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On symmetry reduction and some
classes of invariant solutions of the
(1 + 3)-dimensional homogeneous
Monge-Ampére equation
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Abstract. We study the relationship between structural properties of the
two-dimensional nonconjugate subalgebras of the same rank of the Lie algebra
of the Poincaré group P(1,4) and the properties of reduced equations for the
(1 4 3)-dimensional homogeneous Monge-Ampére equation. In this paper,
we present some of the results obtained concerning symmetry reduction of
the equation under investigation to identities. Some classes of the invariant
solutions (with arbitrary smooth functions) are presented.
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JIBOBUMIPHUX HECIIPSIZKEHUX ITi/1ajredp Toro caMoro paury asarebpu JIi rpymnu
ITyankape P(1,4) i BiactuBocrsiMu pefyKoBaHux piBusinb jyuist (1 + 3)-Bu-
MipHOTO OfHOPiHOTO piBHsAHHS MoHXKa-AMiepa. ¥ 1iit poboTi npejacrasiie-
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1. INTRODUCTION

In many cases mathematical models of the processes of real world can
be written with the help of partial differential equations (PDEs). Among
of these equations there are a lot of PDEs with non trivial symmetry
groups. To investigate of this type equations we can use the classical Lie-
Ovsiannikov method [27,31,30,29] (see, also, the references therein). The
application of this approach allow us, in particular, to perform the sym-
metry reductions of the equations under study and to construct classes of
exact solutions.

However, it turned out that in order to efficiently apply the classical Lie-
Ovsiannikov method for PDEs with non-trivial symmetry groups we had to
solve a pure algebraic problem of describing all nonconjugate (nonsimilar)
subalgebras of the Lie algebras of symmetry groups of the equations under
investigation. More details on this theme can be found in [31,30] (see, also,
the references therein).

In 1975, Patera, Winternitz, and Zassenhaus [32] proposed a general
method for describing the nonconjugate subalgebras of Lie algebras with
nontrivial ideals.

In 1984, Grundland, Harnad, and Winternitz [20] pointed out that the
reduced equations, obtained with the help of nonconjugate subalgebras of
the same ranks of the Lie algebras of the symmetry groups of some PDEs,
were of different types. They also investigated the similar phenomenon.
The confirmation of this conclusion can be found in [7,5,6,28,9,19,10-14]
(see, also, the references therein).

The results obtained cannot be explained using only the rank of non-
conjugate subalgebras of the Lie algebras of the symmetry groups of PDEs
under investigation.

To try to explain some of the differences in the properties of the re-
duced equations for PDEs with nontrivial symmetry groups, we recently
suggested to investigate the relationship between the structural proper-
ties of nonconjugate subalgebras of the same rank of the Lie algebras of
the symmetry groups of those PDEs and the properties of the correspon-
ding reduced equations [10]. To realise of this suggestion we need to solve
pure algebraic problem of classifying of all nonconjugate subalgebras of the
Lie algebras of symmetry groups of the equations under investigation into
classes of isomorphic ones.

A solution a lot of problems of the geometry, string theory, geometri-
cal optics, elastic theories of shallow shells, optimal transportation, one-
dimensional gas dynamics, meteorology and oceanography, etc. has re-
duced to the investigation of the Monge-Ampére equations in the spaces of
different dimensions and different types. Some details on this theme can
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be found in [33,1,34,37,38,24,21,26,39,22,2,15,40,25, 36,23, 35| (see, also,
the references therein).

This paper is devoted to the study the relationship between structural
properties of the low-dimensional (dim L < 3) nonconjugate subalgebras
of the same rank of the Lie algebra of the Poincaré group P(1,4) and the
properties of reduced equations for the (1 + 3)-dimensional homogeneous
Monge-Ampére equation.

At the present time, the relationship has been investigated between the
structural properties of the two-dimensional nonconjugate subalgebras of
the same rank of the Lie algebra of the Poincaré group P(1,4) and the
properties of reduced equations for the (1 + 3)-dimensional homogeneous
Monge-Ampére equation.

We have obtained the following types of the reduced equations:

- identities,

- partial differential equations.
In this paper, we plan to present some of our results, which are obtained
on the way of symmetry reduction of the (1 + 3)-dimensional homogeneous
Monge-Ampére equation to identities.

2. LIE ALGEBRA OF THE POINCARE GROUP P(1,4) AND ITS
NONCONJUGATE SUBALGEBRAS

The group P(1,4) is a group of rotations and translations of the five-
dimensional Minkowski space M(1,4). It is the smallest group, which con-
tains, as subgroups, the extended Galilei group G(1,3) [18] (the symmetry
group of classical physics) and the Poincaré group P(1,3) (the symmetry
group of relativistic physics).

Lie algebra of the group P(1,4) is generated by 15 bases elements

My, = =My, (v =0,1,2,3,4), Py, (1=0,1,2,3,4),
which satisfy the commutation relations:
[P;MPV] =0, [M,uVaPU] :gVUPu_guUPm
[M;un Mpa} = g;wMVp + ngMuU - gupMVU - gI/O'MM,D)
where gop = —g11 = —922 = —933 = —gaa = 1, g = 0, if pp # 1.

In this paper, we consider the following representation [16]| of the Lie

algebra of the group P(1,4):

0 0 0 0
Pp=— P=—— Py=——" Py—__
0 5:110 ’ ! 55111 ’ 2 5:1:2 ’ 5:1:3 ’
0
Py = M, =z,P, — 2, Py, 14 =u.
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In what follows, we will use the next bases elements:
G = Moy, Ly = Ms3, Lo=—Mys, L3= My,
Pa:MaZL_MOaa Ca:Ma4+MOa7 (a: 17273)7
1

1
Xo=g5 (R—Py), Xp=P(k=123), Xo=g (P+Py).

Nonconjugate subalgebras of the Lie algebra of the group P(1,4) have
been described in the papers [3,4,17].

The Lie algebra of the extended Galilei group G (1,3) is generated by the
following bases elements:

Ly, Ls, L3, P, P, P, Xy X1, Xy X3 Xy

The classification of all nonconjugate subalgebras of the Lie algebra of the
group P(1,4) of dimensions < 3 was performed in [8].

3. ON CLASSIFICATION OF SYMMETRY REDUCTIONS USING
TWO-DIMENSIONAL NONCONJUGATE SUBALGEBRAS OF THE LIE
ALGEBRA OF THE POINCARE GROUP P(1,4)

In this section, we consider the homogeneous Monge-Ampére equation
in the space M(1,3) x R(u):

det (uu) = 0,
where
0%y

u = u(x), x = (w0, w1, w2, w3) € M(L,3), U“VEW’

for u,v =0,1,2,3. Here, and in what follows, M (1, 3) is a four-dimensional
Minkowski space, and R(u) is a real number axis of the depended variable
U.

In 1983, Fushchich and Serov [16] studied symmetry properties and con-
structed some classes of exact solutions for the multidimensional Monge-
Ampére equation. It follows from that paper that the Lie algebra of the
symmetry group of the equation under consideration contains, as subalge-
bra, the Lie algebra of the group P(1,4). As we mentioned before, the
results of the classification of all the low-dimensional (dim L < 3) noncon-
jugate subalgebras of the Lie algebra of the group P(1,4) could be found
in [8]. We will present below some of the results obtained.

3.1. Lie algebras of type 2A4;. Taking into account some invariants of
two-dimensional nonconjugate subalgebras, we constructed the ansatzes re-
ducing the (1 4 3)-dimensional homogeneous Monge-Ampére equation to
identities.
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1) (L3 — P3)®{(Xy).

The first step is to construct a functional basis of the invariants for this
subalgebra. In order to realize it we have solved the following system of
PDEs:

(L3 — P3)w(zo, 71,2, 73,u) = 0,
(X4)w(xg, 21,22, 23,1) = 0.
The solutions of this system are
wi = (2} +23)"?,
z3

T
wg = arctan — + ,
) o+ U

w3 = T + Uu.

From these invariants we construct an ansatz as follows
3

zo+u = p(w, wa), wy = (22 4+ 23)Y/? wgzarctan%—konru.

The second step is to calculate the second order derivatives w,, (u,v =
0,1,2,3). The third step is to substitute the derivatives into the equa-
tion under investigation ((1+ 3)-dimensional homogeneous Monge-Ampére
equation). This substitution reduces the equation under investigation to
the identity of the form 0 = 0. It means that the ansatz is a solution of the
following (1 + 3)-dimensional homogeneous Monge-Ampére equation:

2 2 1 3
To+u=¢ r1 + x5, arctan — + ,
Tg ot u

where ¢ is an arbitrary smooth function.
Since the method is the same for all of the subalgebras, we will omit the
interim details and provide with the final results only.

In this case we have the following ansatz:
($% + w%)l/Q = SO((/Jl,UJQ),

x
wy = (2 —u®)Y2,  wy = In(xo + u) + Aarctan x—;,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

(22 + 22)/% = ¢ <x3 —u?,In(2 + u) + Xarctan il) ,
2

where ¢ is an arbitrary smooth function.
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3) (G) ®<{X1).
The ansatz is

2

(22 — u?)Y? = p(wr,ws), w1 = T2, w2 = T3,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

(a5 — u?)'/? = p(x2,23),

where ¢ is an arbitrary smooth function.
4) <G + aXo, a> O>@<X1>
The ansatz is
_ 2 2\1/2 o
x3 = p(wr,w2), wi = (x5 —u”)'=, we = x9 — aln(zg + u),

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

T3 =@ (:c% —u?, 19 — aln(z + u)) ,
where ¢ is an arbitrary smooth function.
5) (L3 + 5(Ps + C3)) ®{Xo + Xu).
The ansatz is

Z1 T3
arctan — — arctan — = p(wy, wa),
T2 U

wr = (@2 + 22wy = (u? 4 22)2

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

21 3
arctan — — arctan — = @ ( x? + 13, \/u2 + m%) ,
T2 u

where ¢ is an arbitrary smooth function.

6) (L3 +3(Ps+C3), 0 <A <1)®(Xo+ Xa).
The ansatz is

3!
Aarctan — — arctan £ = p(wr, ws),
T2

wr = (@2 + 22wy = (u? 4 22)2

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

I I3
Aarctan — — arctan — = ¢ <\/x% + 23, \/UZ + 3:%) )
T2 u

where ¢ is an arbitrary smooth function.
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7) <L3 + a(Xo + X4), o > 0> &) <X4>
The ansatz is

I
2o + u — aarctan — = @(wq, ws),
z2

2, 21/2
w1 = T3, wo = (7 + x3) /2

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

— 2 4 .2 1
u=|x3, A/x]+ T —|—aarctanx——mo,
2

where  is an arbitrary smooth function.

8) <L3 + aXs3, a> O>@<X0 + X4>.
The ansatz is

x1
xr3 + aarctan — = (w1, ws), w1 = u, wy = (2} +23)'/2,
T2

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

21 2 2
r3 + aarctan — = @ (u, /a7 + 25 |,
Z2

where ¢ is an arbitrary smooth function.

9) (L3 +2X4)®{(X3).
The ansatz is

T2
xo — u + 2arctan — = p(wy, wa),
I

2 2\1/2
w1:$0+ua WQ:({E1+£U2)/,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

x
:L‘o—u—|—2arctan2:g0<:vo+u, 1/1’%4—%%),
T

where ¢ is an arbitrary smooth function.
10) <L3 — P34+ 20Xy, a# 0> @ <X4>
The ansatz is

x1
xo + u — 2 arctan — = @(wy,ws),
2

wy = (af +23)1?, wo = (zo 4+ u)? + daxs,
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and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

U= (m, (zo + u)2 + 4ax3> + 2 arctan % — X,
2

where ¢ is an arbitrary smooth function.

11) (P3) ®{(X1).

The ansatz is
(2§ — a3 — u*)? = p(wr,wa), wi = T3, w2 = 20 + u,
and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére

equation has the form

(l‘% - .ZC% - ’Ll,2)1/2 = QO(.%'Q, Zo + U),

where ¢ is an arbitrary smooth function.

12) (P3 — Xo) ®{(X1).
The ansatz is
T3

2 _ 212
To +u ’

=p(wi,wa), wi=a0+u, wr=(x5—23-u

o —

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

3 2 2 2
Ty — = p(xg +u,A/T2 — 75 —u
T u 90( ) 0 3 )7

where ¢ is an arbitrary smooth function.

13) (Ps —2X0) ®(Xy).
The ansatz is

(o +u)* + 4oz = (Wi, w2), w1 = 771, W = 3,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

(zo + u)? + dag = @(x1, 29),
where ¢ is an arbitrary smooth function.

14) (P5 —2Xo) ®(X1).
The ansatz is

%(xo —|—u)3 + x3(zo + u) + xo — u = (w1, ws),

w1 = Tg, Wy = (x0+u)2+4x3,
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and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form
%(.%0 +u)® 4+ z3(wo +u) + 20 —U = @ (z2, (w0 + u)? + 4x3)
where ¢ is an arbitrary smooth function.
15) (L3) ® (Xy).
The ansatz is
(a7 4 23)'/% = p(wr, wa), wi = To + u, wy = 3,
and the solution of the (1 4+ 3)-dimensional homogeneous Monge-Ampére
equation has the form
(22 + 22)Y? = o(xg + u, x3),
where ¢ is an arbitrary smooth function.

16) <L3 + aX3, a> 0>@<X4>

The ansatz is
T 1
:L'3+ocarctanx— =p(wr,w2), wi=x0+u, wy= (x%—i—x%) /2,
2

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

T3 + aarctan o ® <x0 + u, (x% + x§)1/2> :
Z2
where ¢ is an arbitrary smooth function.
17) (P3 — X1) ®(X4).
The ansatz is
T3
Ty +u

T — = (w1, w2), Wy = T9, wy = To + u,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

x3

T — = p(x2, xo + u),

o+ U

where ¢ is an arbitrary smooth function.

3.2. Lie algebras of type As. Taking into account some invariants of two-
dimensional nonconjugate subalgebras, we constructed the ansatzes, which
reduced the (1 + 3)-dimensional homogeneous Monge-Ampére equation to
identities.
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1) (-G — 1Ls, X4, A>0).
The ansatz is
In(zg + u) + Aarctan o o(wr, wa), w1 = 13, wy = (22 4+ 23)V/2,
T2
and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

In(zg + u) + Xarctan o <p(w3, (x% + w%)l/Q)’
T2

where  is an arbitrary smooth function.
2) <—G — OéXl, X4, o > 0>
The ansatz is
1 —aln(xg +u) = p(w, ws), Wi = T9, wo = I3,
and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form
x1 —aln(zg +u) = (a9, x3),

where  is an arbitrary smooth function.

3) <_%(L3 + AG + aX3), X4, a>0,A>0).
The ansatz is

In(zo + u) + Aarctan I = p(wi, w2),
wi = (22 + 22)%,  wy = 23 + aarctan o,

and the solution of the (1 + 3)-dimensional homogeneous Monge-Ampére
equation has the form

In(zo + u) + Aarctan 7t = QD((I'% + 22)Y/2 23 + cvarctan %),

where ¢ is an arbitrary smooth function.

4. CONCLUSIONS

We study the relationship between the structural properties of the low-
dimensional (dim L < 3) nonconjugate subalgebras of the same rank of
the Lie algebra of the Poincaré group P(1,4) and the properties of the
reduced equations for the (1+ 3)-dimensional homogeneous Monge-Ampére
equation.

At the present time, the relationship has been investigated between the
structural properties of the two-dimensional nonconjugate subalgebras of
the same rank of the Lie algebra of the group P(1,4) and the properties of
reduced equations for the (14 3)-dimensional homogeneous Monge-Ampére
equation. We have obtained the following types of the reduced equations:
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— identities,
— partial differential equations.

In this paper, we have presented some of our results, which were ob-
tained on the way of symmetry reduction of the (1 + 3)-dimensional homo-
geneous Monge-Ampeére equation to identities. More detailed: we provided
some classes of the invariant solutions (with arbitrary smooth functions)
for the equation under investigation. Those classes were divided into two
subclasses: subclasses invariant under nonconjugate subalgebras of the Lie
algebra of the group P(1,4) of the type 2A; and subclasses invariant un-
der nonconjugate subalgebras of the Lie algebra of the group P(1,4) of the
type As. To do that we have used the classification of all nonconjugate
subalgebras of the Lie algebra of the group P(1,4) of dimensions < 3 which
was performed in [8].

From the results obtained it follows that the reductions to identities can
be obtained by using some subalgebras of the following types: 24; and As.

It should be noted that the ansatzes (non-singular manifolds in the space
M(1,3) x R(u), invariant with respect to the corresponding subalgebras)
are classes of the invariant solutions (with arbitrary smooth functions) of
the (1 + 3)-dimensional homogeneous Monge-Ampére equation.
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