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Abstract

The aim of this paper is to apply the symmetry group approach to the partial
differential equations arising in the Tzitzeica surfaces theory. As a consequence,
we find a new solution of the Tzitzeica equation which defines a ruled Tzitzeica
surface. The symmetry groups for the Liouville-Tzitzeica equation and the Tz-
itzeica equation are determined. We prove that these are also Euler-Lagrange
equations. The variational symmetry groups and respectively, the associated
conservation laws are found. Recently, we have shown that the simple Tzitzeica
surfaces equation is an Euler-Lagrange equation. According to these results, the
Tzitzeica surfaces theory is strongly related to variational problems, and hence
this is a subject of global differential geometry.
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1 Introduction

Tzitzeica — the founder of the centroaffine geometry — introduced in 1907 the so-called
S-surfaces, with the property that d%zconstant, where K is the Gaussian curvature
and d is the distance from the origin to the tangent plane at an arbitrary point [24].
These surfaces are called Tzitzeica surfaces by Gheorghiu, affine spheres by Blaschke,
and projectives spheres by Wilczynski. The spheres and the quadrics are the simplest
examples of Tzitzeica surfaces. Tzitzeica also considered their generalization to hy-
persurfaces (see for details [25] and [26]). Mayer [20], Gheorghiu [11], Dobrescu [9] and
Vranceanu [30], [31] studied the properties of these hypersurfaces. Gheorghiu proved
that the Tzitzeica hypersurfaces can be considered as affine spaces A, _1 embedded
in an affine Euclidean space E,,, and he introduced a new class of affine space A9.
Udriste [27] gave and studied new examples of these affine spaces.

Let us briefly explain the basic notions of Tzitzeica surfaces theory. Consider
D CR? an open set and let
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Y r(u,v) = x(u,v)i+ y(u,v)j + z2(u,v)k, (u,v) € D,

be a surface in R3. Assume that ¥ is different from a cone with the vertex at the
origin, i.e.,

(L.1) (r,ry,ry) #0,

where r denotes the position vector of an arbitrary point on the surface. In this case,
the surface ¥ can be defined by the following PDE system

Iyy = ary + br, + cr
(1.2) Ty = a'ry, +br, +c'r
Ty = a’ry +0'r, +'r,

where a,a’,a”,... are nine functions of u and v, and for which the conditions of
completely integrability

(13) (ruu)v = (ru’u)u7 (ruv)v = (rvv)u

must be satisfied. Note that (1.2) defines a surface leaving a centroaffinity aside, so
that, the coefficients a,a’,a”,... are called centroaffine invariants. Recall that the
asymptotic lines are different for a surface which is not developable. Next, if the
surface X is related to the asymptotic lines then we have ¢ = ¢ = 0 in (1.2), and so
> is given by

Iy, = ar, + bry,
(1.4) Ty =a'ry, +br, +c'r

Ty, = a’r, +b'r,.

Theorem 1 (Tzitzeica). Let ¥ be a surface defined by the PDE system (1.4).Then
the ratio I = d% is constant if and only if a’ = b = 0.
According to the above theorem, the following PDE system

Fyy = ATy + brv
(1.5) Tyy = hr
Ty, = a’r, +b'r,,

defines a Tzitzeica surface (here denote ¢’ = h). In this case, the integrability condi-
tions (3) turn into

ah=hy,, a,=0ba"+h, b,+0b =0,

(1.6)
hy =b"h, all+ad” =0, h=0]+a"b.

Particular cases:
1.if b =0 or @’ = 0 then X is a simply ruled surface;
2.if b =0, a” # 0 then the coordinates curves v = vy are straight lines;
3.if b # 0, @’ = 0 then the coordinates curves u = ug are straight lines;
4.if b=a" =0, then X is a double ruled surface (a quadric surface).

The PDE system (1.5) takes two different forms if 3 is a Tzitzeica ruled surface
or not. Thus, the Tzitzeica ruled surfaces are given by the PDE system
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— hy plu
Tyy = 7Ty + (h)rv
(1.7) Ty, = hr
hy
Ty = 3 To,

where h is a solution of the Liouville-Tzitzeica PDE
(1.8) (Inh)yy = h.
The Tzitzeica surfaces which are not ruled surfaces are defined by the system

haqy 1
Tyy = 3 Tu + 7Tv
(1.9) Tyy = hr
_ 1 hy
Tyy = ﬁru + Trva

with h a solution of the Tzitzeica equation

1
(1.10) () =h = .

It can be proved that (1.5) is related to the scalar PDE system

O = by, + b6,
(1.11) Ouo = ho
Oy = a0y + "0,

for which (1.6) holds, through the condition: three independent solutions of (1.11)
and (1.6) define a Tzitzeica surface. Every linear combination of three independent
solutions of (1.11) is also a solution of this system. Some recent results related to the
Liouville-Tzitzeica equation and the Tzitzeica equation can be found in [6] and [32].

The purpose of this paper is to apply the classical symmetry approach to the PDE
systems arising in Tzitzeica surfaces theory, and to make the connection of our study
to the already known results. The symmetry analysis of PDEs, introduced by Sophus
Lie at the end of the 19-th century [18] has been proven to be a powerful tool in
studying ODEs and PDE systems arising in geometry, mechanics and physics (see
e.g., [2] - [5], [7], [8], [13], [17], [19], [21], [22], [28], [29] and [32]). Lie’s method, known
today as the classical Lie method, is based on the notion of the symmetry group. This
is a local group of transformations acting on the space of the independent variables
and the space of the dependent variables of a studied PDE system with the property
that it leaves the set of its solutions invariant. Since the classical Lie method is an
algorithmic procedure, many symbolic manipulation programs have been designed
for this purpose [14]. Unfortunately, in the case of the PDE systems (1.5) and (1.11),
none of these packages can be used due to the form of these systems.

The paper is structured as follows: in Section 2 we present the classical symmetry
approach for a PDE system (see for details Olver’s book [21]). Classical symme-
tries associated with the PDE system (1.5) and respectively, with the PDE system
(1.11) are studied in Section 3. Variational symmetries and conservation laws for the
Liouville-Tzitzeica PDE and Tzitzeica PDE are given in the last section.
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2 Symmetry group of a PDE system
Consider the PDE system
(2.12) Az, u™)=0, v=1,..,1,

where x = (z!, ..., 2P) are the independent variables, u = (ul, ..., u4) are the dependent

variables and
Az, u™) = (Aq(z,u™), ..., Ay(z,u™))

is a differentiable function. Denote u(™ all the partial derivatives of the function u to
0 up to the order n. For any function v = h(z), where

h:DCRP —-UCRY h=(h,.. 109,
we can define its prolongation of order n,
pr™h: D — U™,

where u(") = pr(®h, u§ = dsh®, so that, for each = € D, pr(Mh is a vector whose
qp™) = Cp,, entries represent the values of h and its derivatives up to order n at the
point x.

The space D x U™, whose coordinates represent the independent variables, the
dependent variables and the derivatives of the dependent variables up to order n, is
called the jet space of order n of the underlying space D x U. In this sense, A is a
map from the jet space D x U™ to R!, and moreover, the PDE system (2.12) defines
the subvariety

8 = {(z.u™) Az, u™) = 0}

of the total jet space D x U™, In that follows, (2.12) is identified with S.

Consider M C D x U an open set. A symmetry group associated with the PDE
system (2.12) is a local group of transformations G acting on M with the property
that whenever u = f(x) is a solution of (2.12), and whenever g- f is defined for g € G,
then u = ¢ - f(x) is also a solution of the system. Then the system (2.12) is called
invariant with respect to G.

Let X be a vector field on M. Assume that X is the infinitesimal generator of the
symmetry group of the PDE system (2.12), which is the (local) one-parameter group
exp(eX). Then its associated prolongation of order n is the one parameter group
pr(™[exp(eX)] with the infinitesimal generator

d
Pr X g iy = —pr™ exp(eX)) (@, u™)e—o

where (z, u(”)) € M(™)_ This is a vector field on M) called the prolongation of order
n of X.
The PDE system (2.12) is a mazimal rank system if the Jacobi matrix

L [0A, AA,
JA(I,U( )) = (arz ) 8ua>
J

of the function A satisfies the condition rankJa =1 on S.
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Theorem 2. Let

= 0 < 0
X = ;C’(Jc,u)azi —&-;éa(x,u)%

be a vector field on open set M C D x U. The prolongation of order n of X is given
by the vector field

q
0
n _ J n
(2.13) prWX =X + Z qua(x,u( ))781;?;’

a=1 J
defined on the corresponding jet space M™ C D x U™ | where

p p
¢z, u™) =D, (% -y ciu?> +) ¢,

i=1 i=1

with uf = %‘g, uG,; = %1;{ (the second summation in (2.13) is over all multi-indices

J = (j1,-gi) with1 < jp, <p, 1 <k <n).

The coefficient functions of X, i.e., £ and ¢, are called infinitesimals.

Theorem 3 (Criterion for infinitesimal invariance). Let (2.12) be a PDE system
of maximal rank on M C D x U. If G is a local group of transformations acting on
M and
(2.14) pr(”)X[A,,(as7u”)] =0, v=1,..,1,
whenever A, (z,u™) = 0, for every infinitesimal generator X of G, then G is a
symmetry group of the PDE system (2.12).
The classical Lie method: consider X a vector field on M and write the criterion
for infinitesimal invariance for the system (2.12); eliminate any dependence between
the partial derivatives of the functions u®, determined by the PDE system itself;
write the condition (2.14) like polynomials in the partial derivatives of u®; equate to
zero the coefficients of partial derivatives of u®. The resulting over-determined linear
PDE system for the infinitesimals ¢?, ¢ is called the determining equations of the
symmetry group G.

3 Symmetries of the Tzitzeica Surfaces PDE
systems

3.1 Classical symmetries of the PDE system (1.5)

In the first part of this subsection we discuss the symmetries of the PDE system (1.5),
in the case when ¥ admits two real asymptotic lines. Note that this system can be

written as
Tyu = AT + bxy

Ty = hx

Tpo = a2y + 0" 2,
Yuu = AYu + byv
(3.15) tuy = hy

Yoo = a”yu + bl/y'u
Zuu = QZy + bzy
Zuw = hz

Zpp = a2y + bNZUy
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for which the conditions (1.1) and (1.6) must be satisfied. The relation (1.1) is equiv-
alent to

(3.16) (Yu2o = 2uY0)T — (Tuzo — Tp2u)Y + (Tulo — ToYu)z = f,

where f = f(u,v) is a nonzero function. Let D x U®) be the jet space of second order
associated with the PDE system (3.15) whose coordinates represent the independent
variables u, v, the dependent variables x,y,z and the derivatives of the dependent
variables up to the order two. Consider M C D x U an open set and let

(3.17) X = (O + 00y + ¢y + Ay + 0.

be the infinitesimal generator of the symmetry group G of the PDE system (3.15)
and (3.16) (here the infinitesimals ¢, 1, ¢, A and v are functions of u, v, x, y and 2).

3.1.1 Symmetries acting on the space of the dependent variables

In that follows, we seek for a symmetry subgroup G; (of the symmetry group G), which
acts on the space of the dependent variables z, y and z of the system (3.15). Let Y
be its associated infinitesimal generator. For that, set { = 0, n = 0, ¢ = ¢(z,y, 2),
A= Az,y,2) and ¥ = ¢(x,y, z) in (3.17). The second prolongation of the vector field
Y (see (2.13)) is defined by the following functions

QU = PuTy + PyYu + P22,

OV = Ppmy + PyYy + D220,

DU = Gul + by A b2zzi + 200y Tulu + 2002 TuZu + 20y YuZu
+PaTuu + GyYuu + Oz2uu,

QY = PraTuTy + GryToYu + PrzToZu + GryTuYo + CyyYulo + PyzYvzu
Fhrz20 Ty + GyzYuzoPrzZuzy + PrTuy + OyYuv + G2 2uv,

DV = i + 200y Toly + 200zTuzy + 20y Yoz + Gyyls + Gazzi

+¢zxvv + ¢yy’U’U Jr ¢ZZ'U’U’

and respectively, by the functions A%, AV, A¥* A"V AVY and WY, WY Qus Juv Jvv
that have a similar form obtained by substituting ¢ by A, and respectively, ¢ by .
Note that the PDE system (3.15) and (3.16) is of maximal rank. Writing the criterion
for infinitesimal invariance (2.14) for the system (3.15) we obtain the relations

a®¥ + bP? — PUv = ()
hd — &* =0
o P 4 PV — HUU = ()

(3.18)

Substituting ®*, &V and ®“* into the first relation of (3.18) we get
a’(d)a:l'u + (byyu + ¢zzu) + b(d)a:xu + (byyv + ¢zzv) - ¢$m$i - 2¢wy$uyu - 2¢a:zl'uzu

_Q(byzyuzu - ¢yyy12;, - (bzzzz — GrTyn — (byyuu — ¢r2uy = 0.
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Eliminate the dependencies between the derivatives of z, y and z by substituting into
the above relation

Tyy = ATy + 0Ty, Yuu = aYu + WYv, Zuw = a2y + b2y,
so that, we obtain
(ZSzzmi + ¢yyyg + (bzzzz + 2¢myxuyu + 2¢wz$uzu + 2¢yzyuzu =0.

Equate to zero the coefficients of the remaining unconstrained partial derivatives of
x, y and z. It follows the PDE system

¢zz =0, ¢yy =0, ¢zz =0, (b:r:y =0, ¢yz =0, ¢zz =0,
with the solution given by
d(x,y, 2) = anx + a2y + aizz + k,

where a11, a12, a13 and k are real numbers. Substituting the function ¢ into the next
two relations of the system (3.18) we get k = 0, and thus

(z,y,2) = an® + a12y + a132.
Similarly, from the next six relations of the system (3.18) we have
A, y,2) = ag1® + azzy + a3z,

and
P(x,y, 2) = az1® + a2y + assz,

where a;; are real numbers. Writing the criterion for infinitesimal invariance (2.14) in
the case of the equation (3.16), we get the relation

A(Yuzo — 2uYo) + MTo2u — Tuzo) + V(XY — Toyu) + P (2Y0 — Y2u) + @7 (y2u — 2Yu)
+A (22 — zmy) + AV (22 — 220) + U (yzy — 2Yy) + UV (2yy — y2,) = 0.
The substitution of the functions ®*, v, .... into the above relation yields
(xuyv - xvyu)(vﬁ - 1'1[]1 - ywy + Z¢z + Z)‘y) + (xvzu - muzv)()\ - x>\z - Z>\z + y(j)z

+y'¢)z) + (yuzv - yvzu)(¢ - yd)y —z2¢, + x/\y + xwz) =0.

Any dependencies between the derivatives of x, y and z is eliminated by using the
relation (3.16). It follows the relation

¢a:+)‘y+z/)z:0

which is equivalent to
ass + a1 +az = 0.

Thus, the infinitesimal generator Y of the symmetry subgroup Gj is defined by the
following functions



80 Nicoleta Bila

o(z,y,2) = anz+ a2y + aisz,
AMz,y,2) = anx+ any+ asz,
Y(x,y,2) = anr+ azy — (a1 + a2)z,

and so, this has the form
Y = a11 (205 — 20,) + age (y0y — 20,) + a12y0y + a1320,

+a21x8y + aggzay + az1xd, + az2y0,.

Theorem 4. The Lie algebra of the subgroup G1 of the symmetry group G of the
PDE system (3.15) and (3.16) (G1 acts on the space of the dependent variables) is
described by the vector fields

(3.19) Yi =20, — 20,, Yo=y0y —20,, Ys=y0;, Yi=20,

Y; = q;ay, Ys = Zay, Y; =20,, Yg= yaz

The subgroup G1 is the unimodular subgroup of the group of centroaffine transforma-
tions.

Knowledge of the symmetry subgroup G7 allows us to find the group-invariant
solutions of the PDE system (3.15) and (3.16). For example, consider the subalgebra
described by the vector fields Y; and Y5. A function F' invariant with respect to these
vector fields satisfies Y1 (F') = 0, and Y3(F') = 0. Therefore, we get F' = ¢(u, v, xyz).
In this case we obtain the well-known Tzitzeica surfaces

(3.20) z=—, CeR"
xy

3.1.2 Symmetries acting on the space of the independent variables

Let G5 be the symmetry subgroup of the symmetry group G acting only on the space
of the independent variables u and v of the system (3.15) and (3.16). Suppose Z is its
associated infinitesimal generator, for which we have ¢ = ((u,v), n = n(u,v), ¢ =0,
A =0, and ¢ =0 in (3.17). Similarly, applying the classical Lie method we get
Theorem 5. The symmetry subgroup Go acting on the space of the independent
variables of the system (3.15) is generated by the vector field

(3.21) Z = ((u)0y + n(v)0y,
where the infinitesimals ( and n satisfy the PDE system:

Cau + nay, + aCu + Cuu =0
Cby + by — by + 26, =0
(3.22) Cha + nhy + h(Cu 4+ nw) =0
Call +nal — a"C, + 20", = 0
Cbﬁ + 775;/ + b//nv + Now = 0,

and the functions a, b, h, o’ and b" satisfy the integrability conditions (1.6).
In that follows, we discuss the PDE system (3.22) for the Tzitzeica surfaces defined
by (1.7), and respectively by (1.9).
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I. If ¥ is a ruled Tzitzeica surface (1.7) then the completely integrability conditions
(1.6) are given by

hu p(u) " n_ e

h Y h ) a ) h )
where h is a solution of the Liouville-Tzitzeica equation (1.8). In this case, the relations
(3.22) can be written as

Chu + nhy + h(Cu +10) = 0
¢G==k
0’
hhyy — hyhy = h3.
Consider the change of variables { = % andn = —%, where U = U(u) and V = V (v).
The first equation implies h = U'V'u(U + V), and by substituting it into the last
PDE (that is the Liouville-Tzitzeica equation), we get the second order ODE

pp” — p* = i,

with the general solution given by

2 _
oy F=0
2 _ _J2
,[L(t) = 2cos2(Lt+C)’ k=-l
2 2
k=1% 1>0,

2sinh?(4t+C)’

where ¢ = U + V. Consider the following changes of functions:
-for k=0set U= F(U)and V =G(V), where U =U + C and V = V;
- k=12 then U = tanh (U + C) and V = tanhiV;
k= —Pset U= cot(1U + C) and V = tan v
We obtain the general solution of the Liouville-Tzitzeica equation (see [15] and [25])
written as -
2U0'V!
(3.23) h(’U/’/U) = ==
(U+V)?
IL. If ¥ is a Tzitzeica surface which is not a ruled surface then the conditions (1.6)
turn into L ) L
u b — " — b// — v
I n
where h is a solution of the Tzitzeica equation (1.10). If we substitute these functions
into the system (3.22) then we get the PDE system

a =

Cu=0, 1n,=0, Chy+nhy+h(Cu+mn)=0,

with the solution ¢ = Cy, n = Cy and h = u(Crv — Cou). Then the infinitesimal
generator of GG has the form

(3.24) Z = C10y + C20,.



82 Nicoleta Bila

Substituting the function h = pu(Civ — Cau) into the Tzitzeica equation we obtain
the following second order ODE

(3.25) —C1Co(pup” — p'?) = p® — 1.

Case 1. If C1Cy = 0 then p = 1, and so h = 1. In this case we get the Tzitzeica
solution [25].
Case 2. If C1Cy # 0 then denote k = —ﬁ. The ODE (3.25) becomes

pp = % = k(p® = 1).
Consider k& = 1. Then (3.25) can be reduced to the following first order ODE
W =2} +Cu?+1, C€R,
and after the change of function yu = %g, this turns into
(3.26) g* =g +Cg* +4.

Let A be the real root of the polynomial written in the right hand side of the ODE
(3.26). Since that A # 0 and A cannot be a triple solution, the ODE is equivalent to

(3.27) g% =(g-N (92 - %g - i) :
Case 2.1. If A = —1 then C' = —3 and (3.27) becomes

9% =(g+1)(g -2
If g = w2 + 2 then we get the ODE

w/2 —

(3w2 + 1) ,

P

with the general solution given by

1 t
w(t) = %sinh <\2/§ +C1> , C1 €R,

where t = u + v. It follows that the Tzitzeica equation has the solution

1
h= s +1,

T w2
and for C7 = 0 this can be written as follows

3

(3.28) h(t) = m

+1, t=u+v.
2

Case 2.2. Assume A # —1. Then for A > —1 or C' < —3, the roots of the polynomial
from the right hand side of (3.26) are three different real numbers. For A < —1 or
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C > —3 then the polynomial has a real root and the other two are complex. Note
that, in this case, the integral

J= dg
/wg—n(z—;zg—‘*)

X

can be reduced to a first genus elliptical integral [10]

J= / %
1—kZsingp
In conclusion, for C' # —3, the solutions of the Tzitzeica equation of the form h =
w(u 4 v) are written in the terms of the elliptical functions.
Proposition 1. The solution (3.28) defines a revolution Tzitzeica surface. Moreover,
there is also an associated ruled Tzitzeica surface.
Proof. Studying the revolution surfaces defined by (1.11), Tzitzeica (see [25], pp. 164—

174) showed that h, = h,. From that we get h = pu(u + v) which must satisfy the
ODE

(3.29) pp" — ' = = 1.

Tzitzeica did not integrate the equation (3.29) but he proved that, by using the
notation

pEo2 -1
4p2 ’
the solution of the system (1.11) is the following

h'—1

’_ 12
(3.30) 0(u,v) = klef o der g kB + kg@f "o 4 gin kB + kg@f h"iJrlda,

for k # 0, and respectively,

=1, 4
0(u,v) =ef [kl <ﬁ2+/u/4/:1da) +k25+k3} ;

for K = 0, where « = u+ v, 8 = u — v and k; are real numbers. According to our
results, we have k? = —%. It results that the function (3.28) defines a revolution
surface (3.30). Moreover, after the change of functions

3 : V3

U = tanh 7(U + 1), V =tanh 71/,
the function A takes the form
2~/~/
h(u,v) = %—&—1 = H(u,v) + 1.
(U+V)?

Notice that the function H is in fact a solution of Liouville-Tzitzeica equation (1.8)
and this defines a ruled Tzitzeica surface.

Proposition 2. The solution (3.30) given by Tzitzeica is invariant under the sym-
metry subgroup generated by (3.24).
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3.2 Classical symmetries of the PDE system (1.11)

Consider the PDE system (1.11) with the integrability conditions (1.6). Let D x U(?)
be the second order jet space associated with this system, whose coordinates are
the independent variables u, v, the dependent variable # and the derivatives of the
dependent variable up to the order two. Consider M C D x U an open set and let

X = (0, + 10y + adp

be the infinitesimal generator of the symmetry group G of this system, where the
infinitesimals ¢, n and « are functions of u, v and 6.

Similarly, we are interested in finding the symmetry subgroups G, and respec-
tively, Gy of the symmetry group G, with the property that they act on the space of
the dependent variable 8, and respectively, the space of the independent variables u
and v of (1.11). It this case, it can be proved that
Theorem 6. The symmetry subgroup G, acting on the space of the dependent variable
of the system (1.11) is generated by the vector field

(3.31) Y] = 00y.
Theorem 7. The vector field
(3.32) Z = ((u)0y + n(v)0y,

where ¢ and 1 satisfy the relations (3.22), generates the symmetry subgroup G of G
(G5 acts on the space of the independent variables of the system (1.11)).

3.3 Symmetries for Liouville-Tzitzeica PDE and Tzitzeica PDE

In order to study the symmetries of the Liouville-Tzitzeica equation (1.8) and the
Tzitzeica equation (1.10), consider the change of function Inh = w. Then

(3.33) Wy = ¥
is equivalent to the Liouville-Tzitzeica PDE, and respectively, the equation
(3.34) Wyp = €% — e

is equivalent to the Tzitzeica PDE. Note that (3.33) and (3.34) belong to the same
class of second order PDEs
(3.35) wuy = H(w),

that has been studied by Sophus Lie, and recently by Pucci, Saccomandi and Mansfield
[19].

Theorem 8. If ( = ((u,v,w), n = n(u,v,w) and ¢ = ¢(u,v,w) satisfy the PDE
system

(336) CU = 07 Cw = 0, T = 07 Nw = 0; (bww = 0, (buw = 07 ¢vw = 07

¢uv+(¢w_Cu_77v_¢)H_Hl¢:07
where H = H(w), then
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X = Cau + 7781) + ¢aw

is the infinitesimal generator of the symmetry group associated with (3.35).
In particular, in the case of the equations (3.33) and (3.34) we get
Theorem 9. The vector field

(337) W = f6u+gav - (f/+g/>8w7

where f = f(u) and g = g(v), generates the symmetry group of the Liouville-Tzitzeica
equation (3.33).

Theorem 10. There is a 3D Lie algebra associated with the symmetry group of the
Tzitzeica equation (3.34) and this is described by

(3.38) Ur = udy —v0y, Uz =0y, Uz =0,.

Notice that for any w = f(u,v) solution of the Tzitzeica PDE (3.33) the following
functions

w® = flefu, e ), w® = flu—eg,v), w® = flu,v—eg),

are also solutions of the equation (here ¢ is a real number).
Using the adjoint representation of the symmetry group of the Tzitzeica PDE
(3.33) given by the following table

Ad Uy U, Us
U, U, efUsy | e U3
U2 U1 — EUQ U2 U3
U3 U1 + €U3 UQ U3

Table 1

the one-dimensional subalgebras of the Lie algebra associated with Tzitzeica equation
(1.10) can be classified. The optimal system of these subalgebras is described by Us,
Us and respectively, by Us — Us.

1. For Uy and Us, the group-invariant solution is w = 0. In this case, we get the
Tzitzeica solution h = 1.

2. The group-invariant solutions with respect to Us — Uz have the form w = f(u + v)
(and respectively, we have h = u(u + v) for equation (1.10)). Note that this case was
studied in Section 3.1.2.

Theorem 11. The second order PDE invariant with respect to the symmetry group
of the Tzitzeica PDE, has the form

(339) H(w7 WyWy y Wy s wuuwvv) =0.
Proof. Consider the following maximal chain of Lie subalgebras
{Uz} C {Us, Uz} C {U1,Us, Us}.

of the Lie algebra of the symmetry group related to (3.33). Let F(u,v,w®) = 0 be
a second order PDE for the unknown function w = w(u,v). If this is an equation
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invariant under the considered symmetry group, then the criterion for infinitesimal
invariance must be satisfied by the vector fields U;. If pr®?)Us(F) = 0 then we get
F = Fi(v,w®). From pr®Us(F) = 0 it results F = Fy(w®), and pr@U;(F) = 0
leads us to the PDE

(‘3F2 8F2 aFQ 6F2

Ui(Fy) — [ v — W 21}117:07
1(F2) —w Owy, tw Ow, w 0F 5wy, T+ OWyy

with the general solution given by F», = H in (3.39).

4 Lagrangians associated with Tzitzeica PDEs

4.1 Euler-Lagrange equations and Tzitzeica PDEs

If a PDE is an Euler-Lagrange equation then the classical Lie symmetries lead us to
variational symmetries for the associated variational problem. Moreover, by using the
Noether Theorem, we can determine conservation laws for the studied PDE (see for
more details [1], [7], [16], [21], [22], [29], [32] and references therein). In this subsection
we study the inverse problem for the equations (3.33) and (3.34).

Remind that a second order PDE

(4.40) Alu, v,w(z)) =0,

for the unknown function w = w(u,v) is said to be identically to an Euler-Lagrange
equation if and only if the integrability Helmholtz conditions

on  _ aA 1 94

(4.41) bor = Do "Mu) Dy (5 6%)
. or _ p (104 )+D ( A
Ow, U\ 2 Owuw U\ Owyy

are satisfied, where denote D the total derivatives. In this case, we can find a function
L called Lagrangian for which the Euler-Lagrange equation, i.e.,

oL oL oL
EL) =2 D, (Z=)-D, (=) =0
(L) Ow (8wu> (&uv)
is equivalent to (4.40) — in the sense that every solution of (4.40) is a solution of the
Fuler-Lagrange equation and conversely.

On the other hand, the equation (4.40) is said to be equivalent to an Euler-
Lagrange equation if there is a nonzero function

f = f(u7vvwkuvwv)7

called wvariational integrant factor, such that f-A = E(L).
Theorem 12. The Liouville-Tzitzeica equation (3.33) and the Tzitzeica equation
(3.34) are Euler-Lagrange equations, and their associated Lagrangians are given by

1
(4.42) Ly(u,v,0M) = —Wu — ev,

and respectively,
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1 1
(4.43) L2(u,v,w(1)) = —iwuwv —e¥ — 5672“.

Proof. Since the Helmholtz integrability conditions (4.41) are satisfied, we write the
Euler-Lagrange equations for Lp, and respectively, for Lo, and so, we get the PDE
(3.33), and respectively (3.34).

Notice that the equations (1.8) and (1.10) are equivalent to Euler-Lagrange equa-
tions, and they admit h~3 as variational integrant factor.

4.2 Variational symmetries and conservation laws

In this subsection, the theory of variational symmetry groups is briefly presented (for
more details see [21] and [22]). Consider the functional

(4.44) E[w]://Q L(u,v,wV)dudv,

where Qg is a domain in R2. Let D C €y be a subdomain, U an open set in R,
and M an open set in D x U. Consider w € C%(D), w = f(u,v) such that its
graph I'y, = {(u,v,w(u,v))|(v,v) € D} C M. A local group of transformations G
acting on M is called variational symmetry group of the functional (4.44), if for any
g- € G, ge(u,v,w) = (4,v,w), then the function @ = f(@,v) = (g - f)(%, ) is defined
on Q C Qp and

/[L(ﬂ,@,pr(l)f(ﬂ,ﬁ))dﬂdﬁ:// L(u,v,pr(l)f(u,v))dudv.
D D

Theorem 13 (Infinitesimal criterion for the variational problem). A con-
nected group of transformations G acting on M C Qg x U is a variational symmetries
group of the functional (4.44) if and only if the condition

(4.45) prX(L)+ L DivE=0
holds for any (u,v,w®) € M@ c D x U® and for any infinitesimal generator
X = ((u,v,w)0u + n(u,v,w)0y + ¢(u,v,w)d,

of G (here &€ = (¢,n) and Div & = Dy ¢ + Dyn is the total divergence).
Theorem 14. If G is a variational symmetry group of the functional (4.44), then G
is a symmetry group of the Euler-Lagrange equation.

In general, the converse of Theorem 14 is false.

A conservation law associated with the equation (4.40) is a divergence expression

of the form
DivP=0

that is identically zero on the set of the solutions u = f(z) of the equation. If P =
(P!, P?) then Div P = D,P* + D,P? is the total divergence. The function P! is
called the associated flow and P? is called the conserved density of the conservation
law. It can be proved that there is a function ) such that

(4.46) DivP=Q-A.
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The above relation is called the characteristic form of the conservation law, and @ is
called the characteristic of the conservation law. The vector field of evolution associ-
ated with a vector field

(4.47) X =(u,v,w)dy + n(u,v,w)0, + ¢(u,v,w)dy

is given by
XQ = Qaqm Q = ¢ - Cwu — NWy,

where @) is called the characteristic of X.
Theorem 15 (Noether Theorem). Let (4.47) be the infinitesimal generator of the
symmetry group G of the variational problem (4.44). Then the characteristic Q of
the field X is also a characteristic of the conservation law for the associated Euler-
Lagrange equation E(L) = 0.

If L = L(u,v,w™) is a first order Lagrangian, then ( [21], p. 356)

(4.48) P=—(A+ L& =—(A" + L(, A* + L) = (P!, P?),
where A = (A!, A?) is given by
A =Q-EM(L), A*=Q EW(L).

In this case,
L
EM(L) = ;w - and EW (L)

are called first order Euler operators.

0L
T Aw,

4.3 Variational symmetries and conservation laws for the Liouville-
Tzitzeica PDE and Tzitzeica PDE

The variational problems related to the first order Lagrangians (4.42) and (4.43) are
the following

(4.49) E[w]:// Ly (u, v, w™)dudv,
D
and respectively,

(4.50) Z[w]://DLz(u,v,w“))dudv,

where D is a domain in R? and w € C%(D).

Theorem 16. The Lie algebra of the variational symmetry group of the functional
(4-49) is described by the vector fields

(451) leuau*aw, Wgzv&,f&w, Wgzau, W4:8U.

Proof. According to Theorem 13 and Theorem 14, the condition (4.45) must be sat-
isfied only for certain vector fields that generate the symmetry group of the equation
(3.33). Consider the vector field (3.37) and its second order prolongation (see Theorem
9) given by

)
@ — e ’ _n ’
prdW =W — (f +fwu)awu (g +gwu)a%-
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Substituting ¢ = (f,g) and Div £ = f' + ¢’ into (4.45) we get the relation f"w, +
g"w, = 0. Equate to zero the coefficients of the partial derivatives of the function w.
It follows f” = ¢” =0, and so f = Ciu+ C3 and g = Cov + C4. Thus the variational
symmetry group is generated by the vector field

W =0C; (uau — 8w) + Cy (v&, — (r“)w) + C30u + C410,.
Theorem 17. The following vector fields
(4.52) U1 = u@u — v(’)v, U2 = é)u U3 = av.

generate the variational symmetry group of the functional (4.50).

Proposition 3. The associated flows and the conserved densities related to the
Liouville- Tzitzeica equation (3.33), and respectively, of the Tzitzeica equation (3.34)
are given by

—W; Pt P?
T T

-Wi SWy — ue® swy (1 + uwy,)
—W, %wv(l + vwy) SWy — ve”

w I 2
7W3 Tez §wu

w

—Wy sWs —e

Table 2

-U; Pt P?

_ _ 1 2w _ T 2 _ w I 2 w I, —2w
Uy Jue 21Uwg ue Suw,, + vf 2—1— Jve
v 3 .

w — W

—Us Wy —e¥ — je

Table 3
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