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1. Introduction

The parameters that appear in physical models may change in time and, therefore,
the coefficients in partial differential equations can be functions of time. Usually, such
equations describe physical phenomena with more accuracy. In recent decades, many
variable coefficient equations appear in the literature that are studied from various points
of view. Obviously, the study of these equations is more difficult than the study of the
corresponding equations with constant coefficients. Before considering a variable coefficient
equation, it will be useful if we can find a similar simpler equation. We call two differential
equations similar if they are connected by a point transformation. In fact, many variable
coefficient equations that appear in the literature are similar to constant coefficient equations
and, in most cases, are similar to simpler equations.

The task of the simplification of variable coefficient equations can be achieved in most
cases with the employment of the equivalence transformations. These are non-degenerate
point transformations that preserve the differential structure of the equation, might change
only the coefficient functions (arbitrary elements), and also form a group. There exist four
kinds of equivalence groups. The simplest is the usual equivalence group where the point
transformations of the dependent and independent variables do not depend on arbitrary
elements [1]. If the transformations of the dependent and independent variables depend
on arbitrary elements, then it is called generalized equivalence group [2,3]. The extended
equivalence group consists of transformations that include nonlocalities with respect to
arbitrary elements [4]. The generalized extended equivalence group has the properties of
both generalized and extended equivalence groups.

In the present work, we consider the variable coefficient nonlinear partial differen-
tial equation

a(t)upe + b(t)upy + c(t)uxy + d(t)uyy + k(uxity)y + tixxry =0, 1)
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where a(t), b(t), c(t), d(t) are smooth functions and k is an arbitrary constant. This class
of equations appeared recently in the literature [5-7] as a generalization of the Boiti-Leon—
Manna-Pempinelli equation

Uty — BUhyllyy — SUylxy + Uyxxy = 0,

which was introduced as a generalization of a two-dimensional KdV equation [8]. In [5],
the problem of Lie group classification for (1) was considered; in [6], wave-type solutions
were derived; and in [7] Biacklund transformations were constructed. We use equivalence
groups to simplify Equation (1). We show that it is similar to an equation with only one
variable coefficient. Initially, we perform the Lie group classification for the simplified
equation and, using the equivalence transformations, we obtain the corresponding results
for the general class (1). The Lie group classification of class (1) that has been derived
here completes the results in [5]. Furthermore, we present a number of non-Lie reduction
operators (nonclassical symmetries) for the simplified equation. Finally, some remarks are
pointed out for the original Boiti-Leon-Manna-Pempinelli equation.

2. Equivalence Transformations and Their Applications

We derive the equivalence transformations of class (1) with the ultimate goal to derive
a mapping that transforms it into a simpler form. The usual equivalence group G consists
of non-degenerate point transformations in the space (t, x,y,u,a,b, c,d, k) that are projected
on the space of (t,x,y,u). That is, they have the form

(], %,9,7) = (T, T, TY, T")(t, x,y,u),

(a,b,¢,d k) = (T°, T°, T¢, T%, T*)(t, x,y,u,a,b,c,d, k)

and map any differential equation from class (1) with dependent function u(t, x,y) and
arbitrary elements (a,b, ¢, d, k) to a differential equation from the same class with dependent
variable #(f, %, 7) and arbitrary elements (4, b,e,d k).

In the following two theorems, we present the equivalence transformations for class (1).
We state that equivalence transformations have been derived using the direct method [9].
We give a brief sketch of the proofs. Most of the calculations were performed with the
assistance of the algebraic manipulation package REDUCE.

Theorem 1. The usual equivalence group G admitted by class (1) is formed by the non-degenerate
point transformations

F=Q(t), T=pi1x+Bs, § =Py +y(t), #=PBsu+pax+n(t),

i QWalt) o Qb o padl) ¢
(=g, = B0 g A0 =Tt
5({) — C(t> + W(t)a(t) _ ﬁ4k F= k

BORR BB R
where B1, B2, B3, Ba, Bs are arbitrary constants and Q(t), y(t), n(t) are arbitrary smooth functions
of t. For non-degenerate transformations, we require that B1p2B3Q’ (t) # 0.

Proof. We consider the point transformation
F=Q(t,x,yu), ¥=P(txy,u), §=5(x,y,u), i=R(txyu),
which connects the class

+ &(F)itzg + d(F)itgg + k(iizily)z + fizzeg = 0 2)



Axioms 2024, 13, 82

30f10

with (1). We assume that this transformation is non-degenerate, 3(8 fysf # 0. We use the
formulaes of the derivatives of i in terms of the derivatives of u [9] and we substitute in (2).

We eliminate uyyy, from (1) and Equation (2) takes the form

E(t,x,y,u,Q,P,S, R, us,uy,...) =0,

where E is a multi-variable polynomial in the derivatives of u. Because the connected
classes are polynomials in the derivatives of # and i, the transformation is of the restricted
form [9]

E=Q(), x=h(t)x+9(t), 7="0bBy+y({), @=Htxyu+H(t,xy).

Coefficients of uyyy, Uxxy, hxyy in E = 0 give H; = constant = B3. Coefficients of us, and

upy in E = 0 give a = (Ha(t) and b = (t)b(t), respectively. Coefficients of uyyuy give

RHOI0) HO
l1(t) = constant = By and k= m. Coefficients of uyy, uyy, uyy, Uy, uy and the terms
independent of derivatives give the following six equations:

ﬁ1§§—&w><> 0, 3)

:31k12(t)W — B1Baa(t)ly(t)y — Bsb(t) L (t)¢' (t)

—B1B3a(t)y ’()+ﬁi’ﬁalz() o(F) — B1Bsla(t)e(t) = (4)
b(H)I(t)y + b(t)y' (1) — Bd(F) + L(H)d(t) =0, 5)
9’H

dxdy =0 ©)
ka0 22 — Bty 1)b() = %

2 2
B1B3la(t )aa gg + B1B3la(t)a(t )%:2 + B1B3la(t)b(t )%gyz

) 2
+ _ﬁ1klz( )al;lz — Bsha(t)a(t )47,(”} aagz

_ 2
+ | B1Bad(F) — B1Bsb (D)5 (H)y — /515317(”‘//“)} aa;z ®

+| ikt (0222 — g, ra(t)l4 1)y — Bl (b9 (1

+ BBl (DE() — 1 faa(t)y <ﬂ$§—ﬁmso 4052 —o.

Coefficient of y in (4) gives Ip(t) = constant = B,. From the definition of usual equiv-
alence group, Hp cannot depend on arbitrary elements and, hence, from (3) we have
¢(t) = constant = Bs and Hy(t,x,y) = Hy(t,x). From (7) and (9), we deduce that
Hy(t,x) = Bax +11(t). We solve for d(F) in (5) and for &(f) in (4) to find d(f) = %%” +
W%lb(t) and &(f) = ﬁ(z) + ¥ éé); () ﬁﬁ;k respectively. The derived forms of Q, P, S, and R
give a(%fisf B1B2B83Q’ (t). Hence, for non-degenerate transformation, we assume that
B1B2B3Q’ ( ) # 0. This completes the proof. [

Furthermore, class (1) admits generalized extended equivalence transformations. The
results are tabulated in the following theorem.
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Theorem 2. The generalized extended equivalence group G of class (1) consists of the non-
degenerate point transformations

F=QU), £=prxt o), 7= pay+p(t), = pau+0(t)x+ B3O Q ®y ),

a(f) = Qt)att) b(f) = Q(Db(t) d(F) = Pad(t) . ' (1)b(t)

BB B B3 g
o ct) 9'b(t) | ¢(talt) 8Ok k
=" " " en g B

where B1, Ba, B3 are arbitrary constants, Q(t), ¥ (t),0(t), n(t) are arbitrary smooth functions of

t, and ¢'(t) = ﬂ];f 1 (,B - /= 0'(t)a )(t) dt) For non-degenerate transformations, we require that

B1B2B3Q’(t) # 0.

Proof. We use the initial steps of the proof of Theorem 1 to deduce that the equivalence
transformations are of the restricted form

E=Q(t), x=pix+¢(t), 7="ht)y+yp(t), d=psu+H(txy),

where the functions Hy(t, x,y), ¢(t), ¥(t), and I;(t) satisfy the system of Equations (3)—(9).
Also, we have the relations

QW) QWb ok

a =

Bib(t)y " B PiBs

Coefficient of y in (4) gives I(t) = B». From Equations (3), (6) and (7), we find that

Hy(t,x,y) = 0(t)x + 534}( ) (t)y + 77(t). Equations (4) and (5) give &(f) = Cﬁ(—? (P/(t)b(t) +
1

By
¢ (?”“) Ok o ndd(f) = ﬁzd( )yt )b (¢ ),respectively Asbefore, 2AQLSR) = B1B2B3Q' (¢).
PiB2  Bips B [

: 7 o(tx,yu)
Finally, from (9), ¢/(t) = ,Bl;zﬁ (10 (ﬁ - f )(t) dt), and this completes the proof of
Theorem 2. [

From Theorem 1, we deduce that, for the appropriate choice of the function Q(t),
we can set b(F) = 1 (or @(f) = 1). Furthermore, with the suitable choice of ¥ (t), we
can take &(f) = 0 (or d() = 0). However, from Theorem 2, we have an additional
simplification. More precisely, the generalized extended equivalence transformations
enable us to fix the functions b(F), &(F), and d(F). That is, the tilded class has a simpler form
with b(F) = 1, é(F) = d(f) = 0, which means that it has only one variable coefficient, the
function a(f). Therefore, using Theorem 2, we deduce that the transformation

- dt dt
t= W, x+47 / b

il = ku + <b4>’(t) + b(t)c(t)w)”(t)d(t))x +¢' (Ha(t)y, a= “Eg )

E a(t )|(ﬂ(t)d(t)( ?(t)C(t))

dt reduces (1) into

ﬁ(f)ﬁ*i + i + (ﬁgﬁg)f + ﬁ;szy* =0.
In the subsequent analysis, we consider this reduced equation without tildes,

a(t)upy + gy + (Uxtty)x 4 Urxxy = 0. (10)
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Another observation from Theorem 2 is that the general class (1) can be mapped into a
constant coefficient only if a(t) = xb(t), whereas the functions c(t) and d(t) can take any
form. This mapping can be obtained from (9) by setting a(t) = xb(t).

In the following theorem, we provide the generalized equivalence group for class (10).
We omit the proof, which is similar to those of Theorems 1 and 2.

Theorem 3. The generalized extended equivalence group Gy of class (10) consists of the transfor-
mations

F=Bit+ps, J7_/31954'/35/|tj}(t)+l36, 7= Bay + B4,

,35 ﬁ5 |a(t)|y+17(t), ﬁ(f) — ﬁla(t)

TR anr T R B2

where B1, B2, B3, Ba, B5, Pe are arbitrary constants with B1 By # 0 and 5 (t) is an arbitrary smooth
function.

U= X+

The usual equivalence group G; of class (10) can be obtained from Theorem 3 by
setting B5 = 0. Equivalence transformations can be used to simplify the form of a(t) in the
analysis of the group classification of (10). For example, if a(t) = (1t + p2)", then it can be
taken as a(t) = ", without loss of generality.

3. Lie Group Classification

We perform the Lie group classification for the simplified class (10). Using these
results and the equivalence transformations in Theorem 2, we derive the corresponding
classification for the general class (1), which is presented in the Appendix A. The Lie
symmetry method is well known and regularly used in recent decades [1,10-14]. For this
reason, we omit the analysis for obtaining the desired Lie symmetries. We search for Lie
operators of the form

I'=T(xy,u)d+ X(tx,y,u)o + Y(t,x, y,u)ay + U(t,x,y,u)dy (11)

corresponding to the infinitesimal transformations: f = t + €T, ¥ = x + €X, J = y + €Y,
il = u + el, to the first order of €. The analysis leads to four cases:
1. If a(t) is arbitrary, the Lie algebra is spanned by the operators

x+a(t)y

dt
X] = ax, Xz = ay, X3 = </ |u(t)|>ax + <|a(t)|>8u, X,] = ﬂ(t)au

Additional Lie symmetries exist in the cases where a(t) = t", e, 1.
2. If a(t) = t", the additional Lie operator is of the form

Xy = 3td; + x0x + (1 — 3n)ydy — udy.
3. 1f a(t) = e, the additional Lie operator is of the form
Yy = 0t — nyoy.
4. If a(t) = 1, we have two additional Lie operators: X4(n = 0) and Y4(n = 0),
Xy = 3tdt + xdx + ydy — udy, Yy = ot.
We use the above Lie symmetries in the next section to derive few similarity reductions.

4. Examples of Similarity Reductions

The main application of Lie symmetries is the construction of similarity mappings that
have the property of reducing the number of independent variables of the equation under
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study. The complete list of reductions can be obtained using the one- and two-dimensional
subalgebras of the Lie invariance algebra admitted by the equation. The mappings obtained
from one-dimensional subalgebras reduce the number of independent variables by one,
whereas the two-dimensional algebras reduce the number by two. Detailed analysis of how
to construct these subalgebras can be found in recent work [15]. Here, we present certain
examples of similarity reductions using one-dimensional subalgebras. These mappings are
derived solving the invariance surface condition

T(t,x,y,u)us + X(t, x,y,u)ux +Y(t,x,y,u)uy, = U(t,x,y,u). (12)

For the case of a(t) being arbitrary, we give two examples. The Lie symmetry X, + cX;
produces the similarity mapping u(t, x,y) = w(t, x — cy), which reduces (10) to

a(t)wyz — cwir — cwegeg — 2cWewee =0, = x —cy

and integrating with respect to ¢, taking the integrating function equal to zero, we find the
variable coefficient potential KdV equation

2 _
[a(t) — clwt — cwgze — cwz = 0.
Lie symmetries of a similar equation are presented in [16]. The Lie symmetry X3 + X, leads
to the reduction
1 1

wttxn) = 5 (G — 0090 )i+ ¢ Oy i), = 2oy a) = oy

that maps (10) into

2 2 2 3 2
(1907 )wic = b9 weeee — 209" wgwgg + ¢ Gy + 979" = 0,

which can be integrated once with respect to ¢.

In the case a(t) = 1, Lie symmetry Yy + ¢1X; + 2 X3 produces the similarity mapping
u=w(n), {=x—rct, n =y — cpt, which transforms (10) (a(t) = 1) into

Wyeee + (ZU;]ZUQ')(; — (C1 + Cz)wvg — CQWyy — Wz = 0.

This last equation admits four Lie symmetries, d;;, 9z, 9w, and 3179, + g + [4c17 +2(c1 +
c2)¢ — w]dy, which can be employed for further reductions. For example, using the Lie

symmetry d; + c3dg and the above mapping, we construct the double reduction u =
F(0), 6 = x — c1y — cat, which reduces (10) (a(t) = 1) into

1 F1®)(0) + 2¢1 F'(0)F" (8) + ¢ (1 — ¢1)F"'(8) = 0.
We integrate and rename the constants to find
G"(6) + GX(0) + k1G(6) +k» =0, G(0) = F'(0)
and we set G(0) = H(0) — %1 to get
H"(0) + H*(0) + ko — 1k = 0.
We integrate again to give

3[H'(0)) + 3H(0) + (k2 — 1K) H(8) = k3.
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5. A Note on Non-Lie Reductions

Bluman and Cole [17,18] introduced a method to derive non-Lie reductions. In this
approach, we require invariance of Equation (10) in conjunction with the invariant surface
condition (12) under the infinitesimal transformations generated by the Lie operator (11).
Motivated by the work in reference [16], we state that, for Equation (10), we can search for
three forms of reduction operators:

1. T =0+ X(txy,u)dx+Y(t,x,y,u)dy +U(tx,y,u)dy
2. T =X(tx,y,u)dy+ dy + U(t,x,y,u)dy
3. T'=o0y+U(tx,y u)oy

Unlike the Lie symmetries, the determining system for the coefficient functions of the
operator is nonlinear. This makes the task for deriving such non-Lie operators very difficult.
Here, we do not carry out the complete analysis for deriving these forms of operators, but
we only present some examples of the second and third forms. The search of operators of
the first form leads to equivalent Lie operators.

As a first example, we have the operator of the above form 2,

T'= 0y +¢(t, )9, a(t)rx + (P3Px)x = 0.

This operator produces the ansatz u(t, x,y) = ¢(t, x)y + ¢(t, x) that reduces Equation (10)
to the system

a(t)pex + (PPx)x + Pt + Paxx = 0, a(t)hrx + (Phx)x = 0.

Both above equations can be integrated once with respect to x. The second example is
the non-Lie operator I' = 9, + a(t)dy, which produces the ansatz u(t, x,y) = ¢(t,&), { =
x — a(t)y that maps (10) into

a'(t)¢z + a(t)pezee +2a(t)Pepez = 0.

This differential equation can be integrated once with respect to ¢.
A trivial example of the third form is the operator oy + [f(t) + ¢(y)]9., which leads to
the trivial ansatz u(t, x,y) = [f(t) + g(v)]x + ¢(t,y), and the reduced equation is

Py + [ (1) +8()]g' (v) +a(t)f(t) =0,

which can be integrated and the solution is expressed in terms of the arbitrary functions

a(t), f(t),and g(y).

6. Final Remarks

The difficult task of the Lie group classification of the variable coefficient Boiti-Leon—
Manna-Pempinelli Equation (1) has been achieved with the aid of the equivalence group.
Equivalence transformations provides the tools to fix a number of variable coefficients,
which makes the symmetry analysis simpler. As another example, in order to show the
significance of the equivalence group, we consider (1) with a(t) =0,

b(t)usy + c(t)uxy + d(t)uyy + k(uxtty)x + tixxxy = 0. (13)

The variable coefficient Equation (13) can be mapped into the standard Boiti-Leon-Manna-
Pempinelli equation

it

iy + (dszily)z + ilzzzg = 0 (14)

under the mapping

Q=

F=t = [b(t)5x, g:y—/@dt, i= %[b(t)]*%[6ku+b’(t)x2+6c(t)x]
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Lie symmetries admitted by Boiti-Leon-Manna—-Pempinelli Equation (14) can be
found in [19]. The Lie group classification of class (13) can be achieved using the above
mapping and the Lie symmetries of (14). To our knowledge, non-Lie reduction operators
do not exist in the literature. We list four examples of such operators that have been derived
by the method of Bluman and Cole:

Iy + ()P (y)9u,

ay + 4/ §b1(t)x + (Pz(t)au,

Ix + [¢(t) + ¥ ()]0,

2x
% Suly) 13"

where all the functions that appear in the reduction operators are arbitrary. An open
problem, although not an easy one, is the classification of all such reduction operators for
Boiti-Leon-Manna—-Pempinelli Equation (14).

7. Conclusions

Recently, a generalization of the Boiti-Leon-Manna-Pempinelli equation has appeared
in the literature [8]. This general equation has four coefficients as functions of time, which
makes it difficult to be studied. However, before studying such equations, it is very useful
to attempt to simplify it. Equivalence transformations are good tools that enable us, in most
cases, to simplify variable coefficient equations. Here, we have derived the equivalence
transformations for class (1) and used them to transform it to the simplified class (10) with
only one variable coefficient. We present the group classification of both classes (1) and (10)
with the employment of the equivalence transformations. This completes the existing
results for the group classification of the general class (1) that appear in the literature.

The present work can be extended to find exact or numerical solutions for the gener-
alized Boiti—-Leon-Manna—Pempinelli equation. Lie reductions in Section 4 and non-Lie
reductions in Section 5 can be used to derive solutions for (10). It is pointed out that in
both sections we have only presented partial results. Another future task is to complete
the analysis in these two sections. However, finding the complete list of non-Lie reduc-
tion operators (nonclassical symmetries) is an extremely difficult task because most of the
determining equations are of a nonlinear form.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The author declares no conflicts of interest.

Appendix A

We apply transformations (9) that are derived from Theorem 2 and the Lie symmetry
classification of (10) to obtain the corresponding results of the general class of variable
coefficient Boiti-Leon-Manna—-Pempinelli Equations (1).

1. If a(t), b(t), c(t), d(t), and k are arbitrary, the Lie algebras admitted by (1) is
spanned by the operators

Xi =3 X =3, X3:< +1<b(’f)x+”(t)3/>au, Xy = 3(£)u.

dt
A | W
/ \/Ia(t)b(f)> K\ Vla(®)b(1)]

The above Lie symmetries agree with the results in [5].
Additional Lie symmetries exist in the cases where a(t) = b(t)( [ b)", b(t)e" D), and b(t);
and c(t)and d(t) are arbitrary. The following cases do not appear in the literature.
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2.1fa(t) = b(t)([ b)", the additional Lie operator is of the form
Xs =32 - () ([ gt )+ 2= 1 =3nyy+3ato) [ Gar+ an-1) [ Sat]o,
T D T P
~60n-20c(0)( [ )
o) [ (5(fh) -4 30) Ja o

wauie ) [ 1)~ 1w ( [ 1ar) —aon s man ([ )
s3] (4073057390 o
- [ub(f)c'(t) (2a)™ —nrin( 1) nsman ([ 2ar)”
~on—8)e() ([ )
coe-wn( ) [(3([3) =5/ 3) Jalofon

3.If a(t) = b(t)e"J V), the additional Lie operator is of the form

1

+(n—2){u+8k

Yy, = 6b(t)or + 6 {n / %dt +d— ny} dy

—1—267%]%”” [ZC(t)egfgrdt —2d(t)e’® [ vt +n/§637nf%dtdt - n/zegf!ladtdt] Ox
3 —1 [ 1lg / / o[ lgy / 3 [ lap

+oe 1 {[(4b(t)d (£) + 6nd' (t))e? [ 29t — (4b(t)c' () + 2nc(t))e? | 3

+n2/%e%f %dtdt—nz/%e%f idtdt]x

e bt [(4b(t)c'(t) —2nc(t))e? | 89 — (ab(t)d'(t) + 2nd(t))e® | 54

—l—nz/;egf;dtdt—nz/Ze?f;dtdt}y}au.

4. If a(t) = b(t), we have two additional Lie operators: X4(n = 0) and Y4(n = 0),

Xy = 6b(t) </ ;dt>8t + [2x+3(c(t) —d(t))(/ lljdt) + (/ d;Cdtﬂax
+2 [y+3d(t) </ ll)dt) - (/ Zdt)]ay
+11c{—2ku + [3b(t)(c’(t) — (1) (/ ;dt) +2(c(t) —d(t))} y— x]}au,

Yy = 6b(t)d; +3[c(t) — d(t)]0x + 6d(t)d, + %b(t)[c’(t) —d'(H)][y — x]ou.

As we pointed out in Section 2, case 4 is equivalent to the constant coefficient equation.
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