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The aim of this work is to perform a complete Lie symmetry classification of a generalized Lane-
Emden type system in two dimensions which models many physical phenomena in biological and
physical sciences. The classical approach of group classification is employed for classification. We
show that several cases arise in classifying the arbitrary parameters, the forms of which include
amongst others the power law nonlinearity, and exponential and quadratic forms.

1. Introduction

For many years extensive studies using various approaches have been done on the Lane-
Emden type equation

Ay +F(y) =0, (1.1)

which has applications in astrophysics. Recently, the Lane-Emden type systems have attract-
ed a lot of attention in modelling physical phenomena in biological and physical sciences [1,
2]. In many of these investigations the nonlinearity in the system is often assumed. However,
the symmetry-based approach provides a systematic way to specify the nonlinearities in the
models of physical importance and mathematical interest.
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The bidimensional Lane-Emden system [3]:

Uy +Uyy +07 =0,
(1.2)
Uxx +Oyy +uP =0,

is studied from the view point of both Lie and Noether point symmetry classification where
p.q € {0,1} are arbitrary constants. In particular, the Lie point symmetry classification is
obtained for the cases p#q (p = 1/q) and p = g where q#0,+1 including the special case
p=q=-L

In the current study we generalize the last system by considering the bidimensional
Lane-Emden system of the form

Uxx + Uyy + f(V) =0,
" (1.3)
Uxx +0yy + g(u) =0,

where f(v) and g(u) are nonzero arbitrary functions of their respective arguments. The
underlying system (1.3) is a two-dimensional Euler-Lagrange model system in elastostatics
[4].

Recently, in [5] Noether point symmetry classification of system (1.3) is performed
and various forms of the arbitrary functions are obtained which include linear, power,
exponential, and logarithmic types.

The plan of this work is organized as follows. In Section 2 we generate the classifying
relations (determining equations for the arbitrary elements). The computation of the equiva-
lence transformations is presented in Section 3. In Section 4 the Lie group classification of the
underlying system is performed. Finally, we summarize our investigations in Section 5.

2. Generator of Symmetry Group and Classifying Relations

According to the Lie algorithm we seek the generator of Lie point symmetries for system (1.3)
of the form

X =¢"(x,y,u,0)0 + & (x,y,u,0)0, + ' (x,y,u,0)0u + 1 (x, Y, 1,0) Dy (2.1)

The application of the second prolongation of (2.1) on the underlying system yields the
determining equations which are solved for ¢!, ¢2, n', and 7?, see for details [4, 6, 7]. The
manual generation and manipulation of determining equations is a tiring task. Fortunately,
nowadays the Lie algorithm has been implemented using the computer software packages for
symbolic computation such as the YaLie package [8] which is used in this work. Therefore,
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with the help of the YaLie package written in Mathematica the following determining equa-
tions are generated:

érll:@l)zol éizéz%:o/ n}m:rl'})vzol Tliu:nzzlvzol
Mo = Myo = NMxo =0, Moy = My = My = 0,
g-g=0 geg-o
1 1 1 _ 1 2 2 _
‘;xx + éyy - 271xu =0, 271]/14 - éyy - éxx =0, (22)
‘.':chx + é;y - 27132cv =0, 2’1;:; - ‘giy - ‘gzzcx =0,
1 f'(©) = g ) + (281 = 1) f () + 7y + 1}, = 0,

18w + (28 - 1) 8w) ~ o f () + 1 + 1y =0,

where subscripts denote partial differentiation with respect to the indicated variables and
“prime” indicates total derivative with respect to the given argument.

The manipulation of (2.2) yields the general generator of symmetry group for system
(1.3) in the form

X =a(x,y)0x+b(x,y)0, + [Cru+c(x,y)]0u+ [C20 + d(x,y)] 0o, (2.3)

where Cy, C; are arbitrary constants and a, b, ¢, d are the arbitrary smooth functions which
satisfy

a—b, =0, a, +by, =0, Axx +ay, =0, byx + by, =0, (2.4)
(2ax = C1)f(v) + (Coo +d) f' (V) + Cxx + Cyy =0, (2.5)
(2b, - C2)g(u) + (Cru+c)g' (1) + dxx + dyy = 0. (2.6)

The determining equations (2.5) and (2.6) are known as the classifying relations/equations.
Since the variables x and y do not appear explicitly in the underlying system (1.3), the

principal symmetry Lie algebra admitted by this system is spanned by at least two operators,

namely, X; = 0, and X, = 9, (to be established in Section 3).

3. Equivalence Transformations

Following the infinitesimal approach [9] we consider the generator of equivalence group of
the form

Y =¢'0y + 820y +1'0u + 170y + ' Of + 70y, (3.1)

where ¢/ = ¢ (x,y,u,v), n/ =1/ (x,y,u,v),and W = i (x,y,u,v, f,g) forj =1,2.
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The operator (3.1) is the generator of equivalence group for system (1.3) provided it is
admitted by the extended system

Upx +Uyy + f =0, Uxx +Uyy + 8 =0,

(3.2)
fx=fy=fu=0, 8x =8y =8 =0.
We require the prolonged operator for the extended system (3.2) having the form
Y = YR+ w]dg, + wydy, + widy, + widy, + widy, +widg, + widg, + widy,  (3.3)
where Yl is the second prolongation of (3.1) given by
Y = 810, + 870, + 10y + 1700 + p'Of + 70, -,

1 2 1 2
+ gllauxx + gllavxx + §2Zauyy + €228'Uyy'

The variables g;'. and w}_are given by the prolongation formulae

Ghe = De(Da(n') =D (81) =10y Da (82)) = D (&) =102y D (82)
oy = Dy (Dy(n') =Dy (&) =Dy (&) = s Dy (8!) = 1Dy (&)
2 = De(De (1) - uxDx (81) = 1y D () = 1xDx (81) = 1y D2 (82)
oy = Dy (Dy(1°) =Dy (&) = 10y (&) = s Dy (8!) = s Dy (&)

D) = feDe(8) - £uDe (&) - fuDs(n') - foD(2), 5
wh = By () - £eDy (&) - 1,0, (£) - £y (n") - £Dy (1),
wh= Bu() - £eBu(&') = £,Du() - £uBu(n') - £uB ()
W} = Do(4?) - geDx(¢1) - 8D (8) - gD (") - gDx (1)
w} =Dy (") - gDy (&) = 8Dy () - 8Dy (n') = 80Dy ()
W=D, y2> ~ gDy, (él) - gyDu (§2> - guDu <’11> - gv5"<”2>

respectively, where

Dy = 0x + UxOy + 0x0p + -+, Dy =0y +uy0y +v,0p + -+ (3.6)
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are the total derivative operators and the total derivative operators for the extended system
are given by

Dx=ax+fxaf+gxag+”"
D, = 8y + fydf + gydg + -,
~ (3.7)
Du:6u+fu8f+guag+~-,

Dy = 0y + foOf + o0g + -+ .

Upon application of the prolongation (3.3), the invariance conditions of system (3.2) read

Horbn+e =0, WG +8,=0,
(3.8)
Wl =wh =wk=0, w? = wi =wi =0.
The solution of system (3.8) is given by
§1 =C5X + CeY + Cy, §2 = C5Y — CeX + Cg, 711 =Cu+cy,
(3.9)

112 =30 + Cy, ‘ul = (c1—2¢cs5)f, ,uz = (3 —2¢c5)g,

where cj, ..., cg are arbitrary constants.
Therefore, system (1.3) has 8-dimensional equivalence Lie algebra spanned by the
operators

Y1 =0y, Y, = ayr Y3 = yax - xayr Y, =0, Y5 =0,
(3.10)
Ys = x0x + y0, —2f07 — 280, Y7 = uo, + foy, Ys = v0, + g0q.

The composition of the one-parameter group of transformations for each Y; yields the
equivalence group for system (1.3) given by the transformations

X =mx+ay+ P, Y=—mx+ay+ P,
(3.11)

Uu=oazu+ps, U= a0+ P, f=asf, g =a6g,

where a1, ..., a6 #0 and f, ..., f4 are arbitrary constants.

Next we use the theorem on projections of equivalence Lie algebras [9] to establish the
principal Lie algebra for system (1.3). The projections of the equivalence generator (3.1) are
given by

X = pr(x,y,u,v)(Y) = glax + §2ay + ﬂlau + ﬂzavz (3.12)

Z =PI t0) (Y)=75'0, + 1?0, + ylaf + yzbg, (3.13)
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where pri .. ., onto the space

(uw,v,f,9).
An operator X spans the principal Lie algebra provided the following condition holds:

denotes projection onto the space (x,y,u,v) and pr(,,, ..

Z= pr(u,v,f,g)(Y) =0. (314)
In view of (3.1) taking into account (3.9) and (3.13), equation (3.14) is recast as
(c1u +€2)0y + (c30 + €4)0y + (1 = 2¢5) fOf + (3 — 2¢5) g0 = 0. (3.15)

Thus, we have

Cc1 = O, Cy = 0, C3 = 0, Cq = 0, Cs = 0. (316)

Now the generator of equivalence group (3.1) reduces to
Y = (cey +¢7)0x + (cg — C6X)0y, (3.17)

and therefore the principal Lie algebra for system (1.3) is three-dimensional and it is spanned
by the operators

X1 = ax, X2 = ay, X3 = yax - xay. (318)

Remark 3.1. The principal Lie algebra (3.18) can be achieved alternatively by solving the
resulting equations obtained from splitting the determining equations (2.5) and (2.6) with
respect to the arbitrary elements and their derivatives.

Our goal in Section4 is to extend the principal Lie algebra, that is, we obtain
the functional forms of the arbitrary elements f(v) and g(u) which provide additional
operator(s).

4. Group Classification

Case 1. Following the classical approach of group classification [7], the classifying relations
(2.5) and (2.6) become

(h+ ko) f'(v) + £f (v) + m =0, (4.1)

(n+pu)g'(u) +qg(u) +r =0, (4.2)

where h, k, ¢, m, n, p, q, and r are arbitrary constants.
It is noted that the analysis of (4.1) and (4.2) is similar.
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Upon the use of equivalence transformations (3.11), the classifying equations (4.1) and
(4.2) take the form

<h + %[L}k + a5kv>f'(v) +aséf(v) +m=0,
4
(4.3)

o !
<n + “—Zﬁ3p + a6pu>g (1) + asqg(u) +r =0,
provided

E=h+%ﬂ4k, k=ask, C=ast, Tm=m;
! (4.4)

=|
Il
<

A=n+CPp,  Feap,  G=ad,
as

As an illustration in the analysis of (4.3) we consider the case k #0 (E =0)and p#0 (n =0).
Thus, we obtain

vf' (v)+af(v)+p=0; ap=0+1,

(4.5)
ug'(u) +ygu)+6=0; y,6=0,+1,
where ¢ = ak, m = askp, q = yp, and r = agpb.
Consider also the case k =0 (E;ﬁ 0) and p =0 (n#0), then we have
fl)+Af(0)+pu=0; A pu=0,+1,
(4.6)

W) +vgu)+p=0; v,p=0<1,

where h\ = asm, m = ph, nv = agq, and r = pn.
From (4.5)-(4.6) we obtain the functional forms of the arbitrary parameters f(v) and
g(u) together with their corresponding extra operator(s) given by

f=fov™, g=gu’;

4.7)
Xy = (ay = 1)x0x + (ay —1)yd, + 2(a — 1)ud, + 2(y — 1)vd,,
f=foe, g=%e™,  ALv#0;
Xy =M (y - x)0x — \v(x +y)d, — 200, — 2v0s,
(4.8)

X5 =y <x2 - 2xy - y2>8x + v <x2 +2xy — y2>6y

+4A(x - y)0, +4v(x — )0y,

where fo, o, fg, and gy are nonzero arbitrary constants.
The cases k#0 (p = 0) and k = 0 (p #0) yield the classification results given in Table 1.
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Table 1: Classification results: k#0 (p =0) and k =0 (p#0).

f g Condition on const. Extra operator(s)

Xy = Ayx0x + Ayyoy, + 24ud, +2(y —1)0,

Freto gou™r A#0

) A#0 X4 = Ao, — 0y, Xc = c(x,y)0y

fov! 6lnu 6==1 X4 = x0x + Y0, + 200,
Qou’ n==1 Xy = (1+7y)x0x + (1 +y)ydy, +4ud, +2(1 - y)vo,

Ho Qoe v#0 Xy = vx0x + VY0, +4ud, — 2vvd,

pu p ==l X4 =u0, +v0y, Xq =d(x,y)0,
flnv 0 p==+1 Xy = x0x + YOy +2ud, +2v0,, X, = c(x,y)0y
(o) gou™! X4 = x0x + YO, + 2ud,

80 X =c(x,y)0u

Case 2. Suppose that f(v) and g(u) are nonlinear functions. Differentiation of (2.5) and (2.6)
twice with respect to v and u, respectively, leads to

(2ay —C1 +2Cy) f" + (d+ Co) f" =0,

(4.9)
(2b, -2C1 +C3)g" + (c+ Civ)g" = 0.
Thus, the last equations prompt consideration of the following set of cases:
f"@) =0,  g"(u)=0, (4.10)
f"()=0,  g"(u)#0, (4.11)
f"()#0,  ¢"(u)=0, (4.12)
f"@)#0,  g"(u)#0. (4.13)

Consider case (4.10) for illustration. We obtain f = Av*> + Bv +C, g = A2 +Bu+C,
respectively, where A, A, B, B, C and C are arbitrary constants of integration. We make use
of the equivalence transformations (3.11) in order to have simplified forms of f and g.

Firstly consider f, then

F=asf = a5A<5;_4ﬂ4)2 . a53<5—4ﬁ4

[24

>+a5C

(4.14)

_ as
= zx5v2 + —Bv + asC.

VA
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Therefore, when we drop the bars and set a5 = 1, 4 = 0 the equivalence relation for f is given
by v? + ov + T, where B = 0+/A and T = C. Likewise, g = u? + ¢u + w for arbitrary constants
¢ and w. Substitution of the forms of f and g into (2.4)—(2.6) yields

Ci=Cy,  Gy+by=0, dy=0  bu=0,
(0 +20)d — Co(2T + 0V) + Cxx + €y = 0, (4.15)

(¢ +2u)c—C1(2w + ¢u) + dyx + dyy, =0,

where

a(x,y) = (G- G2 )x+atw),

. (4.16)
b(x,y) = (72 - C1>y + E(x),

according to (4.9)
The solution of (4.15) leads to the four-dimensional symmetry Lie algebra spanned by
the generators

X1 = Oy, X> =0y, X3 = YOy — X0y, Xy = x0x + Y0, — 2ud, — 200y, (4.17)
provided f and g are quadratic in v and u, respectively, that is,
f=v, g=u. (4.18)

However, the last result (4.18) is included in (4.7) for a = y = 2.
Next, in considering case (4.11), we obtain the classification result that if f = v? and
g = e", then the principal Lie algebra is extended by the operator

X4 = x0x + YOy — 30, — V0y. (4.19)

The classification results of case (4.11) can be mapped into those of (4.12) by the use of the
equivalence transformations u — v and f +— g. The last case (4.13) does not yield the forms
of f(v) and g(u) such that the principal Lie algebra is extended.

Note. It should be noted that not included in the preceding classification results are the cases
for which the functional forms of the arbitrary elements do not extend the principal Lie
algebra, this includes amongst others the case for which both functions are of logarithmic
forms. Moreover, the cases which are the same under the equivalence transformations u — v
and f — g are also excluded. The constant coefficient case is also excluded.
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5. Conclusion

In this work we performed the Lie symmetry classification of a generalized bidimensional
Lane-Emden type system. The functional forms of the arbitrary parameters were specified via
the classical method of group classification, and these include the combination of power law
nonlinearity, exponential, logarithmic, quadratic, linear, and constant forms. Many cases
yielded four symmetries apart from the five-dimensional symmetry Lie algebra obtained in
the case for which both parameters are of exponential forms. The other cases possess infinite
dimensional symmetry Lie algebra.
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