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FIRST-ORDER DIFFERENTIAL INVARIANTS OF THE
SPLITTING SUBGROUPS OF THE POINCARE GROUP P(1,4)

BY V.M. FEDORCHUK AND V.I. FEDORCHUK

Abstract. The functional bases of the first-order differential invariants
for the splitting subgroups of the Poincaré group P(1,4) are constructed.
Some of the results obtained are presented.

The differential invariants of Lie groups of point transformations play an
important role in geometry (see, for example, [14]), group analysis of differen-
tial equations (see, for example, [12,14,15]), etc. In particular, with the help
of these invariants we can construct differential equations with non-trivial sym-
metry groups. Differential invariants have been studied in many works (see, for
example, [8,9,11-15,17-19]). The present paper is devoted to the construc-
tion of functional bases of the first-order differential invariants for the splitting
subgroups of the generalized Poincaré group P(1,4). The group P(1,4) is the
group of rotations and translations of the five-dimensional Minkowski space
M(1,4). This group has many applications in theoretical and mathematical
physics (see, for example, [5,7,10]). In order to present some of the results
obtained, we consider the Lie algebra of the group P(1,4).

1. The Lie algebra of the group P(1,4) and its non-conjugate
subalgebras.

The Lie algebra of the group P(1,4) is given by the 15 basis elements
My, = =My, (p,v = 0,1,2,3,4) and P, (p = 0,1,2,3,4), satisfying the
commutation relations

[P, Pl =0, (M, P| = 9uo P, — gvo P},

pvr o

[M;/uﬂ M,éo'] = gMﬂMILO' + gVUM//Lp B gVPM;/w' B gMUMl//W
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where gop = —g11 = —g22 = —933 = —gas = 1, g = 0, if 4 # v. Here and in
what follows, M), = iM,,.

Let us consider the following representation of the Lie algebra of the group
P(1,4):

9 d d 9
P = __ P = _ /I /T
0 8:1:0 ’ ! 8x1 ’ 2 axg ’ 3 8$3 ’
szfi M}, =~ (z,P, — z,P}) .
dwy’ M ey a

Further, we will use the following basis elements:
G — Mio, L]_ — M§2, L2 — _ME/517 L3 — Mél’
Py = Méia_ (;07 Co :Mélla+M(;0? (a: 1a2a3)7
1 1
Xo:§(P5—P4), Xpy=P, (k=1,2,3), X4:§(P5+P4).

For the study of the subgroup structure of the group P(1,4), we used the
method proposed in [16]. Splitting subgroups of the group P(1,4) have been
found in [1,2,4].

One of the important consequences of the study of the non-conjugate sub-
algebras 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) (see also [7]).
The Lie algebra of the group é(l, 3) is generated by the following basis ele-
ments:

Ly, Lo, L3, P, P, P53, Xo, X1, X2, X3, X4.

2. The first-order differential invariants of splitting subgroups of
the group P(1,4).

For all splitting subgroups of the group P(1,4), the functional bases of
the first-order differential invariants are constructed. In the construction of
the differential invariants, it has turned out that different splitting subalgebras
of the Lie algebra of the group P(1,4) may have the same functional basis
of the first-order differential invariants. Consequently, there is no one-to-one
correspondence between non-conjugate splitting subalgebras of the Lie algebra
of the group P(1,4) and their respective functional bases of the first-order
differential invariants. Moreover, some of the functional bases (which are of
the same dimension) may be equivalent. Our aim is to obtain non-equivalent
functional bases only. Let {Jl(l), 2(1), ce t(l)} and {Jl(Q), J2(2), e Jt@)} be the
functional bases of the first-order differential invariants which correspond to
the splitting subalgebras L! and L? of the Lie algebra of the group P(1,4).
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LEMMA. Two functional bases {Jl(l), T Jt(l)} and {Jl(Q), J2(2), ce Jt@)}
are equivalent if and only if they satisfy the following conditions:
XMI =0, x5 =0, XD =0

(+) N - ~
X0 =0, xP M —o0,..., x5 =0,

where {Xp), Xél), ... ,)?,Ell)}, {)NCEZ), )~(2(2), .. ,Xﬁf)} are the first-prolonged bases

operators of the Lie subalgebra L' and L?, respectively; r1,rs are the dimen-
sions of the subalgebras L' and L.

PROOF. The necessity.
Let functional bases {Jl(l), 2(1), ol Jt(l)} and {Jl(Q), JQ(Q), A Jt(z)} be equiva-

lent. Then there exist smooth functions fi, fo,..., fr and g1, 9o,...,g: such
that
I = M a0, T I = (P 0P, TP
() JP = (0 g0 gy IO = g (7P, P T@)
........................... and ..o
I = i) I = g1 a2,

Since £y (JV, TV, T, (W a8 Ty g g g
are the first-order differential invariants for the subalgebra L', therefore, we
obtain (see, for example, [14, 15])

XMy =0, xWyP =0, ... XD =o0.

Since gl(‘]1(2)7 2(2)7 SRR t(2))’ 92(‘]1(2)7 J2(2)7 IR 13(2))7 s agt(J1(2)a 2(2)7 AR Jt(2))
are the first-order differential invariants for the subalgebra L2, therefore, we
obtain

xBgW—o, xByM =0, ..., X@5 =0,
Thus, the conditions are satisfied.
The necessity is proved.
The sufficiency.

Let the conditions be satisfied.
The condition

XMy =0, XMP =0, ..., XV5P =0

T1

give us (see, for example, [14, 15]) that the functions Jl(z), 2(2), e Jt(2) are the
first-order differential invariants for the subalgebra L' and, therefore, have the
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following form:

I = ),

where fi, fo,..., fi are arbitrary smooth functions.
The conditions
XPgM =0, xPuP =0, ..., X5 =0
imply that the functions Jl(l), 2(1), ceey t(l) are first-order differential invariants

for the subalgebra L? and, therefore, can be written in the following form:
1 2) (2 2
JV = g2 P I
1 2) (2 2
J2():.92(J1()7 2()7'“7‘]15())

B = (B ),

where g1, go,...,g: are arbitrary smooth functions. Thus, we have obtained
the relations . The sufficiency is proved. O

PROPOSITION. There exist 243 non-equivalent functional bases of the first-
order differential invariants for the splitting subgroups of the group P(1,4).

PRrROOF. The list of the splitting subalgebras of the Lie algebra of the group
P(1,4) contains 281 non-conjugate ones [6].

Taking into account the general ranks of matrices which contain coordi-
nates of the one-prolonged basis elements of the subalgebras of the Lie algebra
considered, and the theorem on number of invariants of the Lie group of the
point transformations (see, for example, [14, 15]), we can make sure that all of
the splitting subalgebras of the Lie algebra of the group P(1,4) have the func-
tional bases of the first-order differential invariants. Therefore, there are 281
functional bases of the first-order differential invariants. Among them, there
are equivalent ones. Equivalent functional bases can only be among those
which have the same dimensions. Let L' be a splitting subalgebra of the
Lie algebra of the group P(1,4) which has the ¢-dimensional functional ba-
sis of the first-order differential invariants {Jl(l), 2(1), e Jt(l)}. To find the

bases which are equivalent to {Jl(l), 2(1), ol Jt(l)}, we use the Lemma. Let

{Jl(Q), 2(2), . Jt(Q)} be t-dimensional functional basis of the first-order differ-
ential invariants of the other splitting subalgebra L?. Following to the Lemma,
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if these functional bases satisfy the conditions , then the considered bases
are equivalent. Otherwise, the considered bases are not equivalent. In the
analogous manner, we check whether other ¢-dimensional functional bases of

the first-order differential invariants are equivalent to the {Jl(l), 2(1), e t(l)}
or not. In this way, we obtain all ¢-dimensional functional bases which are
equivalent to {Jl(l), J2(1), ce t(l)}.

In the analogous manner, we construct classes of the equivalent functional
bases of other dimensions.

The direct check provides 243 non-equivalent functional bases of the first-
order differential invariants for the splitting subgroups of the group P(1,4).
The Proposition is proved. O

It is impossible to present all non-equivalent functional bases here. Some
of them can be found in [3]. Therefore, below we only give a short review of
the results obtained.

Below, for some of the splitting subalgebras of the Lie algebra of the group
P(1,4), we write their basis elements and corresponding functional bases of
differential invariants.

1. There exists one two-dimensional functional basis

(G, P, Py, P3, Xo, X1, Xo, X3, X4),
(Ls +eG, Py, Py, P3s, X9, X1, X2, X3, X4, € >0),
(G, L3, P, Py, P3, Xo, X1, Xo, X3, X4),
(G, Li, Lo, L3, P, Py, P3, Xy, X1, Xo, X3, X4),
(G, Cy, Cy, C3, Ly, Ly, L3, P1, P», P35, X9, X1, Xo, X3, Xy4),
Ji=u, Jo=ul—u—ul—ui-ui;
ou

= — =0,1,2,3,4.
uu 85[?“’” ) Ly &y

2. There exist 7 three-dimensional non-equivalent functional bases. Let us
give some examples.

1. (G, P, P», P35, X1, Xo, X3, X4),

(Ls +eG, Py, Py, P3s, X1, Xo, X3, X4, e>0),

(G, L3, P, Py, P3s, X1, Xo, X3, X4),

(G, Ly, Lo, L3, P, P5, P3s, X1, Xo, X3, X4),
To + T4
Up — Uy

2 2 2 2 2
Ji=u, Jo=uy—uj—uy;—uz—uy, J3=




2. (P, Py, P3, X, X1, Xo, X3, X4),
(L3 — P3, P, P», Xo, X1, Xo, X3, X4),
(L3, P, Py, P3, Xo, X1, Xo, X3, X4),
(L1, Lo, L3, P, P», P35, Xo, X1, Xo, X3, Xy4),

2 _ .2 2 2 2
Ji=u, Ja=wug—us, J3z=uj—uj—u;—uz—uz.

3. There exist 18 four-dimensional non-equivalent functional bases. Let us
give some examples.
1. <Ga PS; L3a Xla X?) X37 X4>7
_ To+ 24 2 2

2 2 2 )
J=u, Jy= , J3=u]+uy, Jig=uj—uz —ug;
Ug — Uyq

2. (Ls, P3, Xo, X1, Xo, X3, Xy),
Ji =u, J2:u(2)—u%—u%—u§—ui, Js = ug — uy,
Jy=ul 43 .
4. There exist 37 five-dimensional non-equivalent functional bases. Let us
give some examples.

1. (G, Ps, L3, Xo, X3, X4), (G, P3, C3, L3, Xo, X3, X4),
Ji= (2l + 22 =w, Jy=ziup — 2ou,
Jy=u? +ul, Js=ud—ui—ui;
2. <Lla L2; L3a Xla X27 X37 X4>7
Ji=x0+x4, Jo=u, J3=wug, Ji4=uy4, J5ZU%—|—U%—|—’LL§ .
5. There exist 51 six-dimensional non-equivalent functional bases. Let us
give some examples.
1. <L3—|-€G, Pl, Pz, X3, X4, e>0>,

o + x4
UO_U47

2 2
ro+x To+x
J3:<1‘1+ 0 4U1> +<$2+ 0 4u2> ,
Ug — U4 Ug — U4

uy (2o + 24) + 21 (up — ug)
(

ug(xo + 24) + w2 (up — ug)

2 .2 2 2
Js =uz, Jg=1uy—uy —uy;—ujg;

Ji=u, Jy=

J4 = earctan ( ) + In(zg + z4),
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2. (L3, P, Py, X3, Xy),
Ji =29+ x4, Jo=u,
x1 Uy 2 T2 U2 2
J3 = ( + ) + < + ) )
o+ T4 U —Ug To+ T4 U — Ug

2 2 2 2
Ja=u3, Js=uo—us, Jg=1uy—uy—uy—uj.

6. There exist 58 seven-dimensional non-equivalent functional bases. Let
us give some examples.

1. (G, L3, X3, X4),
‘]1 = (l‘% + ‘T%)l/2a JQ =u, J3 = Tju2 — I2Uy,

Jy = (o + z4)(uo + ug), Js=u3, Jsg=u?+u3, J7:u(2)—ui;

2. (P, P, X3, X4),
Ji=x0+24, Jo=u, J3=ui(wo+w4)+ 1(20 — UL),
Jy = uz(xo + v4) + 22(ug —ug), J5s=u3, Jg=ug— uy,
Jr=ud —uf —ud—ui.

7. There exist 40 eight-dimensional non-equivalent functional bases. Let
us give some examples.

1. <G, L3, X4>,
Ji=a3, Jo=(@t+ad)Y? Jy=u, Jy=zus — Toul,

Js = (zo + x4)(up + us), Jo=us, Jr=uj—ui, Js=ul+uj;

2. (L3 — P3, X3, Xy),

2 2\1/2
Ji=x04xs, Jo= @2 +2)V2 Jy=u, Jy=z109 — T2Us,

2 2 2 2 2
Js =ug —uwa, Jg=uj+uy J7=uy—uz—uj,

u3

U1
Jg = arctan — — .
u9 ug — uUg

8. There exist 21 nine-dimensional non-equivalent functional bases. Let us
give some examples.

1. (L3 +eG, X4, e >0),

Jy=x3, Jo= 22+ 22 1/2, J3 =In(xg + x4 +earctanﬂ,
1 2 P

J4 = u, J5 = T1U2 — TaU1, J6 = (iL'o + $4)(U0 + U4), J7 = us,

2 2 2 2,
nguO—U4, JQZU1+UQ,
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2. (P, P,

2 2 2 211/2
J1 =3, Jo=1x0+ 14, J3:($0_$1_132_954)/a Jy = u,
Js = ui(xo + 24) + x1(ug — ug), Jo = u2(zo + x4) + x2(up — ug),
2 2 2 2
Jr=u3, Jg=up—us, Jg=uy—uj—uy;—uj.

9. There exist 10 ten-dimensional non-equivalent functional bases. Let us
give some examples.

1. (Py+Cs+eLs, e>2),
Jl - (I‘% + x%)l/Qv J2 = (.’E% + mi)l/za J3 = X0, J4 =u,

1 3
Js = 2arctan — — earctan —, Jg = T1uo — ToUq,
T2 T4

2 2 2 2
J7=$3’LL4—$4’U,3, JgZ’U,o, J9:u1+u2, J10=U3+’LL4 )
2. (Ls — Ps),

2 2 2\1/2 2 2\1/2
J1 = x0 + 24, J2=(900—l‘3—354)/7 J3:(951+902>/7
T3 Uu3

Jy=u, Js=z1U9 — 20U, J§g= + ,
xo + X4 Uy — Ug

T 3
J7 = arctan — + ,  Jg = ug — uy, ngug—ug—ui,
Ty X0+ T4

2 2

It should be noted that in Cases from 2 to 9, the second functional basis
is invariant under the splitting subalgebra of the Lie algebra of the extended
Galilei group G(1,3).

3. On some applications of the results obtained.

It is well known (see, for example, [5-7,10-15,18]) that differential equa-
tions with non-trivial symmetry groups play an important role in theoretical
and mathematical physics, mechanics, gas dynamics etc. Therefore, the con-
struction and investigation of equations of this type are important from phys-
ical and mathematical points of view. In particular, the results obtained can
be used in order to construct the first-order differential equations in the space
M(1,4) x R(u), which are invariant under the splitting subgroups of the group
P(1,4). Indeed, (see, for example, [13-15]), in many cases these equations can
be written in the following form:

F(Jy, Ja, ..., J¢) =0,

where F' is an arbitrary smooth function of its arguments, {Jy, Jo, ..., Ji} are
functional bases of the first-order differential invariants of the corresponding
splitting subgroups of the group P(1,4). In this way, we have constructed 243
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classes of the first-order differential equations in the space M (1,4) x R(u) with
non-trivial symmetry property.

Since 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) (see also [7]), the obtained differential equations can be
used in relativistic and non-relativistic physics.
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