) for a
set of scalar functions u”, r = 1,...,m, can be represented as functions of the following
exTPTeSSIONS:

ur) Sjk<u(11b7 qu)? Rk(uga utlzb)' (5)
Proofs of these theorems can be found in [7].

1.2 BASES OF INVARIANTS FOR THE EXTENDED EUCLID ALGEBRA
AND CONFORMAL ALGEBRA

The extended Euclid algebra AE;(n) for one scalar function is defined by the basis oper-
ators Oy, Jup (3) and D depending on a parameter \:

0
D = 2404 + Audy u— 5 |-
Tala + Aud (a 8u> (6)
The basis of the conformal algebra AC(n) consists of the operators d,, Jup (3), D (6)
and

K, = 2x,D — zp1,0,. (7)

THEOREM 3. There is a functional basis for the extended Fuclid algebra that has the
following form
(1) when X\ #0:

Ry (ua, Uap) Sk(tap) . 8
=2/ +1 =2/ (8)
(2) when A = 0:
Ry (ua, tap) Sk(tap)
u, k#1); 9
() (ton)F (k#1) 9)

a functional basis for the conformal algebra has the following form:
(1) when X # 0:

Sk(Oap)uF A=), (10)
(2) when A = 0:
u, Sk(wab)(uaua)fﬂC (k #mn), (11)
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where

Oap = Augp + (1 - A)% - 5abu2€§jc;

(12)

)
Wah = UcUc (uab + ) ﬁbn udd) - Uc(uaubc + Ubuac)a

dap being the Kronecker symbol.
Proofs of Theorem 3 and all theorems below can be performed using the standard Lie
algorithm [9, 10].

DEFINITION 2. Tensors 6, and 0, of order 1 and 2 are called covariant with respect
to some algebra L = (Jy, X;) if

Xz‘ea = U;beb + 07;9(1,
(13)
Xibay = pocbeh + ppelac + p'Oab;

X, are operators of the form (1), p’, o' are some functions, o’,, pi, are some skew-
symmetric tensors.

It is easy to show that the expressions Sk(0up), Ri(6a, bap), where 6,6, are tensors
covariant with respect to the algebra L, are relative invariants of this algebra.

The fact that 6, and wy, (12) are covariant with respect to the conformal algebra
AC(n) can be verified by direct substitution of these tensors into the invariance conditions

2 2
for the operators D and K.
Note 1. When X # 0, covariant tensors exist for AC(n) of order 2 only; when A\ = 0,

the tensors wg, (12) and u, are conformally covariant but Sk(wg,) and Ry (uq, wep) are
dependent.

THEOREM 4. Second-order differential invariants for a vector function u = (ul,..u™)
and for the algebra AE1(n) = (04, Jap, D), the operator D having the form
D = 2,0, + A" Oyr (14)

with summation over r from 1 to m, can be represented as functions of the following
exXPTeSSIonS:
(1) when X # 0:

ful (7“ -9 m) Sjk(u}zwugb) Rk(ugvuclub) .
ul v T R/ T (L) R-2/0) 4
(2) when A = 0:

r 1

u, Rk(ugvutlzb) : (uaa)_ka Sjk(uibvugb) : (uzlza,)_k

(when r =1 then k # 1);
the corresponding basis for the conformal algebra AC(n) = (04, Jab, D, K4), where

Ka = 2an — xbxbﬁa

has the following form:
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(1) when X # 0:
u” _1)—
SO Oa) () P EAD, =2 Ry o Oap) (W) EATDTL (e =2, ), (15)

(2) when A = 0:
UT(T =1,.., m)7 (Utliuil)_Qijk(wéw wgb)v (ucllutli)_2kRk(u£a wéb) (’I“ =2,.., m) (16)

(for the set of invariants (ubul) =Sy (wa), k does not take the value n); the tensors
0, wly are constructed similarly to (13) and

1.3 DIFFERENTIAL INVARIANTS OF THE ROTATION ALGEBRA

The rotation algebra is defined by basis operators Jg; (3).
Second-order invariants of this algebra for m scalar functions u” are constructed with

Za,u", Uy, Wy similarly to invariants of the Euclid algebra.

THEOREM 5. There is a functional basis of second-order differential invariants for
the algebra AO(n) that has the form

u', Sjk(uélw qu)a Rk(uza Uéb)v Ry (wq, uéb); r=1,..,m;
the corresponding basis of invariants for the algebra (Jup, D), where D is defined by (14),
consists of the expressions

T

E (7":2,...,7’)’1,),

Sjk‘(uéb’ Ugp)
(ul)R(1-2/A)

Ry (g ugy) - (u!)PHA1E,

Ri(a, ugy) - (u')AE=2 k5L when A # 0;
u”, Ry (g, ugy) - (tgq) ™,

Sin(ups i) - (uge) ™ (k# 1 when r=1),
Ri(zq,uly) - (ul, )" when A = 0.

A basis of invariants for the algebra (Ju, D, K,), when X\ # 0, consists of the expressions
(15) and

Rk(xaa Hcllb)
22(u)) k=D (-2/3)

when A\ = 0, it consists of the expressions (16) and

Rk(%a wlb) 2
Syt 7
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2 Differential Invariants of the Poincaré
and Conformal Algebra

In this section we consider differential invariants of the second order for a set of m scalar
functions

u" =u"(xg, X1, ey Tn), n > 3.

The Poincaré algebra AP(1,n) is defined by the basis operators

by = g2
: " 0w, (17)

J;w = TuPv — TuPy,

where u, v take values 0,1, ..., n; summation is implied over repeated indices (if they are
small Greek letters) in the following way:

x,,ml,Ea:yx’jzaf”x,,:xg—af%—-w—x%,

(18)
g = diag (1,—-1,...,—1).
We consider x,, and z¥ equivalent with respect to summation not to mix signs of

derivatives and numbers of functions.
Quasilinear second-order invariants of the Poincaré algebra were described in [13].

THEOREM 6. There is a functional basis of second-order differential invariants of the
Poincaré algebra AP(1,n) for a set of m scalar functions u” consisting of

1
m(2n +3) + (m — 1)n(n2+)
mvariants
UT: Rk(u:u u}u/)? Sjk(u;ru/’ u/lu/)

In this section, everywhere k=1,...n+1; j=0,. .k r=1,..,m.
For the extended Poincaré algebra AP(1,n) = (py, Juw, D), where

D = zup, + A" pyr (19)

(pur = 1(0/0u”), summation over r from 1 to m is implied ) the corresponding basis has
the following form:
(1) when X\ =0:

u” Sty ) - (Uga)

(2) when X\ # 0:

)

u” o )
u Sjk(uzy,uiy)(ul>2k/A k=1 Rk(uz,u,ﬂy)(ul)k(” 1)

where Sji, Ry, are defined similarly to (2) and summation over small Greek indices is of
the type (18).



192 I. YEHORCHENKO

For the conformal algebra AC(1,n) = (pu, Ju, D, K,), where
K, =2x,D —x,2,p,
(D being the dilation operator (19)), the corresponding basis consists of the expressions
1 1yk(2/2—1 u’ 1 1yk(2/A—1)—1.
Sjk(gfuew/) ’ (’LL ) @/ )’ J? Rk(G;;?HuV) ’ (u ) @/ ) )

when X\ # 0; r = 2,...,m, there is no summation over r; conformally covariant tensors
have the form

r 1
g = Y
12 u u17
T,,T T,T
ul U UBU
ro_ r pv 8
0 = Aup,+ 1 =NLr = g7

When X\ = 0, the corresponding basis of invariants for the conformal algebra has the
form

u', o Sig(wl,, wh,) - (uhud) 2,
Ry (u),,w),) - (wpul)' 2%, r=2,.. m;

the tensors (wy,,,),

wy,, = Ug Uy, (ufw - 1gﬁynugﬁ) — u%(uzugu + uZugM)

are conformally invariant (there is no summation over ).

Similarly to the results of Section 1.4, it is possible to construct invariants of the
algebras (Jy), (Ju, D), (Juw, D, K,).

The obtained results allow us to construct new nonlinear multi-dimensional equations,
e.g., the equation

U U
ﬁuw — U Uy Uy = (u,,ul,)zF(u),

where F' is an arbitrary function, is invariant under the algebra AC(1,n), A = 0.
There is another quasi-linear relativistic equation with rich symmetry properties

(1 = uaua) Uy — UatyUau = 0,

that is the Born—Infeld equation. Symmetry and solutions of this equation were investi-
gated in [11,14]. This equation is invariant under the algebra AP(1,n + 1) with the basis
operators

JAB = xAPB — TBPA, A B=1,...n+1; zp41 =u.
Let us consider a class of equations

Uy = F (W, Uyt Uy, Uy, ).
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It is evident that they are invariant with respect to the Poincaré algebra AP(1,n) but a
straightforward search for conformally invariant equations from this class with the stan-
dard Lie technique requires a lot of cumbersome calculations. Using of differential invari-
ants turns this problem into one of elementary algebra, e.g., if X\ # 0,

1
F—upuy, = —<S2(0) + u2(1—2/A)¢(51(gw)uz/,\—1)

A
where 6, is of the form (1.24) and ¢ is an arbitrary function. Whence
F = u2(1_2/’\)¢ (uz/,\—1 (uW A 4): n uauua>) _
2(1l — « 21, U Uqy
XQ%?()P + n2)<u0éua)2 - ( 2\ )uuuuupy + “'l)t\u —.

It is useful to note that besides traces of matrix powers (3), one can utilize all possible
invariants of covariant tensors 6y, wy,, to construct conformally invariant equations.

3 Differential Invariants of an Infinite-Dimensional
Algebra

It is well-known that the simplest first-order relativistic equation — the eikonal or Hamilton
equation

is invariant under the infinite-dimensional algebra AP>(1,n) generated by the operators
[11, 15]

X = V"xy, + a")0u + 10, (21)

—b* = b¥F a*, n being arbitrary differentiable functions of u. Equation (20) is widely
used in geometrical optics.

In this section, we describe a class of second-order equations invariant under the algebra
(21).

It is easy to show that the tensors

Up
0# (Uaua)l /27
Uy UBUZ + UBRULUY — URUSZ, Uy — UGUG Uy
(uaua)3/2

are covariant under the algebra AP>(1,n) (21).
THEOREM 7. The equations of the form

(22)

0,

Sk0uw) =0, k=12 .., (23)

Sk being defined as (2), are invariant with respect to the algebra AP (1,n) (21).

The problem of description of all such equations is more difficult and we do not consider
it here.

Convolutions of the form

R0y, 0p)
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appear to be functionally dependent on the above.
Let us investigate in more detail a quasi-linear second-order equation of the form

Up Uy Uy — Uy UpUaUa = 0. (24)

THEOREM 8. When n > 2, Equation (24) is invariant with respect to the algebra
AP>(1,n) with generators of the form

X +d(u)z,py,

X is of the form (21), d(u) is an arbitrary function of u.
Let us present another example of the AP*°(1,n)-invariant equation:

Uy Uy - URUZ — 2Uy UGy Uy UG — (Du)2ugug =0.

4 Conclusion

It is well-known that a mathematical model of physical or some other phenomenon must
obey one of the relativity principles of Galilei or Poincaré. Speaking the language of
mathematics, we can say that it means that equations of the model must be invariant
under the Galilei or the Poincaré groups. Having bases of differential invariants for these
groups (or for the corresponding algebras), we can describe all invariant scalar equations,
or sort the invariant ones out of a set of equations.

Construction of differential invariants for vector and spinor fields presents more compli-
cated problems. First-order invariants for a four-dimensional vector potential were found
in [16]. The cases of spinor and multi-dimensional vector Poincaré-invariant equations
and corresponding bases of invariants are still to be investigated.
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