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ABSTRACT. In the presented paper known (up to the beginning of 2008) Lie-
and non-Lie exact solutions of different (141)-dimensional diffusion—convection
equations of form f(z)ut = (g(z)A(u)uz)z + h(x)B(u)uz are collected.

CONTENTS

1. Introduction 139
2. Linear heat equation 140
3. Linearizable equations 142
4. Nonlinear diffusion equations. General case 144
5. Nonlinear diffusion equations. Exponential nonlinearity 145
6. Nonlinear diffusion equations. Power nonlinearities 146
7. Porous medium equation uy = (utty)s 148
8. Fast diffusion equation us = (™ Tug)q 149
9. Nonlinear diffusion equations. Other nonlinearities 151
10. Constant coefficient diffusion—convection equations 154
11. m-dimensional radially symmetric nonlinear

diffusion equations 156
12. Variable coefficient diffusion—convection equations 158
13. Examples of Lie reduction of variable coefficient equation 162
14. Exact solutions of sl(2,R)-invariant equation 164
References 165
Appendix A. Group classification of diffusion—convection equations 169

1. Introduction

This is a review paper, where we present a brief summary of known exact
solutions of variable coefficient (1 + 1)-dimensional diffusion—convection equations
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of form
(1) f(@)ur = (9(z)A(u)uz)s + h(z)B(uw)ug,

where f = f(z), g = g(x), h = h(z), A = A(u) and B = B(u) are arbitrary smooth
functions of their variables, f(x)g(z)A(u)#£0.

Our aim is not to give a physical interpretation of the solution of diffusion
equations (that is too huge and cannot be reached in the scope of a short paper),
but to list the already known exact solutions of equations from the class under
consideration. However, in some cases we give a short discussion of the nature of
the listed solutions.

The majority of the listed solutions have been obtained by means of different
symmetry methods, such as reduction with respect to Lie and non-Lie symmetries,
separation of variables, equivalence transformations, etc.

Let us note that the constant coefficient diffusion equations (f =g =1, B =0)
are well investigated and some of exact solutions given below were summarized
before in [26,48].

Our paper is organized as follows. First of all we adduce solutions of the linear
heat equation obtained by means of various symmetry methods. In Section 3 the
linearizable Burgers, Fujita—Storm and Fokas—Yortsos equations are considered. Lie
reduction of constant coefficient nonlinear diffusion equation (hB =0, f =g = 1)
is performed in Section 4. Solutions of constant coefficient diffusion equations with
exponential nonlinearity are adduced in Section 5. Solutions of constant coefficient
diffusion equations with power nonlinearity are presented in Section 6. The im-
portant particular case of such equations, namely, the fast diffusion equation, is
studied in more detail in Section 8. Diffusion equations with other nonlinearities
are briefly discussed in Section 9. The next considered case (Section 10) covers the
nonlinear constant coefficient diffusion—convection equations (f = g =h =1). In
Section 11 we adduce a brief analysis of known solutions of n-dimensional radially
symmetric nonlinear diffusion equations. In Section 12 exact solutions of some vari-
able coefficient diffusion—convection equations are collected. At last, in Sections 13
and 14 we present a detailed analysis of interesting variable coefficient equations
having distinguished invariance properties.

In the Appendix A we adduce the complete results of group classification of
equations (1) with respect to the extended group G~ of equivalence transforma-
tions (23).

Below, if it is not indicated separately, «, €;, A, a, b, ¢, ¢; are arbitrary constants,
€ = +1. For convenience we use double numeration T.N of classification cases and
local equivalence transformations, where T denotes the number of table and N
does the number of case (or transformation, or solution) in table T. The notion
“equation T.N” is used for the equation of form (1) where the parameter-functions
f, 9, h, A, B take values from the corresponding case.

2. Linear heat equation

Systematical investigation of invariant solutions of different diffusion equations
was started by the case of linear heat equation [32,33,39,42,44, 45|

(2) Ut = Ugy
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which is invariant with respect to the six dimensional symmetry algebra generated
by the vector fields

Ql = 8%7 Q2 = 8157 Q3 = Uau, Q4 = 2tat + xazv
Qs = 20, — xudy, Qo = 4t20; + 4txd, — (x* + 2t)ud,
(For the moment we are ignoring the trivial infinite-dimensional subalgebras coming
from the linearity of the heat equation and corresponding to the linear superposition
principle).
The most general solution obtainable from a given solution u = f(t, z) by group
transformations is of the form

(3) d= SR (G el 2D N
VI + degt 1+4degt 2 14 degt ! e

where v(t, x) is an arbitrary solution to the linear heat equation [42]. Considering
the higher-order symmetry generators, one can prove that if u = f(¢, x) is a solution
of the linear heat equation than

a=2tf.(t,x) +xf(t,x) and
i =t*fi(t, ) + tofo(t,z) + £(2t +2%) f(t, )

are also solutions of the same equation [4].

All possible inequivalent (with respect to inner automorphisms) one-dimensio-
nal subalgebras of the given algebra are exhausted by the ones listed in Table 1 [68]
together with the corresponding ansatzes and the reduced ODEs.

Table 1. Reduced ODEs for linear heat equation (2)

N | Subalgebra Ansatz u = w Reduced ODE
(Qa + aQs3) tp(w) z/Vt o'+ —ap=0
(Q2 + Qs + aQs) (42 + 1) 7 p(w) @2 +1) "%z | ¢+ (a+w)p =0

67(4t2+1)71tx27a arctan(2t)/2

3 | (Q2—Qs) ga(w)efz+2t3/3 482 ¢ = wp

4 | (Q2 +aQs) plw)est z ¢ = ap

5 1 {Q1) e(w) t ¢ =

6 | (Qs) — — —

Thus we have the following solutions of (2):

2 1 =z 1 =z
u=tle /() (c U(2a—|——,—)+c V(2a+—,—)>,
! 2" ) T 2" /2t

w= (4% +1 1/4<c W(—E,L)
( ) ! 2" VR ¥ 2
2

a x — L2~ 2 arctan(2t)
()
? 20 82+ 2

2 2
u=cre* cosh(ax +c3), u=cix+cy, u=cre *"cos(ar+cy),

where U(b, z), V (b, z), W (e, z) are parabolic cylinder functions [1].

Multiplicative separation of variables leads to the solutions invariant with re-
spect to (@2 + aQ3). The additive separation of variables yields an exact solution
of form

u = c1x2 + cox + 2cqt.
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The known @-conditional symmetry operators and corresponding reductions
are adduced in Table 2. [21]

Table 2. Nonclassical reductions for linear heat equation (2)

N Operator Q Ansatz Reduced equation
1 —x0¢ + Oy u:gp(t-‘r%) " =0
2 — 20t + O + 30, uzgo(t—i—%)—l—% " = -3
3 220y — 320, — 3udy u=xp (t-‘,— % " =0
4 | 220y — 3205 — Bu+25)0y | u=xp (t—l—%) +f—; p'" = —15
5 20y + uy u = zp(t) o' =0

6 coth £0g + udy u = ¢(t) coshx o —p=0
7 — cot 0z + uly u = p(t)cosx o +e=0
8 Op — uly — 577 0u u= (2t —x)e Tp(t) o —p=0
9 Oz — /—2(t + )0y u:—t—%[m—i—go(t)]2 =0
10 (t-i-%)@t—x@x u:go(tx-i-%z) " =0

If function f(t,x) is an arbitrary solution of the linear heat equation and wu is
the general integral of the ODE f,dt + fdx = 0, then u satisfies the linear heat
equation. This statement can be considered as another algorithm of generating
solutions of the linear heat equation [21]. Indeed, even starting from a rather
trivial solution of the heat equation uw = 1 one gets the chain of quite interesting

solutions
2 3

l-2 — t—i—% — tx—i—% — e
and among them the solutions
22m + o p2m—2 £2 p2m—4 m—1 .2 m
Cm) T TEm—2)  Aem—4a T monia T mr
mtl t gp2ml 2 p?m—3 tm=l g3 g

T+

Cmtr ) "m0 T2 em—s T o T

called often the heat polynomials [69)].

3. Linearizable equations

Class (1) contains three equations, namely Burgers equation
(4) U = Ugy + 2UUL,
Fujita—Storm equation
(5) Uy = (u_zugc)ac
and Fokas—Yortsos equation
(6) ug = (W Ug) e + v 2ug,

that are linearizable by the potential equivalence hodograph transformation and
additional local equivalence transformations [10,14,18,19,25,38,50,63,64]:
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it=t,a=e’,u=e%a,0=12 U= —, vt =Vgg < t=t,za=& u=1ue’,v=e

Therefore, applying the above transformations to the well-known solutions of
the linear heat equation one can easily construct solutions of the linearizable equa-
tions.

Thus, e.g., the fundamental (source) solution u = (4rt)~/2e=="/(4) and dipole
solution u = —((47rt)_1/2e_m2/(4t))w are mapped into the separable and self-similar
solutions of the Fujita—Storm equation [48]

—1/2
1

_ —1ion1/2
and u=a2"1(2t)Y <1n 47Ttm2) .

correspondingly.
Other solutions of the linear heat equation presented in the previous section
yield the following explicite exact solutions of the Fujita—Storm equation [30]:

u=c, u=2z ", u:(:c—Qt)_%, u:(:c2:|:e2t)_%,

1 t
u=+(e* 2)7%, u= P U= ———,
AV242 + o/ —6t £ 2412 + x or/ —t In(zv/E)
1
u = ’
Vcte 2t 4 28t 4 26_4t1‘\/4 —e8t(—cre~t £ \/cle~2t + 2e 8l 4 2¢—4ig)2
1
u =

\/0%6% + 2e8t + 2@4%\/6*825(—016*26 + \/0%8*2’5 +2e=8t 4 2e—4t1)2 — 4

In [66] the following formula for deriving exact solutions of the Fujita—Storm
equation is derived: if u(t,x) is a solution of the Fujita—Storm equation (5) then

2t z
v=u-+ ut+?+xu

—t(uy — 5u?) — Su

is also solution of the same equation.
Similarly [67], if u(¢, x) is a solution of the and the Fokas—Yortsos equation (6)
then

u?

v =
U — Uy
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is also solution of the same equation. In [67] a new exact solution of the Fokas—
Yortsos equation is presented:

1 W(e4t+w)

214 W(edtte)’
where W (z) is the Lambert W function determined as W (z)e"V (*) = z. Let us note
that other exact solutions of the Fokas—Yortsos equation (6) can be easily recovered
from the solution set of the Fujita—Storm equation (5) by means of application of
the local transformation of variables shown in the above scheme.

The same tricks can be used for obtaining exact solutions of the remaining
linearizable equations. However, since the adduced transformations are nonlocal,
sometimes it could be easier to search directly for solutions of the nonlinear equa-
tions. Thus, e.g., one can easily find Lie solutions of the Burgers equation:

cT— X 1 2:17‘"01
u= , U=+ —-—7—, U= ,
2t + ¢ T+ 2t+c 22 +cix+2t+co
6(1’2 + 2t + Cl) ¢ a ecr(z—2et) _ Co
u= ) U= ——"""5;,_ . u:_g—"__iu
223 + 12tx + 6¢1t + co 1—|—C2e*‘31t*clx 2 ec1(z—2et) + o
u = —¢ + c1 tanh(cy (z — 2¢t) + ¢2),
A AT + co
=———(2tanh ——= — \z —
U 2()\2t+c1)( an it o x Cz),
A A
u= —e—cytan(cy(z — 2et) + ¢3), u= cos(Az + c1)

c2eMt +sin(Ax + ¢1)’
¢l ( T+ c3 )( ; T+ cs N )—1
U= ———exp|———~ | |qerf—= +¢ ,
7T(t+02) P 4(t—|—62) ! 2yt + co 4

cos2xe % 4+ ¢y sinz
u=—

— coszsinxe 3t + ¢; cos T + coet’
cre”t(cosx +sinx) + coet T

u=— .
cret(cosx —sinx) — coett® + b

Here erfz = % foz et d¢ is the error function (also called the probability integral).

The last two solutions were found in [54].

Solutions of the Fujita—Storm and Fokas—Yortsos equations can be singled out
form the solutions adduced in Sections 6 and 10 taking u = —2, v = —2. (Note that
all these solutions can be also reconstructed from ones of the linear heat equation
by means of potential equivalence transformations.)

If if u(¢, z) is a solution of the Burgers equation (4) then

V=1t L7 w=u-+ _ Ut Uz
Uy + U2 Uy +u2 +u
are also solutions of the same equation [66].

Potential equivalence transformations were used to obtain solutions of some

boundary-value problems adduced in [10,41,63,64]

4. Nonlinear diffusion equations. General case

Consider now the class of nonlinear diffusion equations
(7) ur = (A(u)ua)a,
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where A, # 0. Lie symmetries of this class have been studied in [44]. The Lie
symmetry algebra of equation from class (7) with arbitrary value of parameter-
function A(u) is three-dimensional and spanned by

Ql :8t7 Q?Zawa Q3:2tat+mam

Taking into account discrete symmetry transformations of changing sings of
independent variables one can formulate the following statement. If u = f(¢,z) is a
solution of equation (7), then @ = f(c%t + e2,e12 + £3) is also solution of the same
equation.

All possible inequivalent (with respect to inner automorphisms) one-dimensio-
nal subalgebras of the given symmetry algebra,the corresponding ansatzes and the
reduced ODEs are exhausted by the ones listed in Table 3.

Table 3. Reduced ODEs for nonlinear diffusion equations (7), 4, # 0.

N | Subalgebra | Ansatz u = w Reduced ODE

L] (@) p(w) z | (Alp)¥') =0

2 | (Q2) o(w) t 0 =0

3 | (Q1+eQ2) o(w) z—ct | e’ = —(A(p)¢")
4 | (Qs) o(w) z/VE | wp' = =2(A(p)¢")’

The first three equations can be easily integrated for all values of A(u). Solu-
tions of the last equation are known for many functions A(u) (see Section 9).
Consider now in more detail equations with wider symmetry algebras. Up to
the group of equivalence transformations
t=cit+e4, T=¢eox+ce5 U=cgu+cq, A= 51_15514

there exist three inequivalent cases of extensions of Lie symmetry algebra [44]:
a=¢c% a=ut p#—4/3 and a = u=*/3.

5. Nonlinear diffusion equations. Exponential nonlinearity
We start from the equation with exponential nonlinearity
() ur = (e Uy )z,
having the four-dimensional Lie algebra spanned by the operators
Q1 =0 Q2=10; — Oy, Q3 =0z, Qs = 20 + 20y.

The only non-zero commutators of these operators are [Q1, Q2] = Q1 and [Q3, Q4] =
Q3. Therefore A™?* is a realization of the algebra 245, [40]. All the possible
inequivalent (with respect to inner automorphisms) one-dimensional subalgebras
of 2451 [46] are exhausted by the ones listed in Table 4.

Table 4. Reduced ODEs for (8). a #0, € = £1, ¢ = signt.

N | Subalgebra Ansatz u = w Reduced ODE

T Q) o) i [P =0

2 | (Qa) (@) + 21In [2] A

3 | (@) () z | () =0

1| (Q2) p(w) —In ] v | () =5

5 | (Q1+eQ3) o(w) z—ct | (e9) =—¢ey¢

6 | (Q+eQa) | e —Inltl | z—chltl | (€9)" = —6(ee +1)

7T | {(Q1+eQa) p(w) + 2t ze et (e¥) = —ewp’ + 2¢

8 | (Q2+0Qq) | o)+ Ca—Dnjt | ol | (¢#)" = 5(—awy +2a - 1)
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Solving the equations 4.1-4.5 we have the following solutions of (8):

—z2 c1x + ¢
u=1Inl|ciz + ¢, u n< 5 + " >,
esa
u = @(x — et) Where/ dp =z — et + ¢p.
C1 —Ep

Equation (8) admits an additive separation of variable that leads to the solution
invariant with respect to scale transformation.
If u = f(t,z) is a solution of equation (8), then

= f(e1t + 3,600 +€4) — €1 + 22

is also solution of the same equation.

6. Nonlinear diffusion equations. Power nonlinearities

Another case of equations admitting extension of the Lie symmetry algebra is
the one having power nonlinearity

9) up = (|ul"ug), -
As in the previous cases the invariance algebra of (9)
AN = Q) = By, Qo = 10y — p~ by, Q3 = 0y Qu =20y + 21" 'udy)

is a realization of the algebra 245 ;.
If u= f(t,z) is a solution of equation (9), then

i= ey 3 f (el + ea b + &)

is also solution of the same equation.

The result of reduction (9) under inequivalent subalgebras of A™** is written
down in Table 5.

Table 5. Reduced ODEs for (9). u# 0 a #0,e =+1, § =signt.

N | Subalgebra Ansatz u = w Reduced ODE

1 | (Qs) o(w) t ¢ =0

2 | (Qu) p(w)|a|?/# t ¢ =2p72(2+ ettt

3| {(Qu) o(w) z (pte') =

4| (Q2) pw)le|=/n x (phe') = —dute

5 | (Q1+¢eQs) w(w) z—et | (pHy') = —ep’

6 | (Q+eQs) | @WIt=r | z—chft] | (pl¢) = e’ —dp~ e

T (@ +eQa) | plw)e ze™t | (pre!) = —ewy’ +2u"tep

8 | (Qa+0aQu) | )t D/m | ajt]=> | (p"¢) =du~ (20 — 1)p — sawy’
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For some of the reduced equations the general solutions are known. For other
ones we succeeded to find only particular solutions. These solutions are following:
1 1
u=|crz+co| 1, u=(co—ep(r—et))n,

1
T +¢p)? _u \*
(10) w= (-t el )

< po (x+co)? p(2u+3) > W
U= = - ,

ST A + e1(z + o) T || 2wrn?

m

11 u=p(x—ct here dep =z — et + cg.
1) plo—zt) where [ £y o

Equation (9) admits multiplicative separation of variables. Namely, for all
values of i one can find solution in form of the product of two functions of different
arguments:

(12) u(t, ) = (bit +bo) /" f(x),
where the function f = f(z) is given implicitly
m
% =4z + co, A= 271)1
NN G n(p +2)

These could be found also in [2,5,6,15,24,26,48,52,58,72,74]. The most
studied cases are equations with p = +1,—-2,—4/3,—3/2. Below we adduce their
exact solutions that are inequivalent to (11) with respect to the Lie symmetry
transformations.

Equation with the singular value of the parameter y = —1 called often the
fast diffusion equation, is distinguished by the reduction procedure. Lie invariant
solutions of it will be adduced in separate section together with non-Lie solutions
obtained from invariance of the fast diffusion equation with respect to the nonclas-
sical potential reduction operators.

Fujita—Storm equation (5) is linearizable and has been considered in a separate
section.

Equation

(13) Uy = (u“l/?’um)m

admits the five-dimensional Lie symmetry algebra generated by

3
Q1 =01, Q2 =10; — p~ 'udy, Q3 =0, Qs = 10, + §U3u, Qs = —2°0, + 3zud,.
An optimal system of one-dimensional subalgebras of this algebra is

(Q1+ Qa), (aQ3+ Q4), (Qs), (Q2+ Qs), (Q3 + Qs).

One can easily construct the corresponding ansatzes and the reduced ODEs. How-
ever, to the best of our knowledge all the found solutions of these equations are
equivalent to (11) with particular value of parameter p = —4/3. Solutions of (13)
invariant with respect to dilatation operators can be found also in [35]. Besides
the already adduced Lie invariant solutions, equation (13) has functional separated
solution [22,57]

u = (pa(t)a’ + @s3(£)a” + pa(t)a® + 1)z + @o(t)) /4,
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where the functions ¢; = ¢;(t) are determined by the system of ordinary differential
equations

3 3
¢ = —wa + 20002, ) = —p1p2 + 6pops, h=—¢3+ 5 P13+ 1200004,

/

3
P = —p2p3 + 60104, ¢y = —ng + 202004

The general form of exact solutions of (13) obtained from the known ones u = f (¢, x)
with action of group transformations is

g C1ch FlerPe+ 5y +
i =-—=_ €3 eq |-
(E5$+1)3 E5$+1 *

Equation
U = (u_3/2um) ,
xT
admits also the functional separation of variables. The corresponding exact solution
is
u=(3c12” + fa(t)2® + fr(t)z + fo(t)) ">/
Here

fo(t) =3 [@(t)dt + 3¢,  fi(t) fsﬁ (t)dt + c2)? +2—i180(t)7

1 1,

where the function ¢ = p(t) is defined 1mp1101t1y by [(cs —8¢*)~2dp = £t +cy .
T.K. Amerov [3] and J.R. King [36] suggested to look for solutions of the
equation
w = (u Y %ug),
in the form u = (¢! (z)t +

(,D O(x )) where the functions ¢! (z) and ¢°(x) satisfy the
system of ODEs ¢! 12,

= %!, A particular solution of this system is

(¢
6 c c
1_ 0o_ C1 2
w = 22 ¥ = ORI
7. Porous medium equation u; = (uty)q
Another important subclass of diffusion equations is a special case of equa-
tion (9) with p=1
(14) ug = (uua:)ma
called also porous medium equation. It first exact solution has been obtained
by Boussinesq [13]. He was looking for a solution in a separated form u(t,z) =
X (x)T(t) satistying conditions
u(t,0) =0, ugl|p=r =0.
Thus constructed solution reads as
_ HoF(§)
1+ (3b2Hy/2L2)t’
where Hy is a constant, £ = x/L and the function F' = F(&) is defined implicitly
- / AdA - LA 713(2 1)
blo VI=XT T Jo VI-X  37\372/)
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The next exact solution of the porous medium equation (14) was found much later
by Barenblatt [6] and written in the present form by Sokolov [59] (the instant
source solution):

1
U = a((gt)2/3 —z?), 0<z<(9)/3=1.
It is easy to become convinced of the fact that both Boussinesq and Barenblatt
solutions correspond to the Lie symmetry of the porous medium equation (14) [73].
Indeed, the Boussinesq solution is a particular case of the ansatz

~ 3b%Hy
2L
that is invariant with respect to the one-parameter Lie symmetry group generated
by Q@ = (1 + at)0; — ud,. Barenblatt solution is invariant with respect to the
one-parameter Lie symmetry group generated by Q = 3t0; + x0, — u0,.

Besides (11), its exact solutions in parametric form are known [48]:

w=(1+at) " o(a),

= (6t 4 c1)€ 4+ ol 3, u=—(6t+c1)E% — 2c28>,
z=tf(w)+g9w), u=tf'(w)+g' W),
where the functions f = f(w) and g = g(w)are determined by the system of ODEs:
(f/)Q _ ff// — f/// f/g/ _ fg// — g///

It is obvious, that the second equation has two linearly independent particular so-
lutions ¢ = 1 and g = f. The general solution of these equations can be represented
in form

1
g=c+cf+es(f [vdw— [ fpdf), f=flw), ¢= (f/)Qefffdw.
It is not difficult to verify, that it has the following particular solutions

f=

and f = ce®”.
w—+

One can see, that the first solution leads to the previously given implicit solution.

8. Fast diffusion equation u; = (v ug).
All invariant solutions of fast diffusion equation
(15) U = (u_lug,:)m ,

which were earlier constructed in closed forms with the classical Lie method, were
collected e.g. in [48-51]. A complete list of G1-inequivalent solutions of such type
is exhausted by the following ones:

1 1

Du=——""\ Qu=e", Hu=—
- ) u T )u=¢", ) u R S——
2t 2t —2t 2t
NDu=—"! Blu=——  6u=— -
) u 2 + et?’ ) u cos?2 g’ b cosh?z’ “ sinh? z

The below arrows denote the possible transformations of solutions (16) to each
other by means of the potential hodograph transformation (17) up to translations
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with respect to x [50]:
O1D)ezo; Demt «— D)eer1, artc0; O Demr1, art>05  2) < 3)pu=0, o>t}
O4)eo; B) = 4)ema; 6) = 4)euy gl<op]s 7)) — 4)em—a, [a|>20¢] -

The sixth connection can be found also in [20,53]. If & # 0 solution 3) from list (16)
is mapped by (17) to the solution

8) u = td(w) — t + pte "), w=x—Inlt,

which is invariant with respect to the algebra (t0; + 9, +ud, ). Here ¥ is the function
determined implicitly by the formula [(9 — 1+ pe™?)"1d¥ = w.

Some non-Lie exact solutions of (15) were obtained in [23,55,56]. Thus,
P.Rosenau [56] found that potential equation v; = v, ~lv,, corresponding to (15)
admits, in addition to the usual variable separation v = T'(t) X (z), the additive one
v=Y(x + At) + Z(x — At) which is a potential additive variable separation for the
fast diffusion equation (15). (The classical multiplicative separation of variables is
given by (12) with u = —1.) To construct nonclassical solutions of (15), C. Qu [55]
made use of generalized conditional symmetry method, looking for the conditional
symmetry operators in the special form Q = (uzy + H(u)us? + F(u)u, + G(u))0,.
M.L. Gandarias [23] investigated some families of usual and potential nonclassical
symmetries of (9). In particular, using an ansatz for the coefficient 7, she found
non-trivial reduction operators in the so-called “no-go” case when the coefficient
of 0; vanishes, i.e. operators can be reduced to the form Q = 9, +n(t, z,u)d,. These
solutions and the ones similar to them were represented uniformly over the complex
field as compositions of two simple waves which move with the same “velocities”
in opposite directions in [51]. Using such representation the following solutions of
fast diffusion equation (15) were obtained [51]:

1') uw = cot(z — t) — cot(z +t) = %’
2') u = coth(z —t) — coth(z +t) = Cosh22:;in—hc20tsh 2t’
3') u = coth(z — t) — tanh(z +t) = sinh22€xo—s—h§tnh2t’
4') u = tanh(z — t) — tanh(z +t) = — coshzziTCQSSh 2t7
5) u = cot(iz +t) — cot(iz — t) = %’

2 sinh 2¢

6') u = icot it) —icot(z —it) = ————— .
) u = icot(x +it) — i cot(x — it) cosh 2t — cos 2z

Transformation (17) acts on the set of solutions 1’)-6") in the following way [51]:
1)cos 2t <cos 22 < 5)|tmtin /2, smu /2, v—20
1)cos2t>cos 20 < 5)|ama/2, vo20—7 3
2 1o1<it] = )lama/2, 00205 O 2)jaispt)lema/2, 0020 3

O 3/)m<t|m~>x/2,v~>2v; 3/)I>t A 3/)w>t|z~>71/2,v~>72v;
O 6/)|w—>z/2,v—»2v-
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These actions can be interpreted in terms of actions of transformation (17) on the
nonclassical symmetry operators which correspond to solutions 1’)-6').

In [56] P. Rosenau considered additive separation of variables for the potential
fast diffusion equation (15) and constructed solution 4’). Using the generalized
conditional symmetry method, C. Qu [55] found solutions which can be written in
forms 1’) and 6’). After rectifying computations in two cases from [55], one can
find also solutions 2’) and 5’). Solutions 1’), 3') and 4’) were obtained in [23]. The
remaining solutions from the above list were found in [51].

One of techniques which can be applied for finding the above solutions is re-
duction by conditional symmetry operators of the form Q = 9, + (n'(t,z)u +
n?(t, z))ud, (see [23] for details). All reductions performed with reduction opera-
tors of such type result in solutions which are equivalent to the listed Lie solutions
1)-7) or solutions 1')-6").

9. Nonlinear diffusion equations. Other nonlinearities

Known exact solutions of the reduced equation 3.4 corresponding to (Q3 =
2t0¢ + x0;) (which are self-similar solutions of (7)) are adduced in Table 6 [48].

Table 6. Self-similar solutions for nonlinear diffusion equations (7), w = z/v/t

N A(u) Solution w = w(u) | Conditions
n n
1 aon 2n 1— " >0
5 ¥ 3+ 1) u u n
n
2 " ((1- n—1_ (1 _ 2n 1— n >0
I e
n n
3 ——uT -y n—1 0<n<1
30 —n) u ¥ u n
1 . 5 TU ™
4 — sin? — cos —
2 2 2
1 . . 5 TU
5 g sinmu (mu + sin7u) cos® —
1
6 6 sin? 7u (5 + cos mu) cos® %u
1 ™ U U . oTu
7 —Cos—(cos——i———l) 1 —sin —
2 2 2 2 2
8 warccosu +1 1
_— — = arccos u
2v1 — u? 2
9 m—2(1 —u)arcsin(l —u) 1 in(1 )
- = arcsin(l — u
4v2u — u3 : 2
uwarcsinu
10 — + -u? V1 —u?
4\/% —u?2 4
11 5(1—lnu) —Inu
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Let us give some more examples of travelling wave solutions [26,48, 58]:

us = (sinh? wuy)y, u = arccosh? \:/I:%’
us = (cosh® uug,),, wu = arcsinh® \:l/:%,
1
= e = (it )
ur = ((€®* + bue*)ug)z, uw=1In <\j/:% - b> :

uy = (ueug)z, u=In(ciz+ 3t + co).

For equation with logarithmical nonlinearity

ur = (Inutg)y
travelling wave and self-similar solutions are known:
+
u=exp | t\/2c12+ 23t +co |, u=exp rra —1].
Coy — 2t

A number of exact solution for equations of class (7) were constructed with
nonlocal (quasilocal or potential) symmetries [2,11,12,60-62].

Thus, e.g., reductions with respect to the optimal system of subalgebras of Lie
algebra of potential/quasilocal symmetries of equation
up = (1 +u?) " tug))e
give rise to exact solutions of form

u=ce (1 — 22t TV2 = —p(c— 2t — 2?)7V/2,

u = tan(p(w) + arctan(A(w)) + &t),
where w = 2?4+ 0%, v =tan(p(w)+et), and
u = ztan(p(w) + arctan(A(w)) + et),
2, .2
where w= - —;—v , v=uwxtan (go(w) + %Et) :

Here ¢(w) and A(w) are arbitrary solutions of the system ¢’ = w™I\/2, X =
(1 + A?)(e — w™!A)/2. The list of known exact solutions of this equation (called
often the Fujita’s equation) involves also the following ones [2,16,26,48]:

uw=tan(ci1z + ), u==4z(c; —2t —2?)"V2
iet—w

=—— elx+tet)+ea= ! In [ut el + ¢p arctanu
V1 = e2@-a)’ 2 2 +1 VuZ +1 ! ’
v 1™ + coe™ AT
U= ———, where v=

)
V1 —12 VAcico + c3em2A%
c1 Sin Az + co cos A\x
p) b)
3+ 3+ czet

sinh z + coshx sinx
u =

U= —.
2 “ot - 12 ot \/ﬁ
—cosh®z — e~2 v/ —sinh® z + e—2¢ cos?x +e

u =
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We adduce also some exact solutions of another equation with Fujita’s type
nonlinearity

ug = ((1 — u2)_1uw))ma

namely [16]:
tanh i (t>0)
w=c¢, u=tanhy, Uu=-—xr- ,
vz +2t
+el™® sinh z
= U=
1+ e2G—0) Vcosh? z + e~2t
inh =+ cosh
yo_Smhe g, Feshe o

cosh? x — e—2t Vsinh? z 4 e—2t

sinx
vV —cos? x + et

The third similarity solution converges (pointwise) to a step function as ¢ — 0%,
and to zero as t — co. The fourth solutions are bounded travelling waves. The fifth
and sixth solutions converge to the time independent second solution as ¢ — oo.
The sixth solution converge to a step function as ¢ — 0%. The seventh solution
converges to the values +1 as t — 0—. The last solution converges to a square wave
as t — 0+, and to zero as t — oo.

One more example of solution obtained with application of potential symmetry
is u = tan(p(w) + arctan(2wy’) — A"t Int) for the equation

u =

up = ((1 + u2)—16)\arctanuum))z.

Here

1, c—w e ) 2
2 2
= = — 1 — t —_— —_— = 0.
w=2z"4+v°, o 3 arctan ¢ (w), 1+1/12+2w+)\(c—w)
All the potential symmetries of equations from class (18) can be obtained from
Lie symmetries of (18) by means of prolongation to the potential variable v and
application of potential equivalence transformations [50]

t=t, F=ax+4+ev, 4= . b=v, A=(1+¢eu)?4
1+ecu
and hodograph transformation
(17) i=t, i=v, G=u"t, ==z A=1u’4,

where v, = u, vy = Aug.

Therefore, these transformations can be used for obtaining potentially invari-
ant exact solutions from the Lie ones. The complete list of nonlinear constant
coefficient diffusion and diffusion—convection equations having potential symme-
tries together with the transformations mapping them to the equations with power
and exponential nonlinearities can be found in [50].

In [65] non-point nonclassical symmetry operators are used to obtain exact
solutions of evolution equations. In particular, it is shown that equation

Uy = (u_zel/“um))m



154 NATALIYA M. IVANOVA

admits an exact solution in implicit form u = (22 + ¢)/(2t), where

z .
z:l o 2\/ - " if ¢>0, and
n 5oy + arctan\/_—i—;
z .
Z:1 e er F+‘317 if ¢<0.
n282t nz+/

A number of authors considered additive separated solutions of diffusion equa-

tions (7), i.e., solutions of form
u(t, ) = o(t) + ().

Usually such solutions are Lie invariant. They were adduced in previous sections.
So, here we adduce only list of equations admitting such kind of separation of
variables. Namely, a diffusion equation (7) admits separation of variables if and
only if it is G~-equivalent to equation with the diffusion coefficient being of the
following functions [16]:

=|ult, A=e", A:(uQ:I:I)f1

A= z(u)ez(“), u = /lz s732e75/2ds, 2> 0,

A = %W coshz(u), o#=+1, u= /OZ cosh™3/2 se775/2ds, —o0 < 2z < 00
A = ¢*™) sinh z(u), o#£=+l, u= /: sinh™%/2 se=7%/%ds, 2> 0,
A=e"*Wcosz(u), u= /Z cos 32 se772ds,  —m/2 <z < 7/2.

0

10. Constant coefficient diffusion—convection equations

Lie symmetries of the constant coefficient diffusion—convection equation
(18) ur = (A(u)tg)e + B(w)ug,
B # 0 and corresponding Lie reductions were considered by a number of authors,
see for example, [17,32,33,43,71]. However the complete group classification of

class (18) was presented only recently in [49].
Any equivalence transformation of class (18) has the form:

t:tsis5+51, T =uxe4+e7t +e2, U=ueg+es,

19 - _

(19) A=Aes', B=DBejles! — ey,

where €1, ...,e7 are arbitrary constants, e4e566 # 0. Note, that all the equations
with B(u) = const are reducible to diffusion equation (7). Besides such ‘triv-

ial’ cases, Burgers equation and Fokas—Yortsos equation, only few Lie invariant
solutions for equations with non-zero convectivity are found. Thus, e.g., in [71]
scale-invariant solution

au M2 — (14 2/p) In(zu™"? —1—2/p) = ert + ¢o
in implicit form is found for the equation with power nonlinearities
ur = (uPug)y + ut/ 2y,

was found.
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M. Edwards [17] investigated Lie symmetries of (18) and constructed optimal
subalgebras of the symmetry algebras for some of equations from the class. Here we
supplement her results and adduce the complete list of Lie reductions of equations
from class (18). (The linearizable Fokas—Yortsos and Burgers equations have been

considered separately in Section 3.)
Table 7. Reduced ODEs for u; = (e"“uy,), + e%u, (@ # 0)

Subalgebra Ansatz u = w Reduced ODE
(Oz) o(w) =0
() () v | () +erp =0
(01 + 0s) () S I
((ut — 2t + )0 p(w)+ o((p—2)t | ¢'(1—pw+1

1 —2)t l-p
o= 2e +0u) (07 2) | + LD | oIS | ooy 4oy

t 1

(01 + 205 + 0u) (1 =2) p(w) + vet/e | Lo g = (2egty 4 ery

If u = f(t,z) is an exact solution of equation u; = (e""uy), + e“u,, then

u = f(e(M_Q)Elt + 5‘3,8(“_1)81-’_82:17 + 5‘4) +e1+ &9

is also solution of the same equation.

Table 8. Reduced ODEs for u; = (e%uy)y + utty.

Subalgebra

Ansatz u =

w Reduced ODE
(Oz) p(w) ¢ ¢’ =0
(9¢) p(w) © (e?¢") + o9’ =0
(Or + €0z) p(w) z—ct | —ep = (e¥¢") + ¢’
(t+2)0+ (-0 +04) | o) |1+ —w) = ) o
+Injt+e¢| | +Injt+¢|

If u = f(t,z) is an exact solution of equation u; = (e uy), + uty, then

u = f(eslt + 5‘2,851 (I — et + 53)) + &1

is also solution of the same equation.

Table 9. Reduced ODEs for u; = (ufug ), + u¥uy.

Subalgebra Ansatz u = w Reduced ODE

(Ox) p(w) ¢ =0

(0¢) p(w) z (phe) + "' =0

(Or + €0z) p(w) ©—et —ep’ = (pH9') + V¢’

((ut = 2vt + £)0; e)((p—2v)t | z((p—20)t | o+ @'w=(p"¢) + "¢
1 v—p

+(p — v)2s + udu), (1 # 2v) +e)r=2 +e)r2

(€0 + vads + udu), (p = 2v) p(w)et/= ge Ve | o —plw=(p*¢) + 9"y

If u = f(t,z) is an exact solution of equation u; = (u*uy ), + u”u,, then

u = 651+52f(6(,u72u)81t + &3, e(,ufu)lerusgI + 54)

is also solution of the same equation.
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For equations with v = p the generalized travelling wave solution is known:
ca—x Inlt+c] L
U= .
t+c1 plt+c)

If © = 2, v =1 then the generalized travelling wave solution in implicit form is

the following:
u?du _
2/m —l’-Et"‘CQ.
For such values p and v the degenerate solution linear in x has the form u =
7(t)(z + ¢1), where function 7 is given in implicit form

1 2 1
—— +2In T
-

:t+CQ.

Table 10. Reduced ODEs for vy = (utuy ), + Inuwy,.

Subalgebra Ansatz u = w Reduced ODE
(Ox) p(w) t ¢ =0
(Or) o(w) z (p"e) +Inpp’ =0
(02 +€0k) w(w) T —et —ep’ = (pHp) + Inpy’
2z 4¢ In|ut+¢ 1
(Gt + )00 o)t + ey | LA WIAEl ) L
p2(ut +¢) W B
+(pz — )0z + udu) = (¢"9)" +Inpy’

If u = f(t,z) is an exact solution of equation uy = (u*uy)e + Inuu,, then
u = e‘glf(e“alt +e9,eM (z — gt + 53))

is also solution of the same equation.

In particular, if p = 0, we obtain uy = uze + Inuu,. This equation has two
known travelling wave solutions (usual and generalized ones):

cpo—x Inlt+ e
+ .

t 4+ co t+co

Generalized travelling wave solution are known for the following equations:

u(t,z) = exp(cre” T2 41 —¢y), u(t,r) =exp (

1/p
up = ((u?* + but)ug)e + ufu,, u= <:v<p(t) + cro(t) + %cp(t) J cp(t)dt) )

uy = ((a€® + be“)ug)s + €%uqe, u=In(zp(t) + cro(t) + bp(t) [ (t)dt),
where ¢ = ¢(t) is determined by the equation ¢’ = ag?® + ¢2.
11. n-dimensional radially symmetric nonlinear

diffusion equations

Class (1) contains a subclass of physically important n-dimensional radially
symmetric nonlinear diffusion equations. Preserving the common terminology we
use for them the notation

(20) up = T Ay,
Equations of the form (20), especially for power nonlinearity
(21) ug = (e tutu,),.

have a large number of applications, for both > 0 (slow diffusion) and p < 0 (fast
diffusion).
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To the best of our knowledge, first similar solutions of (20) were instantaneous
source-type solutions [6,47] namely, solutions of form

u = fn/(un+2)f(§)7 ¢ = rt— 1/ (pn+2)
if p # —2/N and
u= e—)\ntf(g)’ £ _ re’\t,

where X is an arbitrary constant, in case p = —2/N. Substituting these values
into (21) yields (assuming ¢ > 0 in the first three cases):

1
,+ 2 2,— n2 m 'n.l
n>0: w= t~ mnt2 [72(#7‘;2)((1 —ret = +2)} , r<atu_l+2 7
0, r > atimTz
w=0: U:At_"/26_r2/4t,
1
0> w > _% : u = tiﬁ |:2(y.7ni2) (a2 + r2t_2/(un+2))i| "L’
2 ot [ag2 o2 —aan] T2
p=—=: u=e [z(a + e )] ,
1
p<—2. u= (_ﬂ_”gzh@fﬂﬂw2+ra—ﬂ_Wiﬂ}”v t<0
n
0, t>0

The following instantaneous source-type solutions for equations (21) were ob-
tained by King [34]:

Case = —Lm# ~2 = (um+2)exp (55" )/ [ €oxp (- 257 ) de.

Case p=—1,n=1f=1/(Be™ —a2(un+2)" (1 + af)).

Case p=—1,n=2: f=1/(B+&(un+2)"1(2—-a)™!),if a # 2 and
F=1/(B +(un+2)"LIn¢, if a = 2.

Case p=—1,n=3: f=2/(20e /" +(¢(a+)+a e/ Er(~a/))(un+
2)71), where Ey(2) = [ e "t~ !dt is the exponential integral.

Case p=—2/n: f=¢ET"g, where [(ng — ag?™ — \g't2/")dg = In¢.

Case p=—1/2:

» Ql/2g(4=n)/2
f=a(un+2)¢ (ﬁhl(wn+av%4—m)+

al/2g(4=n)/2 2
(un + 2)172(4 - n>))

al/2g=n)/2 al/2g=n)/2 —2
a )+ ) -
(G ) + 0~ ()
where v = 2/(4—n), J,(z) and Y, (z) are Bessel functions of the first and the second
type correspondingly.
We now consider solutions [34] that generalize the one-dimensional dipole so-
lutions given for 1 > 0 in [7]. The similarity variables are chosen to fix [~ rudr

+(1 - ﬂ)Yuq(
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in time (if the integral exists). In one dimension this corresponds to the centre of
mass. The appropriate similarity solution to (21) then takes the form

w= VD () g =Ry

w=eNfE), E=re N, n=-L

For different values n and p the following solutions are known [7,34]:
1/n
Case p £0,-2/n: f= £2=n)/(nt1) (m(ﬁ _ g(un+2)/(u+1))) )

Case p=0: f= 6527"6’52/4.

—-n/2
Case p=-2/n: f= (f—;m%) .

Case p = —1/2: (here v =2 —n/2)

f= é% [ﬁJy_l (0‘1;25) F(1-B)Yys (0‘1;25)] 2 x
—2

[ - ()]

Case p= —1/2,n =3 (er [70): f = & tan? (257 (¢ — )
or f= g%tanh2 (%/2(5 - c))

2
Case p=-1/2,n=1: f= (27041/25cot[aoccl/2(ffc)/2])2

o?
or f = (2—al/2¢ coth[al/2(€—c)/2])2 "

Case u=n/2—2: f=¢£2/+) g where

n/2—2
/gidg = _#gn*?
g+ (n-2)a (n—2)?

12. Variable coefficient diffusion—convection equations

To obtain invariant solutions of the variable coefficient diffusion—convection
equations of form (1) two approaches were used. The first one is the direct finding
of solutions invariant with respect to a subalgebra of the Lie invariance algebra,
and the second one is reconstructing of new solutions from the known ones using
equivalence transformations.

As an example of implementation of the first approach we adduce some of the
invariant solutions of equation [24,48|.

(22) |z|Pus = (|ul*uz)a-
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Namely,
u= |01I + CO|1/(H+1),
1/n
_ —ap —1/p,.(24p) /1
u = Clt + Co x
<(p+2)(2+u+p+up)) ( )
1/p

1
u = t@+H)s <M_ﬂ$2+pt(p+2)ﬁ + CO> ., where B=— '
2+p pu+p+pu+2

For equation (22) with p = —(u+2)/(p+ 1) solution obtained with multiplica-
tive separation of variables is known:

w— efclt (Cl (,U + 1)2$#/(#+1)e‘31#t + 02)1/H

See also the next two sections for invariant solutions of essentially variable
coeflicient equations.

Another possible way of finding exact solutions is based on application of equiv-
alence transformations. The complete extended equivalence group G~ of class (1)
is formed by the transformations [27,28|

EZ 51t—|—52, f:X(SC)7 ﬂ:63u+54,

(23)

FoSw, oy h=cie;'oh, A=esA, B=c3(B+ed
f=—~"F 9=ce Xopg, h=ciegph, A=ed, =e3(B +e44),
where 6; (j = 1,4) and ¢; (i = 1,4) are arbitrary constants, §;03e1e2e5 # 0, X is

_ h(z)
an arbitrary smooth function of x, X, #0, o = e * I5Gyde,

It appears also, that class (1) contains equations being mutually equivalent with
respect to point transformations which do not belong to this group. In particular,
it is proved in [28,31,49] that if an equation of form (1) is invariant with respect
to a Lie algebra of dimension not less than 4 then it can be reduced by point
transformations to a constant coefficient diffusion—convection equation (18). All
such equations and corresponding transformations were found in [28,31,49]. Some
of them were known previously [41]. For the convenience of the readers we adduce
the results of group classification up to the extended equivalence group (23) in
Appendix A.

Up to equivalence transformations (23) the list of equations of form (1) re-
ducible to the constant coefficient form together with corresponding transforma-
tions is exhausted by the following ones [28]:

Loug = (€uy)y +evu, — (8): £ =e%t/(2), T = xet, 0 = u;

2. 273w, = (e%uy), — (8): t=tsignz, ¥ =1/z, 1 =u—Inlz|;

3. 273Uy = (e"uy) e +a 2uy — (8): t = (eHtsignw)/2, 7 =e /2,0 = u—t—In|zl;

4. up = (Julfug)e +evuy — (9): = e?t/(2), & = xe, @ = u;

5. |z] 3:Tfu,g = (Ju|fug)y — 9): t=t, &=—1/z, &= x| THru;

6. el ¥ = (Jupus)s -+ enlel ]y — ) = L1 e
7 =zet, 1 =y

7. 272w = (uug), +extuy — (5): t=t, & =wet, U =u;
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8. euy = (ulug), — (15): t=t, i=xz,0=c¢

9. e®up = (U ug )z +eeuy — (15): t=et/e, ¥ = a +et, @t = et

Combining these transformations with symmetry and equivalence transforma-
tions one can easily obtain solutions of such “non-essentially variable coefficient”
equations. For instance, starting from solutions of equation (8), we obtain corre-
sponding solutions for the more complicated and interesting equation

e:c

——u
(ve= 1 1)°
having the density f localized in space [49]:

t = (e%ugz)s + €% uy

_ 1 c1 e "+
u=1n|c; +cole ™ +7)|, wu n< STy T )

Similarly one can find exact solutions of equation
e®uy = (u_lum)m + ee®uy

that is reducible to the fast diffusion equation [29]:

e—(w-i—et) Ee—(m+at)
u= 1 + cextettest/e’ u= ex + 2t — et 4 est—e(z+et)e < ’
2" Qe % 2¢~7
e s Py = B ey I
e(x +et)? e e cos?(x + et) e cosh” (z + et)
2e~ " 2e~(@+e) gin(2e° /¢)
= u =
esin®(x +et)’ cos(2est/e) — cos2(x + €t)’
2¢~(@Het) ginh(2e°t /) 2¢~(@+et) ginh(2e°t /)

~ cosh 2(z + et) — cosh(2ect Jg)’ Y= " cosh 2(z + et) + cosh(2et /g)’

2¢~(#Fet) cosh(2e /¢) 2¢~(@+et) gin(2e%t /)

“~ Sinh 2(z + et) — sinh(2et /)’ Y= Cosh 2(z + et) — cos(2et [e)’

_ 2e” (@D ginh(2e% /e)
~ cosh(2e¢t/g) — cos 2(x + et)

Using the same approach we constructed exact solutions for the following equa-
tions [29,31,49]:

e 2®tre Ty = (utug) e + uT g

—x —x
(er—v)e® ZC%te"ye 2tcoc%e(clf'y)e
U = Cp€ ) U= 2 — ) U = —z\2
cos? c1(e™™ 4 ¢o) (1 —cpecre™)
—x —x -
cre ¢ ce ¢ 2te ¢
u = — v=—— u = .
—& + cpecr(e?—et)’ e~ —¢et+co’ (e7* 4+ ¢1)? + cot?
Equation
e—2a:

—par Wt = (ufug), + ufug
(e== +7) %
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has exact solutions of the form
1
_ 1 ep 9 e 1
u=|co(e ™ +7v)—c1|F T, u=/|co+——+c“ut e "+ RFT
|co( 7) =l (0 P H) | ol

pol ! 2+ [z ﬁ|—w+ |~
U=|—-———\|co— —— c Iz e z
L2 2t 0 1 Y )

1
1 ﬁ _u(2u+32) s - 1
- | 26D - T
ta (o = It] le™" 4|7
u=(6t+cy + 026_1)2(6_m + "y)ﬁ.

e®uy = (U ug)e + peu,

admits the following invariant exact solutions
—X

— QO a—e)@tnt) , — 2¢ ¢
1 ’ p cos?fer(w + pt + o)’
2000% e(cl—l)w+clut e e—(w-{-ut)
T [1 — coecr(@tnt)]2” ‘e ¢y + coecr(@puttezert)”
2 e 1 e~ (@tnt)
T uz;x—l—,ut—e“t—i-co'

p(x + pt + c1)2 + coe2rt’

— (1 fa Zi 1
F@)ur = (v ug)s — (E — W) u tug,

where f = f(x) is an arbitrary positive function has the following invariant solu-

tions:
u=c T c1—2 u = 2C%t(f \/sz)72
B 0(/ Vda) T, ~ cos2[ei(In [ Fdz + o))’

B 2coc%t(f Vfdx)e 2 " cl(f Vfdz)~?
e+ co( [ Vfdx)erecreat’

T = eo([ VFda)a ]2
2t ([ /Fdw) 2

I
In([ fdx) —t+co’ In( [V fdz)+ c1]? + cot?’

Uy = (u_luw):c + pruy

admits the following solutions:
wt
p— ce2mt coctePutteimetT)
U = Co€ U= 2 T ’ = cizert)2?
pcos?[er (xer + ¢p)] (1l — ¢pecrret?)
c1 21
u = u =
C ’ t _ o2ut ’
cl(xe“f+—262“t) 2uxett — e2ht 4 2ucq
c2 + cpe
4u62;¢t

v= Ap?(zett 4 ¢q)2 + coetrt”
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See [28,29,31,49] for more detail and more examples. Since the solutions
of these equations can be reconstructed from ones presented in other sections, we
tern back to the more interesting cases, in particular, to the equations which are
“essentially variable coefficient”.

13. Examples of Lie reduction of variable coefficient equation

The results of this section have been obtained in [29,31].
In this section we consider Lie reductions of some variable coeflicient equations
of form (1). We start from the equation

(24)

which admits three-dimensional Lie algebra Q1 = —p~10;, Q2 = e P40, — 9,),
Q3 = 0, + pdy. The only non-zero commutators of these operators are [Q1, Q2] =
Q2. Therefore A™?* is a realization of the algebra 2A5; [40]. All the possible
inequivalent (with respect to inner automorphisms) one-dimensional subalgebras
of Ay @ Ay [46] are exhausted by the ones listed in Table 11 along with the

ePPuy = [e"ug], + ePPu,

corresponding ansitze and the reduced odes.
Table 11. Reduced odes for (24). A #0, e = £1

N | Subalgebra | Ansatz u = w Reduced ODE
I p(w) x (e?¢”) +ePT" =0

2 | Qo Plw) t+z | (ef¢) =0

3| Qs p(w) + pz t @ =p’e®+p

4| Qu+AQs | ow)+Apt z—=At | e Pp— A+ D] = (e?y)
5| Q2+eQs | p(w) +ee?’ | xtt—SePt | ePe(p—¢') = (efy!)

As a second example we consider the equation

(25)

xPus = [uMug], + Pt lu,.

The invariance algebra of (25) is generated by the operators Q1 = —(p + 2)719;,
mady + (p + 2)ud, and is a realization of the
algebra As 1 @ Ay too. The reduced equations for (25) are listed in table 12.

Table 12. Reduced odes for (25). A #0, e = £1

Q2 = e~ PO, — 28,), Q3

N | Subalgebra | Ansatz u = w Reduced ODE
I p(w) x (™) +artle! =0
2 | Q2 o(w) e (p™e") =0
3| Qs mpTHsD(W) t ol = R 1 2
m m
4 | Q1+ 2Qs e>‘(p+2)tg0(w) pe—Amt (¢77L@/)/ + (1 + dm)wPtly!
= AP+ 2wPep
_ me (p+2)t
5 Q2+eQs | e pw) | we' TP (™) =e(p+2)wPe
—mswp+14p’

At last, let us analyze in more detail equation

(26)

2 2 2
ePT uy = (eP” ug)e + eP” uuy,

which is invariant with respect to three-dimensional Lie symmetry algebra

(O, €20y, By — 2p0).

In contrast to the case of equations with four-dimensional Lie symmetry algebra we
cannot reduce equation (26) to a constant coefficient equation of form (1). However,
it is an interesting feature of this equation that using a point transformation v =
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u + 2px it can be mapped to a constant coefficient reaction—convection—diffusion
equation

(27) Vg = Ugg + VU, — 2PV

that does not belong to class (1). For simplification of the technical calculations
we will investigate the constant coefficient equation (27) instead of (26). The Lie
symmetry algebra of equation (27)

(X1 =0, Xo =e 20, +2p0,), X3 = 0y)

is a realization of A1 @ A; [40]. These operators generate the following group of
point transformations:

t=t4e, T=x+ee P 4eg, 0=uv+ 2epe 2P,

A list of proper inequivalent subalgebras of the given algebra is exhausted by the
following ones

(X1 4+ aX3), (Xs+eXo), (Xa), (X1, X3), (Xo, X3), (X1+8Xs, Xo),

where a and 3 are arbitrary constants, ¢ = 0, +1 [46].

The first three (one-dimensional) subalgebras lead to Lie reductions to ordinary
differential equations, the fourth and sixth (two-dimensional) ones yield reductions
to algebraic equations. Lie reductions with respect to these subalgebras are sum-
marized in Table 13. One can easily check that it is impossible to construct a Lie
ansatz corresponding to the subalgebra (X5, X3).

Table 13. Lie reductions of equation (27).

N | Subalgebra Ansatz v = w Reduced equation

1| (X1 +aXs) o(w) z—at | "+ (p+a)p’ —2pp =0
2pw

2 | (X3 +eXo) o(w) + 622:,:61 : t ¢ = ;I;i :QD

3| (X2) () + 2pz b | e =0

4 | (X1, X3) C — C=0

5 | (X1 +68X3, X2) | 2pz —2ppt+C — —2pB =0

Integration of equations 2—-5 from Table 13 give the following invariant solutions
of equation (27):

2 Ce?rt
v=0, v=2pz+C, :M

et 4 ¢
The corresponding exact invariant solutions of equation (26) have the form
2pex + Ce?Pt
(28) u = —2])3}’, u = 07 = W — 2])3}’,

where C' is an arbitrary constant.
Ansatzes 4.2 and 4.3 give a hint for a possible form

v =p(t)z +P(t)
of nonlinear separation of variables for construction of exact solutions of equa-
tion (27). Substitution of the ansatz to equation (27) leads to antireduction:

¢ =" = 2pp, Y =g~ 2pp.
Solving the above system of ODEs for ¢ and 1 we obtain exactly the solutions of
equations 4.2 and 4.3.
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2pt 2pt

NoOTE 1. Using the point transformation ¢ = e™2P*, & = 2, ¥ = e?P'v equa-
tion (27) can be mapped to a variable coefficient Burgers equation 9; = —2pt~10;z —
2p00; studied in [37].

NOTE 2. The well-known Cole-Hopf transformation v = 2w, /w reduces equa-
tion (27) to the famous constant coefficient reaction—diffusion equation with weak
nonlinearity

W = Wy — 2pwn w|.

After application of the Cole-Hopf transformation to the list of known exact so-
lutions (see, e.g., [48]) of the equation with weak nonlinearity we obtain exactly
solutions (28) of equation (27).

14. Exact solutions of sl(2,R)-invariant equation

Analyzing the results of group classification of diffusion—convection equations,
we can observe a number of G™-inequivalent equations (1) which are invariant with
respect to different realizations of the algebra si(2,R). The set of such equations is
practically exhausted by the well-known (“constant coefficient” ) Burgers and u=4/3-
diffusion equations and by the equations which are equivalent to them with respect
to additional transformations. This set is supplemented by the unique essentially
variable coefficient equation [28,31]

(29) z2uy = (" 5ug), + c2ug,

sl(2,R)-invariance of (29) is directly connected with the fact that h is not constant.
The corresponding realization

Py =0y, D =2td;+ 220, —5ud,, I =120+ (2tx + 22)0; — 5(t + 2)ud,.

of the algebra sl(2,R) is quite different from ones of cases of Burgers and u~%/3-
diffusion equations and is the maximal Lie invariance algebra of equation (29). It
was a reason to study equation (29) from the symmetry point of view in detail
in [29]. These operators generate the following one-parameter groups of point
transformations:

D: t=¢t, T=c¢x, U=e*u;
~ t - t+(E t - 6
Inm: t=—— = — = (1—e(t
1—et’ " 1—e(t+xz) 1—egt’ i=(—elt+a)u

The complete Lie invariance group G™** is generated by both the above contin-
uous transformations and the discrete transformation of changing of sign in the
triple (¢,x,u). The transformations from G™?* can be used for construction of new
solutions from known ones.

A list of proper G™**-inequivalent subalgebras of A™#* is exhausted by the
algebras (P;), (D), (P, + II), (P;, D). Reduction of (29) with respect to these
subalgebras and application of the invariance transformations lead to the following
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set of G™**-inequivalent Lie invariant exact solutions (below ¢ € {0,1}):
_5/2
u=C(t+2)"% u=2"° (%) (t+2)"5/2,

3zt (t + )2 3 3 ~5/6
S g U R S
(415 ci—1 T rEtte) ’

Ct+1 4¢3

In [29] it was proposed to use functional separation of variables

6 —5/6
(30) uw= (Z cpi(t)xi> .
i=0

to obtain solutions of equation (29). The set of all solutions of the form (30) is closed
with respect to transformations from G™2* and is exhausted, up to translations
with respect to t and scale transformations, by the above solutions u = ¢ and
u = §(t + x)~° and the solutions given by the generalized ansatz

(31) w=(2z% + ()2t + o (1) + O (1)) /0

and the corresponding reduced system

2\ —5/6 3 2 —5/6
—L (M> (éx——I—Q%(C(t—&-x)—kl)) .

4 4 5
(32) ¢ =70 — 5(904)2, op = 18p° — 5904%75, ©p = —5(<ﬂ5)2 + 2¢%¢°.

System (32) can be reduced to the single third-order ordinary differential equation
on the function ¢?:

635 + 387(¢1)” + 1260 ¢f, +192(¢") ¢} + 16(p")* = 0

having particular solutions ¢* = 0, ¢* = C/t, where C € {0,3/4,21/4,6}, that
lead to Lie invariant solutions of (29).

Conclusive remarks. This work is constantly under updating. So, the au-
thor will appreciate any suggestions, comments and references sent to the e-mail
ivanova@imath.kiev.ua.
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Appendix A. Group classification of diffusion—convection equations

Table 14. Case of VA(u), g =1

N | B(u) | f(z) h(zx) Basis of Amax

1 v v v Ot

2a, v epP® 1 Ot, ptot + Oz

2a/ v |z|P x~1 O, (p+ 2)t0: + 20z
2b | 1 e® e® + 8 O, e (0 — Oa)

2¢c 1 |z|P | z|z|P + Bz | 8, e~ @+ — xdy)
3 1 z 2 z~ 1 n |z| O, e tad,

4 0 1 1 O, O, 20 + 204

Here p € {0,1} mod G7’ in case 2; p # —2 in case 2¢; 8 € {0, £1} in case 2b.
Additional equivalence transformations:

1.2a(p=0,B=1) - 2a(p=0,B=0): i=t, F=x+t @=u;

1. 2a/(p=-2,B=1) - 23/ (p=-2, B=0): I=t &=uxe, @ =u;
2.2b »2a(B=g,p=1): t=el,d=a+t 0=u;

3. 2(p# —2) — 2a(p # —2): i= (Pt _1)/(p+2), & =xet, i = u.

Table 15. Case of A(u) = eF*

N B(u) f(x) g(z) | h(z) Basis of Amax
1 0 v 1 1| 8, to — 8.
2 e | [P 1 |z[? | O, pp—pv — 2v — qu + p)to
(= )20s + (q + 1),

2% eve ep® 1 ce® O, (pp — pv — p)tds + (u — )0z + Ou

ue¥ epx%qu eP® epx2 O, (2p + q@)t0¢ + Oz — 2p0u

evy + ¢ 1 1 1 O, Oz, (0 —20)t0¢ + ((n — v)x + v3et) 0z + Ou

5 U 1 1 1 Ot, Oz, t0: + (x — )0z + Ou
6a 0 (=) 1 1 O, tOr — Ou, atdy + (B2 + 12 + 70)0z + By
6b 1 |z|P 1 ex|z|P | 8, 20z + (p + 2)0u, e <PT2DL(§, — exd,)
6b* 1 e 1 ce® | O, Op + Ou, €71 (0¢ — €0y)
6¢c 1 z72 1 ex™t | O, 20s, t0; — etwdy — Oy
Ta 0 1 1 1 Ot, tO¢ — Oy, 2t0¢ + 10z, Oz
b 1 1 1 1| By, B, tOy — t8s — Ou, 2t0y + (x — £)0a
Tc 1 1 1 ex Ot, €Oy + 20u, e~ t0y, e =2t (0 — ex0x)
7d 0 -3 1 1 O, tOr — Ou, 20z — Ou, 220 + 20y
Te 1 z~3 1 x72 | O, 20y — Ou, €4(0r — x0z), et (220 + xDy)

Here (u, v) € {(0, 1), (1, v)}, v # p in cases 2, 2* and 4; p = 1 and v # 1 in the other cases;
q # —1 in case 2* (otherwise it is subcase of the case 1.2a’); ¢ = £1 in cases 2, 6b—6¢ and Te;
p & {—3,—2,0} in case 6b; «, 3,7v1,70 = const and

fH(z) = exp { M dm} .

Bx? + iz + 0
Case 2(q = —1) is a subcase of case 1.2a’. Additional equivalence transformations:
1. 4(c#0) - 4(x=0): t=t, F=a+ st =1
2.6b—=6a(B=v=0,a={p+2y): = (Pt _1)/(ce(p+2), & =zet, i@ = u
3.6b* = 6a(B=m=0,a=v): =ct/fe,f=x+ect,d=u
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4. 6c —6a (B=v=a=0): t=t &=zet, i=u;
5. 7Tb—7a: t=t, E=c+t 4=u;
6. Tc—Ta: 1 =e2t/(2), & = xe®t, 4 = u;
7. 7d—Ta: {=tsigne, &= 1/x, 4 =u — In|z|;
8. Te—Ta: 1= (e?'tsignz)/2, & =e t/x, 0 =u—1t—In|z|
Table 16. Case of A(u) = |u|*
N " B(u) f(x) g(z) | h(z) Basis of Amax
1 v 0 v 1 1 Ot, putdy — uly,
2 |V |ul” ||P 1 |27 | B¢, (b +pp— qu —pr — 20)t0:
+(p — v)x0z + (¢ + 1)udy
2* |V |u|” eP® 1 ce” 0, (pp — pv — p)tds + (1 — v)0z + udy
v || In |u epe?taz | epa® | epa® | g, (2up + q)t0: + Oz — 2pudy
4 N 1 2 1 exf? | O,
et (0 — e((p 4 1)B22 + )0y — eBxudy)
5 |0 v epr? | epr® | epr® | gy o2ty
6 0 emtre” | ere | e | 5, e (8, — vO:)
7 0 epeita | epe® | epe® | 9y 10y 4 Oy — 2pBa
8 |v lul” + 5 1 1 1| 8, 0a,
(n—2v)t0s + (0 — V) + v3et) Dy + uly
9 v In |u| 1 1 1 Ot, Oz, putdy + (pxr — )0z + udy
10 0 u em2 em2 em2 O, e 2PL9,, Oy — 2pOy
11 0 In |u| epr” epr” epr” O, e 2P19,, Oy — 2pudy,
12a |V 0 13 1 1 O, utdy — udy, atdy
+((p +1)Bz% + 12 + 70)0z + Brudy
12b | V 1 |z|P 1 ex|z|P | O, pxds + (p + 2)udy,
e~ (P (H, — e2dy)
12b*| # —1 1 er 1 ce® Ot, pOg + udy, e (0 — €0y)
12¢ | # -2 1 z—2 1 ex™l | O, 0z, utdr — etz — udy
13 | -8 1 z2 1 z2 B, 2tdy + 220, — 5udy,
t20; + (2tw + 12)05 — 5(t + x)udy
l4a | # -2 0 1 1 1 B, ptdy — udy, Oz, 260y + w0y
14b | # -2 1 1 1 By, ptds — ptdy — udy, Og,
2t0¢ + (x — t)0z
ldc | # —% 1 1 1 ex O, ux0y + 2udy, e~ 510,,
e2t(0y — ex0s)
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Table 16. Continuation

N " B(u) | f(z) | g(z) h(zx) Basis of Amax
14d | # -3, 0 | |zs® | 1 1 O, ptdy — udy, (n+ 2)tdr — (1 + 1)z,
-1 (p+ 1)x20z + zudy
14e | # -2, 1 || (1) 1 ex|z|sW | 8y, wlp + 1)ad — (1 + 2)udy,
-4 egziﬁt(at—smaz),
3

et (4 1)220 + zudy)

14f | —1 0 e® 1 1 O, td + udy,
Or — uy, 2t0¢ + x0x — xUDY

l4g | -1 1 e® 1 ge® Ot, Op — uby, e~ H(0¢ — €0y),
(z +et —2)0r — (x + et)udu

14h | —2 1 x 2 1 ex~ 1 Ot, 0y, 2t — 2etxdyp + udy,
et (220 — xudy)

15a | —3 0 1 1 1 B, 4td + 3udy, Oz, 2t0; + 0y,
220, — 3zudy,

15b | —3 1 1 1 1 By, 40y + 4ady — 3udy, 260y + (x — 1),
O, (T +1)205 — 3(x + t)udy

15¢c | —% 1 1 1 ex 8¢, 2z — 3udy,
e=ctdy,,
e 2et (0r — ex0y), est(xQé)x — 3zudy)

16 0 u 1 1 1 Ot, Og, t0z — Ou, 2t0t + xOy — U0y,
120, + txdy — (tu + )0y

Here s(pu) = — 3:;14, v # ;e ==+1; ¢ # —1 in case 2* (otherwise it is subcase of the case 1.2a’);

p#—2,—Bu+4)/(np+1) in case 12¢; «, B, v1, Yo = const, and

2(2) — —Bp+4)pz -3 300 — —(Bu +4)fr — 271 + o
ey = exp{ (p+1)Bz2 4+ dx} » Pl = exp{ (1 +1)Bx2 +y12 + Y0 dx} '

Additional equivalence transformations:

.8(s#£0) = 8(3=0): t=¢t &=2z+ s, 0 =u;

.12b = 12a (B=r0 =a =0), 1de — 1da: = (P2t _1)/(p +2), T = xel, 4 = u;
J12b* > 12a (B=y1 =0, a=70): &= (eSP+Dt _1)/(e(p + 2)), & = west, & = u;

. 12¢ = 12a (B=10 =a =0), 14h — l4a: (=1, 7 = xe, i = u;
. 14b — 14a, 15b — 15a: =t Z=z—t, a4 =1u;

. l4c — 14a, 15c — 15a: = €2t /(2¢), & = we®t, @ = u;
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