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ON INVARIANTS OF CONTINUOUS SUBGROUPS OF THE
GENERALIZED POINCARE GROUP P(1,4)

BY V. FEDORCHUK

Abstract. For all continuous subgroups of the group P(1,4) the invariants
in the five-dimensional Minkowski space M(1,4) have been constructed.
The obtained invariants are one-, two-, three and four-dimensional.

Based on the obtained invariants, the nonsingular manifolds in the spaces
M(1,3)x R(u) and M (1,4) x R(u), invariant under nonconjugate subgroups
of the group P(1,4), have been described.

The invariant manifolds have been used for the symmetry reduction of some
important equations of theoretical physics in the spaces M (1,4) X R(u) and
M(1,3) x R(u).

Introduction. The knowledge of the nonconjugate subgroups of the local
Lie groups of point transformations and construction of the invariants of these
subgroups in explicit form is important in solving numerous problems of math-
ematics. In particular, in mathematical physics the subgroup structure of the
invariance groups of partial differential equations (PDEs) and the invariants
of these subgroups allow us to solve many problems. Let me mention some of
them.

1. The symmetry reduction of PDEs to differential equations with fewer inde-
pendent variables (see, for example, [1, 2}, 3]).

2. The construction of systems of coordinates in which the linear PDEs which
are invariant under given groups admit partial or full separation of variables
[4], 5].

The development of theoretical and mathematical physics has required vari-
ous extensions of four-dimensional Minkowski space and, correspondingly, var-
ious extensions of the Poincaré group P(1,3). One extension of the group
P(1,3) is the generalized Poincaré group P(1,4). The group P(1,4) is a group
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of rotations and translations of five-dimensional Minkowski space M (1,4). This
group has many applications in theoretical and mathematical physics [6], [7].

The purpose of the present paper is to give a survey of results obtained in
[8]-[17] as well as of some new results.

1. The subgroup structure of the group P(1,4). The Lie algebra of
the group P(1,4) is given by the 15 basis elements M, = —M,, (u,v =
0,1,2,3,4) and P/i (b =0,1,2,3,4), satisfying the commutation relations

[P,LIUP//] =0, [M/ P,} :glel/,—gl,UP;“

puvr o

[M;lwa M;/;a] = gupMLa + gVaM,Qp - gupM;/w - g,U«O'ML/N
where goo = —g11 = —go2 = —¢g33 = —gaa = 1, g = 0, if pu # v. Here, and in
what follows, M), = iM,,,.

For this Lie algebra, we choose the following representation in the space
M(1,4):

0 0 0 0
Pl=2—, Pl=—7—, Pl=—-2—, Pi=--—
0 8.%() ’ ! 8%1 ’ 2 al‘z ’ 3 8.733 ’
=2 = — (z, P, — 2, P)) .
4 81’47 nv Kt v 1

In the following we will use new basis elements

Pa:Méia_ C/LO7 Ca:Méia—i_M(;O? (a: 17273)7

XOZ%(Pg—Pg), X, =P, (k=1,23), X4:%(P6+P4).

In order to study the subgroup structure of the group P(1,4) we used the
method proposed in [18]. Continuous subgroups of the group P(1,4) have been
found in [8]-[10].

One of the nontrivial consequences of the description of subalgebras of the
Lie algebra of the group P(1,4) is that the Lie algebra of the group P(1,4)
contains, as subalgebras, the Lie algebra of the Poincaré group P(1,3) and the
Lie algebra of the extended Galilei group G(1,3) [7], i.e. it naturally unites the
Lie algebras of the symmetry groups of relativistic and nonrelativistic quantum
mechanics.
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2. The invariants of the continuous subgroups of the group P(1,4).
In this paragraph we say something about the invariants of subgroups of the
group P(1,4). For all continuous subgroups of the group P(1,4), we have con-
structed the invariants in the five-dimensional Minkowski space. Some of these
invariants have been presented in [11, 12]. Among the invariants obtained,
there are one-, two-, three- and four-dimensional ones.

PROPOSITION 1. In the space M(1,4) the nonconjugate subgroups of the
group P(1,4) have jointly 38 one-dimensional invariants.

Some examples

1. <G, L3,P1,P2,X3> W= (wi +x% +.’L‘% — 1‘%)1/2;

2. (G4 a3Xs, P, Py, X1, X2, X4, (a3 #0)) : w = In(xo + x4) — s,

3. (G4 aXs, L3, X0, X1, X2, (a #0)) : w=In(xg — x4) + —;

4. (Pr+ paXo 4 p3 X3, P+ X4 — Xo, X1, X4, (p2 > 0)) :
(zo + 24)*
2 )
PROPOSITION 2. The nonconjugate subgroups of the group P(1,4) have 111
two-dimensional invariants.

W = U3Tg — (T3 + {43

Some examples

1/2 1/2
1 (G, L1, Lo, Lg) - w1 = (22 + 23 +23)"%, wy = (a3 — 23) /%

1
2. (L3 +dG, P3, X3, X4(d > 0)) : w = arcsin 2 — —In(zo + z4),
22 +a3 d
1/2
wp = (a} +23)"%;
3. (L3, P1, P2, X3) : w1 = x9 + 74, wo = x% + m% — 2(xo + x4)x0;

4. <P1 +vXs+ Xy, L +7vX3, P+ Xo + 5X3('y > O)) w1 = T + T4,
Y1 0o n
wy = Z3;
? To+x4  x0+T4—1 ’

PROPOSITION 3. The nonconjugate subgroups of the group P(1,4) have 8/
three-dimensional invariants.

Some examples

. ) 1 o
1. (Ls+eG, X3(e > 0)) : w; =arcsin ——— — —arch ——,
< =0 R AN

2 2\1/2

)1/27 wy = (xg — 1)

wo = (:1:% —Hz:%
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)1/2

I

2. (Lg+cG —aXs3, X4(c>0,a#0)) : w; = (x% + a2
A

T3 . 2
W = — + arcsin ————,
Q \/x%+x%
3. <P3 + L3 + a(X4 — Xo),X4(Oé 7A 0)> Tw = (l’% + {L‘%
Wy = Tot T4 arcsin ——2— w3 = axz + = (20 + 24)?%;
o Va2 + a2 2 ’
4. (Py+ X3, Po + X2 + BX3(8,7 > 0)) : w1 = w0 + 24,
71 Bxo
W2 = + + 3,
To+Ta Xo+Ta—7
(e — a3 —a3)
o + X4

c
w3 = a3 + In(zg + 24);

)1/2

)

wy =} + 23 + 25 — 2% +
PROPOSITION 4. The nonconjugate subgroups of the group P(1,4) have 28

four-dimensional invariants.

Some examples
1. (P3+ C3+eLs+ soXo(e,s0#0)) : w1 = (m% + x%)l/Q,
2

w eac arcsin _n w 2 + x2 Sox
2 = — &40 — y W3 = Ay 37 4§ 43
50 Vi + x3 2
133*80/4 4

— —Xo;
V(w3 —s0/4)2 + a1 S0
2. (P3+ X1) : wi = &2, wo = X + T4, w3 = (To + 24)T1 + 23,

wy = (o — 2§ — 23)/*;

w4 = arcsin

1/2
3. (L + Xo) : w1 = x3, wy = Tp — T4, w3 = (a:%Jr:L“%) /
T .
V4 a:% + l‘% ’
4. <P3 + Xo + th(h #* O)> Wl = T2, Wy = X1 + h(l‘o + .7}4),
1 2 1 3
w3 = §($0 +74)% — 23, Wy = g(xo +x4)° — w3(w0 + 74) + 5(% — T4);

These propositions have been proved with use of the group-analysis meth-
ods.

In the following we will consider the application of the subgroup structure
of the group P(1,4) and the invariants of these subgroups for construction of
nonsingular manifolds which are invariant under the group P(1,4) or under its
continuous subgroups.

)

Wy =9 — 5 arcsin

3. The nonsingular invariant manifolds in the space M(1,4)x R(u).
In the space M(1,4) x R(u), the nonsingular manifolds which are invariant
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under the continuous subgroups of the group P(1,4) can be written in the
following form:

F (wi(z),...,wg(z),u(x)) =0,

where wi(x),...,wi(z), u(z),(k =1,2,3,4) are invariants of these subgroups
and F is an arbitrary smooth function.

Since the invariants of the continuous subgroups of the group P(1,4) have
already been constructed, the corresponding invariant manifolds have also been
described.

The manifolds obtained provide us with the ansatzes which reduce those
PDEs in the space M(1,4) x R(u) which are invariant under the group P(1,4)
or under continuous subgroups of this group to differential equations with k
independent variables wi (), ...,wx(x)(k = 1,2,3,4).

4. The nonsingular invariant manifolds in the space M (1, 3) x R(u).
In the space M(1,3) x R(u), the nonsingular manifolds which are invariant
under the nonconjugate subgroups of the group P(1,4) can be written in the
form:

F(wi(z,u),...,wp(z,u)) =0,

where wi(z,u),...,wp(z,u), (k = 1,2,3,4), are invariants of these subgroups
and F is an arbitrary smooth function.

Since the invariants of the continuous subgroups of the group P(1,4) in
the space M(1,3) x R(u) have already been found, the considered invari-
ant manifolds have also been constructed. These manifolds play an impor-
tant role in studying the symmetry reduction of differential equations in the
space M(1,3) x R(u) which are invariant under the group P(1,4) or under
its continuous subgroups. The manifolds considered give us ansatzes which
reduce these equations to differential equations with k-1 independent variables
wi(z,u), ... ,wi(z,u)(k=1,2,3,4).

5. Differential equations in the space M (1,4) x R(u). Let us consider
some applications of the invariants of the continuous subgroups of the group
P(1,4) as well as the nonsingular invariant manifolds in the space M(1,4) x
R(u) to the study of some important equations of theoretical physics.

Below, we present some of the results obtained.

5.1. The nonlinear five-dimensional wave equation. Let us consider the
equation

1 gu_duw dw gu U
(5:1) Ox3 Oz 0x3 02} 023 Fu),

where u = u(z), = (29, x1, x2, 3, x4) and F is a sufficiently smooth function.
The invariance group of the equation (5.1)) is the generalized Poincaré group
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P(1,4). Using the invariants of subgroups of the group P(1,4) we have con-
structed ansatzes which reduce the investigated equation to differential equa-
tions with fewer independent variables. The corresponding symmetry reduction
has been done. We have obtained one-, two-, three- and four- dimensional re-
duced equations. Taking into account the solutions of the reduced equations,
some classes of exact solutions of the investigated equation have been found.
The majority of these results have been published in [1I]-[13].

5.2. The linear five-dimensional wave equation. Let us consider the equa-
tion

(5.2) Ou = —r2u,
where

ox3 0z Ox3 0OxF 0Ox%
u(z) = u(wg, 1,29, 23,24) is a scalar C? function and k = const. Equation
is invariant under the group P(1,4). Using the four-dimensional Abelian
subalgebras of the Lie algebra of the group P(1,4) and their invariants, we have
achieved full separations of variables in the considered equation. Using three-,
two- and one-dimensional Abelian subalgebras of the considered Lie algebra
and their invariants, we have achieved partial separations of variables. As a
result of partial (or full) separation of variables, we have obtained PDEs with
fewer independent variables (or ordinary differential equations (ODEs)) which
replace the original equation. Some exact solutions of the five-dimensional wave
equation have been constructed. More details about these results can be found
in [14].
5.3. The Dirac equation in M(1,4). Let us consider the equation

(5.3) (% P" = m) v(@) =0,

0
where x = (zg, x1, T2, T3, 24), P = ia—, k=0,1,2,3,4; v are (4 x 4) — Dirac
Lk

matrices.

The equation is invariant under the group P(1,4). Following [19), 20]
and using the subgroup structure of the group P(1,4) as well as the invariants
of these subgroups, the ansatzes which reduce the equation to systems of
differential equations with a fewer number of independent variables were con-
structed. The corresponding symmetry reduction has been done. Among these
systems of reduced equations, there are one-, two-, three- and four-dimensional
ones. In order to obtain these results we have used one-, two-, three- and four-
dimensional Abelian subalgebras of the considered Lie algebra as well as the
invariants of these subalgebras. Let me note that in the study of this equation
we have also used some non-Abelian subalgebras of the Lie algebra of the group
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P(1,4) and the invariants of these subalgebras. Some of the results obtained
were presented in [15].

6. Differential equations in the space M (1,3) x R(u). Now, we begin
to use the invariants of the continuous subgroups of the group P(1,4) as well as
the nonsingular invariant manifolds in the space M (1,3) x R(u) to investigate
some equations in the space M (1,3) x R(u) important for theoretical physics.
Below we present some of the results received.

6.1. The FEikonal equation. We consider the equation

(6.1) wfuy, = (ug)? — (u1)” — (u2)® — (ug)? =1,
ou

where u = wu(z), © = (2o, 21,22,23) € M(1,3), u, = P ut = ghvu,,
Ly

v =0,1,2,3.

From the results of [19] it follows that the symmetry group of equation
contains the group P(1,4) as a subgroup. Using the subgroup structure
of the group P(1,4) and the invariants of its subgroups we have constructed
ansatzes which reduce the investigated equation to differential equations with
fewer independent variables, and the corresponding symmetry reduction has
been carried out. We have obtained one-, two- and three-dimensional reduced
equations. Among the reduced equations there are also linear ODEs. Having
solved some of the reduced equations, we have found classes of exact solutions
of the investigated equation. Some of these results were given in |11, 12, [16].

6.2. The Fuler-Lagrange-Born-Infeld equation. Let us consider the equa-
tion

(6.2) Ou (1 — wpyu”) + v uuy, =0,
ou 0%*u

where u = u(z),z = (zo,x1,22,23) € M(1,3), u, = vk Upy = pTE
u = g"uy, g = (1,-1,-1,-1)0,, p,v = 0,1,2,3, O is the d’Alembert

operator.

The symmetry group [19] of equation contains the group P(1,4) as
a subgroup. Based on the subgroup structure of the group P(1,4) and the
invariants of its subgroups, the symmetry reduction of the investigated equation
to differential equations with a fewer number of independent variables has been
done. We have obtained one-, two- and three-dimensional reduced equations.
In numerous cases the reduced equations are linear ODEs. Taking into account
the solutions of the reduced equations, we have found multiparameter families of
exact solutions of the considered equation. It should be noted that among these
solutions there are ones which contain arbitrary smooth functions of invariants
of subgroups of the group P(1,4). Some of these results can be found in [16].
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6.3. The multidimensional homogeneous Monge-Ampére equation. Let us
consider the equation

(6.3) det (uuw) =0,
wh = u(z) = ( ) € M(1,3) _ O
ere u = ulxr xr = X0, 21,22, T u = —
) 0, 41,42,4L3 19/ uv 8$H3:E1,7
w,v=20,1,2,3.

The symmetry group of equation was found in [19].

We have achieved the symmetry reduction of the investigated equation
to differential equations with fewer independent variables, using the subgroup
structure of the group P(1,4) and the invariants of its subgroups. We have
received one-, two-, and three-dimensional reduced equations. Among the re-
duced equations there are linear ODEs. Having solved some of the reduced
equations, we have obtained classes of exact solutions of the investigated equa-
tion. These classes contain the solutions with arbitrary smooth functions of
invariants of subgroups of the group P(1,4). Some of these results are pre-
sented in [16].

6.4. The multidimensional inhomogeneous Monge-Ampére equation. Let us
consider the equation

(6.4) det (1) = A (1 —uu’)®, N#0,
here u = u(x), v = (o, 21,22, 23) € M(1,3), uy = O u” Yo
W = = = — =
) 0,41, 42,4L3 y9)y Wuy axuawya g o
ou
U = —, 9w = (1,—1, -1, =1)0pp, pt, v, =0,1,2,3.

ox

Equaation is invariant [19] under the group P(1,4).

We have constructed ansatzes which reduce the investigated equation to
differential equations with a fewer number of independent variables, using the
subgroup structure of the group P(1,4) and the invariants of its subgroups.
The corresponding symmetry reduction has been done. We have found one-,
two-, and three-dimensional reduced equations. Some classes of exact solutions
of the considered equation have been found. The majority of these results are
published in [17].
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