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Abstract

The symmetry group of a given differential equation is the group of trans-
formations that translate the solutions of the equation into solutions. If the
infinitesimal generators of symmetry groups of systems of partial differential
equations are known, the symmetry group can be used to explicitly find par-
ticular types of solutions that are invariant with respect to the symmetry
group of the system. The class of invariant solutions includes exact solutions
that have direct mathematical or physical meaning. In this paper, using the
well-known infinitesimal generators of some symmetry groups of the
two-dimensional heat conduction equation, solutions are found that are inva-
riant with respect to these groups. It is considered cases when conductivity
coefficients of the two-dimensional heat conduction equation are power
functions of temperature and conductivity coefficients are exponential func-
tions of temperature. In first case invariant solutions contain well known
self-similar solutions which are widely used in applications.
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1. Introduction

Let us be given a differential equation of order m

A(x,u(m)):o (1)

from n independent X :(Xl,xz,n-,xn) and ¢ dependent u :(ul,uz,n-,uq)
variables containing derivatives from uwith xto order m.

Definition. A group G of transformations acting on the set M of the space of
independent and dependent variables of a differential equation is called the

symmetry group of Equation (1) if for each solution u = f (X) of Equation (1)
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and for g €G such that go f, is defined, then the function G=go f , is also
a solution of the Equation (1).

For the heat equation u, =u, translation group

(x,t,u)—>(x+as,t+bs,u),seR (2)

is a symmetry group, because if the function u= f(X) is a solution, then the
function u=f (X —as, t— bS) is also a solution to the heat equation.

One of the advantages of knowing the symmetry group of differential equa-
tions is that if we know the solution u = f (), then according to the definition
of symmetry group the function G=go f is also a solution for any element g
groups G, so that we have the opportunity to build a whole family of solutions,
exposing the known solution to the action of all possible elements of the group.

Group analysis methods are widely used for the study of partial differential
equations and for the integration of ordinary differential equations. The papers
[1] [2] [3] [4] deal with the integration of ordinary differential equations and li-
near differential equations in partial derivatives, based on known infinitesimal
symmetries.

Numerous studies have been devoted to finding symmetry groups of differen-
tial equations and their applications for research. The work [5] has developed a
computational method that explicitly defines the full symmetry group of an ar-
bitrary partial differential equation. In the paper [6] there are considered prob-
lems of group classification of differential equations and their solutions. Exam-
ples of the application of group analysis techniques to specific systems of diffe-
rential equations are given. In the paper [7] it was found the Lie algebra of infi-
nitesimal generators of the symmetry group for the two-dimensional and
three-dimensional heat equation. The Lie algebra of infinitesimal generators of
the symmetry group for the one-dimensional heat equation was used in [8].

Using of infinitely generators of some symmetry groups allows us to consider
ordinary differential equations instead of partial differential equations. If we
choose suitable invariant functions, in a fairly large class of cases, these ordinary
differential equations are integrated into quadratures or solutions of differential
equations are expressed by well-known functions. The solutions obtained in-
clude exact solutions that have direct mathematical or physical meaning.

We present methods for obtaining invariant solutions that describe the
process of heat distribution fairly well using well-known infinitesimal generators
of symmetry groups. Some invariant solutions of the two-dimensional heat
conduction equation are found in the paper [7] when conductivity coefficients
are with power functions with a negative exponent. We consider the case when
conductivity coefficients are power functions with a positive exponent and ex-

ponential functions of temperature.

2. Conductivity Coefficients Are Power Functions
of Temperature

Let us consider the two-dimensional heat equation
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2

A 8
where U=U(X,X,,t)>0 —is the temperature function, k (u)>0, Q(u)
—functions of temperature u. The function Q (u) describes the process of heat
generation if Q(u)>0 and the process of heat absorption if Q(u)<0.

Studies show that the thermal conductivity coefficients k; (u),k,(u) in a
fairly wide range of parameters can be described by a power function of temper-
ature, Ze. it has the form k(u)=u” [2] [9].

Consider the case k; (u)=k,(u)=u’, Q(u)=u. In this case, Equation (3)

has the following form:

u, =u"Au+<7u"’1(Vu)2 +u (4)
2 2
where Au= a—2+a—2 —Laplace operator, Vu= a—u,a—u —the gradient of
oX;  OX; OX, OX,

the function .
As shown in [7], the following vector fields are infinitesimal generators of the
symmetry group for Equation (4):
0 0 0 0 0
X, =0X,—+0X, —+2u—, X, =exp(—ot)—+exp(—ot)u—. 5
1=ON S K X, p(-ot) 5 +exp(~otju—r.  (5)
The flows of the vector fields X, X, generate the following transformation

groups, respectively

(6%, %,,u) > (t.xe°, x,e°,ue™ ), s e R (6)
1 - 1
(t,xl,xz,u)a[gln(e‘” +05),%,%,u(e ‘+as)0J,5eR 7)

We find solutions of Equation (4) that are invariant with respect to transfor-
mation groups (6), (7). To do this, we first find the invariant functions of these
transformations.

It is known that [[5], p. 117] a smooth function f:M — R is an invariant
function of the transformation group G, acting on M if and only if Xf =0 for
each infinitesimal generator X of the group G.

Using this criterion, we find that the functions

(x +x)exp(at/2) =~ x
I A, =— (8)
Ju? X,
are invariant functions of the transformation group (6), (7), which follows from
the following equalities X;(1;)=0, X;(1,)=0, X,(I;)=0, X,(1,)=0.
These invariant functions allow us to search solution of Equation (4) in the

form

O t (X1+X2)Z/G

u(t,xl,x2)=5e 5 V(&) )

where & :ﬁ. Substituting in (4) for the function V(é) we obtain the fol-
XZ
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lowing second-order differential equation:

f(EVWV"+ f (£ +40'(§+1)|:%(§2 +&)-28+ Z}VV’

Atz

where f(£)=(£+1)"(£°+1), 9(¢)= a(§+1)[%(§2 +§)—2§+2} .

(10)

In the general case for any ¢ Equation (10) by replacing z(&)=V 2 canbe
reduced to a second-order linear equation for Z(§) .

In the case of o =2, we obtain the following equation

f(EVV"+ f(EV?+2g(E)VV/+8V2 =0, (11)
g(§)=4(§+1)(§2—§+2).

In Equation (11) introducing a new function z(£) by means of the equality

z(£)=V? we obtain the following second order linear equation for z(¢)
d’*z dz
f(&)—+4 —+16z=0. 12
In this equation making the substitution W(x)= ZeXp{ZJ.%df} get the eq-

uation

W1 (E)w=0. (13)

!

Then, making the replacement p(¢&)= W, we obtain the equation
w

p'+p’ =-1(&), (14)
6(&% —2&+1)
(§+1)2(§2+1)'

This equation is the Riccati equation. It is known that if we know one particu-

where | =—

lar solution of the Riccati equation, we can find a general solution this equation.
Now consider the case when there is heat absorption:
k (u)=k,(u)=u”,Q(u)=—u. In this case, the Equation (3) has the following

form:
u, =u“Au+au"‘1(Vu)2—u (15)
As shown in [7], the following vector fields are infinitesimal generators of the
symmetry group for Equation (15):

0 0 0 0 0
X, =0X —+0oX,—+2u—, X, =exp(ot)—+exp(ot)u—. 16
! Xiax1 20X, ou'? P( )6t P( )au (16)

Using the above criterion, we find that the functions

(a+X)exp(-at/2) % (17)

1 \/u_" ,IZ:X2
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are invariant functions of the transformation groups generated by vector fields
(16), which follows from the following equalities X,(l,)=0, X,(1,)=0,
X,(1)=0, X,(1,)=0.

These invariants allow us to search a solution of Equation (15) in the form

o ()™

2 2
Substituting function (18) in (15) for the function V(§), we obtain the

u(t,x, %)= V(&) (18)

second-order differential equation, which coincides with Equation (10).

Thus, in both cases, to find solutions that are invariant with respect to trans-
formation groups, we must investigate a second-order linear equation with re-
spect to V (§ ) , which depends on o . As shown by numerical studies, the solu-
tion of Equation (10) is limited (see Figure 1). Therefore, at each point of the
domain of variables (xl, X, ) , different from points (0, 0) , temperature function
(9) increases exponentially with increasing ¢ that characterizes the presence of a
heat source in Equation (4). In Equation (15) there is an absorption source,
therefore at every point of the domain of variables (X,X,), other than (0,0),
the temperature function (18) decreases exponentially as #increases.

Now consider the case when there is no heat source: k; (u)=k,(u)=u’,
Q (u) = 0. In this case, Equation (3) has the following form:

u, =u"Au+cru"‘1(Vu)2 (19)

Let us show one family of invariant solutions of Equation (19), which is often
used in applications. For this we use the infinitesimal symmetry of Equation (19),

which is given by the following vector field

3

Figure 1. Grafics of the solution of Equation (10) (function V (f ) Yat V (1) = 1,V'(1) =10).
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Xl=—x2i+x1i. (20)
0%, 0X,

The flow of this vector field consists of rotations around the origin of the
plane (X1: X, ) , which define the following one parameter transformation group

(t,%,,%,,u) = (t, % COSS—X, Sins, X, sins+X, coss,u),s € R. (21)
Invariant functions of these rotations are functions.
12
L=uf ()1, =g(t)(x+x) ", (22)

where f(t),g(t) are smooth functions.
Using these functions, we can find a large family of invariant solutions of Eq-
uation (19), relative to the groups of rotations around the origin of the plane

(%% ) -

We are looking for a solution in the form
u(t,xl,xz):t”'v(g?),g:t’ﬁ(xf+Xf)w, (23)

to get self-similar solutions [9].
Substituting (23) into Equation (19), we obtain the following relation
a—-1=a(o+1)-2p . For solutions of this type usually require the condition of

constancy of energy, that is, the condition:

[Ju(t.x,x, )dx,dx, =const = E. (24)
RZ

From condition (24) we obtain the equality a+2£=0. Thus, we obtain

a=-2/(20+2), f=1(20+2).

As a result, we obtain the following differential equation for the function

V(f):

2
VOV +EV TNV +VV + ¢ V’+(§—1 V =0. (25)
20+2 o+l

This equation is equivalent to the following equation.

(evev) + (ver) =o. (26)

20+2

By declining V #0 and considering the integration constant to be zero, from

Equation (26) we get the following expression for V'

V(&)= {ﬁ(cz —52)}6 . 27)

Supplying the expression for V'in (23) we obtain the following solution, which
is invariant with respect to rotations around the origin of the plane (x;,X,):

1 o ) XX
u(t, X, )=—1 - (28)
SO PTERT] R

If we take into account that the u (t, X;, X, ) >0, function u (t, X, X2) is finite
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2 2
in x=(x,X,) and infinitely differentiable in the domain lez <C?%.
to+
Therefore, the integral in (24) is finite.

If we introduce the variables ¢! :%,52 :tx_ﬂz’ then equality (24) takes the

form:
.” v (§)d§1d§z =const = E. (29)
0S§12+522302
where do we get that
1 o/(20+2)
. 1[4&1}6 (l”j ol . (30)
T (o2 o

In Equation (19) there is no source of absorption and no source of heat release,
therefore, at each point in the domain of variables (X,X,) the temperature

function (28) decreases uniformly with increasing t.

3. Conductivity Coefficients Are Exponential Functions
of Temperature

Now consider the case when the thermal conductivity coefficients k; (u),k, (u)
are described by an exponential function of temperature, that is, they have the
forms k (u)=k,(u)=exp(u).

First consider the case when there is no heat source: k; (u)=k,(u)=exp(u),
Q(u)=0. In this case, Equation (3) has following view:

u, :exp(u)Au+exp(u)(Vu)2. (31)
2 2
where AU = a—l;+a—tl—Laplace operator, VU= a_ua_u —the gradient of
OX; 0%, OX,

the function u.
As shown in [7], the following vector field is infinitesimal generators of the

symmetry group for Equation (31):

X =tZ_2 (32)

Theorem 1. The invariant solutions of Equation (31), with respect to the
group of transformations, generated by the vector field (32) are functions

Vi) (33)

u(t,x,x,)=In n

X+ x?
L "2, C,,C,—arearbitrary constants.

where V(£)=C/Iné-£+C,, &=

Proof. The flow of the vector field X (32) generates the following transforma-
tion group of the space of variables (t,X;,X,,u), for which the solutions of Equ-

ation (31) are invariant:

(t.%,%,u) > (te*, %, %,,u-s),5 € R (34)
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We find solutions of Equation (31) that are invariant with respect to trans-
formation groups (34).
To do this, we first find the invariant functions of these transformations using
above criterion.
exp(u/2)+t
V()

group of transformations generated by the flow of the vector field (32), which

The function |, = ,» £=&(X,%, ), is an invariant function of the

follows from the following equality X, (1,)=0.

The solution of Equation (31) is sought in the form

u(t,xl,xz):ln\@ (35)

2 2
E= % . Then for the function V (&) we get the following second-order

differential equation

&"+V'+1=0. (36)

_ X 4%
where do we find that V (£)=C,Iné-¢£+C,, cf:T.

Now consider the case when there is a source of heat. Let
k, (u) =k, (u) = exp(u) , Q(u) = exp(u) . In this case, Equation (3) has the fol-

lowing form:
u, =exp(u)Au +exp(u)(Vu)2+exp(u) (37)

As shown in [7], the following vector field is the infinitesimal generator of the
symmetry group for Equation (37):
0 0

X =2t——2—. (38)
ot ou

This means that the flows of these vector fields generate a group of transfor-
mations of the space of variables (t, X, xz,u) , which translate the solutions of
Equation (37) into solutions.

Let us recall solution of a differential equation of the form
x2y"(x)+ xy’(x)+(x2 -V’ ) y(x)=0

is called the Bessel function of the index v. A large number of a wide variety of
tasks related practically all the most important branches of mathematical physics
and those designed to answer topical technical questions are connected with the
use of Bessel functions. Bessel functions are widely used in solving problems of
acoustics, radiophysics, hydrodynamics, problems of atomic and nuclear physics.
There are numerous applications of Bessel functions to the theory of heat con-
duction. Such popularity of Bessel functions is explained by the fact that equa-
tions of mathematical physics containing Laplace operator in cylindrical coor-
dinates, by the classical method separation of variables lead to the ordinary dif-
ferential potential equation to determine these functions.

Following theorem shows that solutions of the Equation (37) can de described
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by Bessel functions.
Theorem 2. Functions

u(t,xl,x2)=ln\@ (39)

where V (¢)=C,Besseld (0,2,/¢ )+ C,BesselY (0,2J)+1, &= X Z X

C,.C, —are arbitrary constants, are invariant solutions of Equation (37), with

respect to the group of transformations generated by the vector field (38). Here
Bessel], BesselY are the Bessel functions of the first kind and the second kind,
respectively.

Proof. The flow of the vector field X consists of transformations

(t,xl,xz,u)—>(te25,x1,x2,u—25),56R (40)

Using the above criterion we find that the function

_ exp(u/2)+t
V(¢)

where &= §(X1, X, ) , is an invariant function of the transformation group (40),

which follows from the following equalities X (1)=0.

The invariant function allows us to find a solution in the form

V(E) Xk

u(t,x,%,)=In » i

(41)

Then for the function V(&) we get the following second-order differential

equation

EV"+V'+V +1=0. (42)
The general solution of Equation (42) is given by the following functions.

V (&) =C,Besseld (0, 2,J€)+C,BesselY (0, 2\/E)+1, (43)

2 2
+X .
X% C,,C, —are arbitrary constants.

&=

4. Conclusion

Summarizing the results we can conclude that using infinitesimal generators of
symmetry groups to find solutions of second-order partial differential equations,
we obtain the ordinary differential equation of the second order. If this ordinary
differential equation of the second integrates explicitly, we get large class inva-
riant solutions of a given partial differential equation. Among these solutions
there can be exact solutions that can be used to characterize the process that is
described by this equation. It all depends on the choice of invariant functions.
Often, the obtained second-order ordinary differential equation is explicitly not
integrated. In this case, we cannot find invariant solutions in explicit form, but

we can characterize the behavior of solutions using numerical integration.
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