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In the presented paper known (for the middle of 2007) Lie- and non-Lie exact solu-
tions of different (1 4+ 1)-dimensional diffusion—convection equations of form f(z)u; =
(9(x)A(w)ug )z + h(z)B(u)u, are collected.

1 Introduction

This is a review paper, where we present a brief summary of known exact solutions of variable
coefficient (1 4 1)-dimensional diffusion—convection equations of form

f(@)ur = (9(x) A(w)ug )z + h(z)B(u)ue, (1)

where f = f(z), g = g(z), h = h(z), A = A(u) and B = B(u) are arbitrary smooth functions of
their variables, f( )g(z)A(u )7&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 equa-
tion obtained by means of various symmetry methods. In Section 3 the linearizable Burgers,
Fujita—Storm and Focas—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
coeflicient 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 important 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 variable coefficient diffusion—convection equations are collected. At last,
in Sections 13 and 14 we present a detailed analysis of interesting variable coeflicient 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 transformations (22).

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, g, h, A, B take values from the corresponding case.
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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]

Ug = Ugpy (2)

which is invariant with respect to the six dimensional symmetry algebra generated by the vector
fields

Q1 = Oq, Q2 = 0, Q3 = u0y, Q4 = 2t0; + 20,,
Qs = 2t8z — 2UOy, Qg = 420, + 4tzd, — (x2 + 2t)udy,

(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 v = f(¢,x) by group transforma-
tions is of the form

55x+s ;czfsgt 2 —
i €3 e_Wf ext o, eq(x — 2e5t)
1+ 4degt 1 4 4egt 1+ 4egt
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

- €1> + v(t, x), (3)

=2tf,(t,x) +xf(t,x) and

i =t2fi(t,x) + tofu(t,x) + 3(215 + 23 f(t, )

are also solutions of the same equation [4].

All possible inequivalent (with respect to inner automorphisms) one-dimensional subalge-
bras of the given algebra are exhausted by the ones listed in Table 1 [67] 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
1 | (Qa+aQs) t*p(w) z/Vt ¢ twp' /2 —ap=0
2 <Q2 + Q6 —|—aQ3> (4t2 + 1)1/4¢(w)67(4t2+1)71tac27aarctan(2t)/2 (4t2 + 1)71/2‘1, 90” + (a_’_wZ)(p =0
3| (Q@-Qs) plw)et=H2/3 z+t2 | @ =wp
4 1 (Q2+ aQs) p(w)e T ¢" =ap
5 1 (Q1) p(w) 2 ¢ =0
6 | (Qs) — — —
Thus we have the following solutions of (8):
u = o2 /(8) c1U<2a + = 1 ) + CQV(2CL + = )
27 \/2t 27 \/2t
a x __tg? _a arctan(2t)
A Y Y G po e ) S R
( ) 2 /8t +2 2 8t2 +2
U= cleo‘zt cosh(ax +¢c2), u=c1x+cy, u= cle_o‘zt cos(ax + ¢2),

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



Multiplicative separation of variables leads to the solutions invariant with respect to (Q2 +
a@®s3). The additive separation of variables yields an exact solution of form

u = clx2 + cox + 2c4t.

The known Q-conditional symmetry operators and corresponding reductions are adduced in
Table 2. [21]

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

N Operator @ Ansatz Reduced equation
1 —x20; + Oy ( ) ©"'=0
2 — 20, + By + %0 <p(t—|— )+§ o' =—3
3 220; — 3205 — 3udy, U= zp (t + “% ©"'=0
4 | 220, —320; — Bu+2°)0y | u=1zp (t + F) + ”1”—5 @’ =-15
5 20y + uda u = zp(t) ¢ =0

6 coth 20, + udy u = ¢(t) cosh o —p=0
7 — cot 0z + udy u = @(t)cosx o +e=0
8 O — udy — 5= 0 u= (2t —x)e “p(t) o —p=0
0 | oo TETWA | umt-teteml | @m0
10 (t+§)8t—xaz u:cp(t:c—kﬁ) @'=0

If function f(t,z) is an arbitrary solution of the linear heat equation and w is the general
integral of the ODE f,dt + fdx = 0, then w 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 u = 1 one gets the chain
of quite interesting solutions

x? z3
l—2 — t+§ — t:n—l-g —
and among them the solutions
£2m + p2m—2 £2 g2m—4 =1 2 ym
em) TT@m—2) T2 @m—a) T w2
22m+1 + g2m—1 £2 g 2m-3 gm=1 .3 ym
G T Tem=—0 T2 em—3 T T s T

called often the heat polynomials [68].

3 Linearizable equations
Class (1) contains three equations, namely Burgers equation

Ut = Ugy + 2UUL, (4)
Fujita—Storm equation

ug = (u_zugc)03 (5)
and Focas—Yortsos equation

Uy = (u_2ua,)a, + v 2uy, (6)



that are linearizable by the potential equivalence hodograph transformation and additional local
equivalence transformations [10, 14, 18,19, 25, 38, 50, 62, 63]:

PP, BN P, N ? 7oA ~ A ~_1 =~ ~ U = U~ e
;= (0 0z)5 + 0 "Ug t=t,z=0,a=u""0=2% Uy = Uzz + 2Ulz
@j:fb,{)isz_zﬂj—ﬂ_l '[)j:&,@t”:ﬂj‘i'ﬂz

O T ~_ Uz s - ~ B 0

t=t,z2=€e",u=€e"u,v="0 U= —, Vg =Vpp = =0, x=2T,u=ue’,v=ce¢

. S, 7 . . 1
Uy = (0 "Uz) s t=t,i=v,u=uvt o=z Up = Ugg
Uz = U, V7 = U 2z Vg = U, Uf = Uy

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

Thus, e.g., the fundamental (source) solution u = (4xt)~Y2e~=*/(4) and dipole solution
u = —((4mt)"1/2¢==*/(40))  are mapped into the separable and self-similar solutions of the Fujita—
Storm equation [48]

v
u = (47Tt)1/2e”2 where x = 7T_1/2/ eV dy,
0

1\ -L2
and u=az"1(2t)"/? (ln4 tx2> .
7r

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]:

wu=c, u=zx"1, u:(:n—2t)_1/2, u:(:nzzl:e%)_l/z, uz:l:(e_zt—xz)_lp,

1 t

u = , U= —F—77,

4V2417 ¥ 2/ —6t £ V2412 + 2/ —tIn(zv/7)

1

u = 9

Vcte 2t + 2e~8t + 26_4t1‘\/4 — eBt(—cret £ \/cTe 2t + 2e 8t 4 2~ 1ig)2

1

w—

Vet 4+ 2e8t 4 2e4t3:\/e_8t(—cle_t + /e 2t 4 28 4 2e~4g)2 4

In [65] 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

2tus + u + Uy

—t(uy — 3u?) — Zu

S]
I

is also solution of the same equation.
Similarly [66], if u(t,z) is a solution of the and the Focas—Yortsos equation (6) then

u?

v =
U — Uy



is also solution of the same equation. In [66] a new exact solution of the Focas—Yortsos equation
is presented:

- 1 W(e4t+x)

ST W)

where W (x) is the Lambert W function determined as W (z)e"(®) = 2. Let us note that other
exact solutions of the Focas—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 equa-
tions. However, since the adduced transformations are nonlocal, sometimes it could be easier
to search directly for solutions of the nonlinear equations. Thus, e.g., one can easily find Lie
solutions of the Burgers equation:

c—T - 1 2x 4 1
u = , U= — u= )

2t + ¢ x+ 2t +c 22+ c1x + 2t + co

6(z* + 2t + 1) ¢l e (@2t _ ¢

U = , U=———5——, U= —E+ -—F—Fi—,

223 + 12tz + 61t + co 1 4 cge—cit—caiz 2 ec1(z—2et) 4

A Ar + C9
uUu=—-+C tanh(cl(a: — 2€t) + 62), u = m <2 tanh m — Az — CQ) s
A A

u=—e—cytan(ci(z — 2et) + c2), u= cos(Az + c1)

Nt fsin(Az +¢p)’

-1
ﬂ'(t+C2) 4(t—|—62) 24/t + co

Here erfz = % OZ e d¢ is the error function (also called the probability integral). Solutions of
the Fujita—Storm and Focas—Yortsos equations can be singled out form the solutions adduced in
Sections 6 and 10 taking p = —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(t, x) is a solution of the Burgers equation (4) then

U _ Ut + Ug

U:u—|—727 U =1u 2
Uy + U Uy + U+ U

are also solutions of the same equation [65].
Potential equivalence transformations were used to obtain solutions of some boundary-value
problems adduced in [10,41,62,63]

4 Nonlinear diffusion equations. General case
Consider now the class of nonlinear diffusion equations
ur = (A(u)uz)az, (7)

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 = ata QZ = a:ca Q?) = 2tat + xax



Taking into account discrete symmetry transformations of changing sings of independent
variables one can formulate the following statement. If u = f(¢, x) is a solution of equation (7),
then @ = f(e2t + e9,e12 + £3) is also solution of the same equation.

All possible inequivalent (with respect to inner automorphisms) one-dimensional 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), A, # 0.

N | Subalgebra | Ansatz u = w Reduced ODE

U@y ) x| (Alp)e) =0

2 | (@) p(w) t ¢ =0

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

The first three equations can be easily integrated for all values of A(u). Solutions 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+e5, U=-c3u+t e, A= el_lsgA
there exist three inequivalent cases of extensions of Lie symmetry algebra [44]: a = e*, a = u*,

p# —4/3 and a = u=4/3,

5 Nonlinear diffusion equations. Exponential nonlinearity
We start from the equation with exponential nonlinearity

ur = (e"uz)a, (8)
having the four-dimensional Lie algebra spanned by the operators

Q1 =01, Q2 =10 — Oy, Q3 =0y, Q1 =120y +20y.

The only non-zero commutators of these operators are [Q1, Q2] = @1 and [Q3, Q4] = Q3. There-
fore A™?* is a realization of the algebra 245, [40]. All the possible inequivalent (with respect
to inner automorphisms) one-dimensional subalgebras of 245 [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
Q) () =0

2 | (Qa) o(w) +21n|z| t @ = 2e?

5 | (@) () v | e =0

1] (@) () — In] r | () =5

5 | (@1 +cQs) o) pot | (9) = —e¢f

6 | (@Q+cQ0) | pw)—nftl | a—clnl | ()" = —d(eg’ + 1)

7 | (Q1+eQq) o(w) + 2¢t ze (e?)" = —ewy’ + 2¢

8 | (Q2+aQu) | p@)+ a1 |t~ | ()" = s(—awy’ +2a 1)

Solving the equations 4.1-4.5 we have the following solutions of (8):

2
u=lInl|cix + col, u:ln< ° +clw+co>7

2t t



e
u=p(xr —et) where /
Cl — €Y

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

dp =1z — et + .

u= f(e1t +e3,60m + £4) — €1 + 29

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

up = (JulMug), - 9)
As in the previous cases the invariance algebra of (9)
AP = (Q) = Oy, Qo =0 — p 'udy, Q3 =0y, Qu =20y + 2~ 'udy)

is a realization of the algebra 2A4s 7.
If u= f(t,x) is a solution of equation (9), then

i = ey tes (et +es,ehx +4)

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, 6 = signt.

N | Subalgebra Ansatz u = w Reduced ODE

1 | (Qs) p(w) t =0

2 | (Q4) o(w)|z** t @ =2u" 22+ p)tt

31 (Qu) p(w) T (p"¢") =0

41 (Q2) p(w)lt| /" x (') = —opu'p

5 | (Q1+¢eQs) p(w) x—et | (pMy') = —e¢’

6 | (Q+Qs) | @w)t|™* | x—elnlt] | (¢*¢') = —dep’ — o~ p

7 | (Q1 +€Qa) plw)er 't ze” (") = —ewy’ +2u~tep

8 | (Q2+0Qa) | e(w)[t|®*V/m |t~ | (¢"¢)) =du" (20— 1) — Sowy’

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:

e 1 po (x4 ) —e \#
— +1 = — — t e —_ _— t +2
e = a a)

1
wu(2p+3)
u= <—$ % +ca(r+ co)u+1 |t] 2(u+1)2>
n

u = p(x —et) where /Cl_apdgpzw—at—kco. (10)



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

u(t,x) = (bit +bo) /¥ f(x), (11)
where the function f = f(z) is given implicitly

“w
1 — Afrt2 n(p+2)

These could be found also in [2,5, 6,15, 24, 26, 48, 52, 57, 71, 73]. The most studied cases
are equations with p = +1,—2,—4/3, —3/2. Below we adduce their exact solutions that are
inequivalent to (10) with respect to the Lie symmetry transformations.

Equation with the singular value of the parameter u = —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 nonclassical potential reduction operators.

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

Equation

U = <u_4/3um) (12)
x
admits the five-dimensional Lie symmetry algebra generated by
3
Ql = ata Q2 = tat - ,Uf_luauy Q3 = 8x7 Q4 = xa:c + 5“81“ QS = _x2ax + 31"&8“

An optimal system of one-dimensional subalgebras of this algebra is

(Q1+ Qua), (aQ3+ Qu), (@s), (Q2+Qs5), (Q3+Qs).

One can easily construct the corresponding ansatzes and the reduced ODEs. However, to the best
of our knowledge all the found solutions of these equations are equivalent to (10) with particular
value of parameter pn = —4/3. Solutions of (12) invariant with respect to dilatation operators
can be found also in [35]. Besides the already adduced Lie invariant solutions, equation (12) has
functional separated solution [22, 56]

= (pa(t)z* + p3(t)2® + p2(t)2® + @1 (t)x + o (1)) /2,

where the functions p; = ;(t) are determined by the system of ordinary differential equations

3 3
o= =301 + 20002, @h = —p1902+6pops,  vh = —93+ Se1ps + 120004,

3
— =03 + 224

©s = —pap3 + 6p10a, Py = 1

The general form of exact solutions of (12) obtained from the known ones u = f(t,x) with
action of group transformations is

el 5_4/395
t .
(E5x+l)3f TS, Tesr+1 e

Equation

U = <u_3/2um) ,
xT

U=



admits also the functional separation of variables. The corresponding exact solution is

u= (3c12® + folt)a? + fr(t)x + fo(t)) 23

Here
1
f2(t) =3 [p(t)dt + 3ca,  fu(t fso (t)dt + c2)? + 2—6190(75)7
1
——2f<p )dt + c2)3 ([ @(t)dt + c2) + — ¢/ (1),
551 36¢7

where the function ¢ = ¢(t) is defined implicitly by [(c3 — 8¢%)™V/2dp = £t + ¢4 .
T.K. Amerov [3] and J.R. King [36] suggested to look for solutions of the equation

—1/2

ur = (u Ug)w

in the form u = (p*(z)t + ¢°(z))? where the functions ¢!(z) and ¢°(x) satisfy the system of
ODEs ¢L, = (¢p')?, ¢%, = ©"¢!. A particular solution of this system is

1_ 0 0o__

Y = (10:1,2 23"

7 Porous medium equation u; = (uuy),
Another important subclass of diffusion equations is a special case of equation (9) with =1

ur = (UUy)q, (13)

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 wu(t,z) = X (z)T'(t) satisfying conditions

u(t7 0) =0, uw|m:L = 0.

Thus constructed solution reads as

HoF (&)
T (302 Ho 212t

where Hj is a constant, { = z/L and the function F' = F(§) is defined implicitly

g—-/ AdA . a1 @1)
bJo V1I-X3 o VI=X 3 \32/
The next exact solution of the porous medium equation (13) was found much later by Baren-
blatt [6] and written in the present form by Sokolov [58] (the instant source solution):

1
u = &((975)2/3 —2%), 0<z<((9)/3 =L
It is easy to become convinced of the fact that both Boussinesq and Barenblatt solutions cor-
respond to the Lie symmetry of the porous medium equation (13) [72]. Indeed, the Boussinesq
solution is a particular case of the ansatz

~ 3v’Hy

= (1+at) 'o(x), Y



that is invariant with respect to the one-parameter Lie symmetry group generated by @ =
(14+at)0; —ud,. Barenblatt solution is invariant with respect to the one-parameter Lie symmetry
group generated by Q = 3t0; + 10, — ud,.
Besides (10), its exact solutions in parametric form are known [48]:
x= (6t +c1)E+ 8 +¢3, u=—(6t+c1)E% — 2263,
r=tf(w)+gw), u=tf(w)+g (W),

where the functions f = f(w) and g = g(w)are determined by the system of ODEs:
(f/)2 _ ff// — f//l7 flg/ _ fgl/ — g///.

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

1
(f)?

It is not difficult to verify, that it has the following particular solutions

e~ S fdw,

gzcl+02f+c3(ff¢dw_ff¢d€)v f:f(w)v P =

f—6

= and [ = ce?”.
w+c

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

8 Fast diffusion equation u; = (v 1uy),
All invariant solutions of fast diffusion equation
uy = (u_lum)m, (14)

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

1 i 1
1)u—71+€€x+t, 2) u = e”, 3)u_—x—t+ute—x/t’ )
2t 2t —2t 2t
Du=—""  Bu=— Gu=—o u=—
) u x2 + et? ) u cos? x ) u cosh? x ) u sinh? x

The below arrows denote the possible transformations of solutions (15) to each other by means
of the potential hodograph transformation (16) up to translations with respect to x [50]:

O 1)520 ; 1)521 — 1)5:—17 x4+t<0 3 O 1)52—1, x4+t>0 3 2) — 3)#20, x>t
Od)ezo; 5) = 4)ema; 6) = 4)emy jgjcop; 7)< Doz, 25201 -

The sixth connection can be found also in [20,53]. If ;& # 0 solution 3) from list (15) is mapped
by (16) to the solution

8) u = ti(w) — t + pte "), w=ux—1Inlt,

which is invariant with respect to the algebra (t9; + 9, +ud,). Here ¥ is the function determined
implicitly by the formula [(9 — 1+ pe™")"1dd = w.

10



Some non-Lie exact solutions of (14) were obtained in [23, 54, 55]. Thus, P. Rosenau [55]
found that potential equation v; = v, ‘v, corresponding to (14) admits, in addition to the
usual variable separation v = T'(t)X(x), the additive one v = Y (x + At) + Z(x — At) which
is a potential additive variable separation for the fast diffusion equation (14). (The classical
multiplicative separation of variables is given by (11) with 4 = —1.) To construct nonclassical
solutions of (14), C. Qu [54] made use of generalized conditional symmetry method, looking for
the conditional symmetry operators in the special form Q = (g, + H (w)uz? + F(u)uz +G(1))0y.
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 @ = 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 (14) were obtained [51]:

1") u = cot(x —t) — cot(z +t) = %,

2') u = coth(x — t) — coth(x + t) = cosh22;in—hc2(fsh o7

3') u = coth(x — t) — tanh(x +t) = sinh22;08—h52i1t1h o7

4') u = tanh(z — t) — tanh(x +t) = — COShZZirffjsh 57"

5') u = cot(iz + t) — cot(iz — t) = cosh22;in—220$ 57
2sinh 2¢

) u=icot(z +it) —icot(x —it) = — o

Transformation (16) acts on the set of solutions 1')—6') in the following way [51]:

1/)005 2t<cos2x 5/)|t—>t+7r/2,m—>w/2,v—>2v§ 1/)005 2t>cos2x 5/)|m—>x/2,v—>2v—7r§
) wi<t) <= )lamayz,0-200 O 2)japs i/, vm20

O 3/)I<t|x—>x/2,v—>2v; 3/)x>t — 3/)I>t|x—>—x/2,v—>—2v; O 6/)|:c—>x/2,v—>2v'

These actions can be interpreted in terms of actions of transformation (16) on the nonclassical
symmetry operators which correspond to solutions 1')-6").

In [55] P. Rosenau considered additive separation of variables for the potential fast diffusion
equation (14) and constructed solution 4'). Using the generalized conditional symmetry method,
C. Qu [54] found solutions which can be written in forms 1’) and 6'). After rectifying compu-
tations in two cases from [54], 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 reduction by con-
ditional symmetry operators of the form Q = 9, + (n' (¢, z)u +n?(t,x))ud, (see [23] for details).
All reductions performed with reduction operators of such type result in solutions which are
equivalent to the listed Lie solutions 1)-7) or solutions 1")-6").
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9 Nonlinear diffusion equations. Other nonlinearities

Known exact solutions of the reduced equation 3.4 corresponding to (Qs = 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 = =/t

N A(u) Solution w = w(u) | Conditions
n n n 2n n
1 Dy — 2 1- 0
2 2n+ 1) v i
n
2 1— n—1 _ 1— 2n 1— n 0
P el n>
n —2n n o _n —n
L _r 1 1
3 31— n)u S U U 0<n<
4 1 sin? 2% cos =2
2 2 2
5 % sin mu (wu + sin wu) cos” ﬂ-—;
1 .5 3 TU
6 T (5 + cosmu) cos” <
7 1cosH (cosﬂ-kﬁ—u—l) 1—sin 22
2 2 2 2 2
3 uvarccosu+1 1 ATCCOS 1L
2 wnt= )
m—2(1 —wu)arcsin(l —u 1
9 - = arcsin(l — u
4v/2u — u3 2 ( )
warcsinu 1 4
10 —+ -u V1—wu?
4/1—u2 4
11 %(1—lnu) —Inu

Let us give some more examples of travelling wave solutions [26,48,57]:

*Tr+c

VC2 — 2t7

Arta
Ve =2t
1/p
o " _ c1 _ o 2ber
up = ((u™ 4+ but)ug)s, u <\/a(cl+1)(02—t)(w+01) aler +1) /)
M_b>
Va2t )

ur = (ue®ug)y, u=In(ciz+ c%t + ¢p).

ug = (sinh? wug),, u = arccosh?

us = (cosh® uug)y, u= arcsinh?

up = ((€2% + bue)ugz)y, u=In <

For equation with logarithmical nonlinearity
ur = (Inuug)y

travelling wave and self-similar solutions are known:

+
U = exp <:|:\/20133+2c%t—|—02> , U= exp (ﬁ _ 1> .

A number of exact solution for equations of class (7) were constructed with nonlocal (quasilo-
cal or potential) symmetries [2,11,12,59-61].

Thus, e.g., reductions with respect to the optimal system of subalgebras of Lie algebra of
potential /quasilocal symmetries of equation

ug = ((1+ uz)_lum))m

12



give rise to exact solutions of form

u=ce™(1 - c2e2(t_x))_1/2, u=—x(c—2t— x2)_1/2,
u = tan(p(w) + arctan(A(w)) +t), where w =224+ 0% v =tan(p(w) + et),
2% +0?

u = ztan(p(w) + arctan(A(w)) + et), where w = T U= x tan (go(w) + %Et) .

Here ¢(w) and A\(w) are arbitrary solutions of the system ¢’ = w™'A/2, N = (14+X?)(e—w™1N)/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]:

u=tan(c1z +c2), u=+x(c; —2t— 952)_1/27

e e(z +et) + ! < tal |t )
U= —— T co = n ciarctanu | ,
1 — e2(t—2) A+1\ Vuz+1
v c1eM + cpe™
U = ——, Where v =

)
V1 —? VAcies + cge= 2%
c1sin Az + ¢ cos Az
)
2
\/c% + 3 + g2Vt
sinh x +coshzx sin x
= , U= , U= ————,

V= cosh?z — e—2t \/—sinh? g 4 e—2t Vcos? x £ e2t

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

ug = ((1 = u?) " ug))a

u

namely [16]:
T +et—2
u=c¢, u=tanhr, uv=-—— (t>0), ©u=—F—00—,
Va? 4+ 2t ( ) V1 + e2@—t)

inh inh 4 cosh

. sinh = sinh z (t>0), u= cosh x (t<0).
Vcosh? x + e—2t cosh?x — e—2t Vsinh? x + e—2t

sinx

u =

Vv —cos?z 4 et

The third similarity solution converges (pointwise) to a step function as t — 0%, and to zero
as t — oo. 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 t — 07. The seventh solution converges to the values 1 as t — 0—. The last
solution converges to a square wave as t — 04, and to zero as t — oo.

One more example of solution obtained with application of potential symmetry is u =
tan(p(w) + arctan(2w¢y’) — A~ Int) for the equation

up = ((1 + u2)—le>\arctanuuw))w.

Here

1 —
w=x? + v (,D:XIIIC

/
W v, 2
1+4¢? 2w ANc—w)
All the potential symmetries of equations from class (17) can be obtained from Lie symme-
tries of (17) by means of prolongation to the potential variable v and application of potential
equivalence transformations [50]

=0.

Y _ arctan Y(w),

, b=v, A=(1+¢cu)’A




and hodograph transformation
i=t, z=v, a=u"l, t==x A=1u’A, (16)

where v, = u, vy = Aug.

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

In [64] non-point nonclassical symmetry operators are used to obtain exact solutions of evo-
lution equations. In particular, it is shown that equation

Uy = (u_zel/“um))m

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

z
z = if ¢>0, and
2 M )
In 4 + 27‘/6 arctan ﬁ + <
z .
z:ln22+c+2\/__61nz_ _C+C_1, if ¢<O.
262t z z++/—cC z

A number of authors considered additive separated solutions of diffusion equations (7), i.e.,
solutions of form

u(t, z) = p(t) +(z).

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]:

A=, A=¢", A=w?£1),
A= z(u)ez(“), u= / s732e752ds, 2> 0,
1

A = ¢7*) cogh z(u), o#=£l, u= / cosh™3/2 se=79/2ds, —o00 < z < 00
0

A = ¢7*™ ginh z(u), o#=+£l, u= / sinh™%/2 se=7%/%ds, 2z >0,
1

A=e""cosz(u), u= / cos 2 se7 7 2ds,  —m/2 <z < m/2.
0

10 Constant coefficient diffusion—convection equations
Lie symmetries of the constant coefficient diffusion—convection equation
ug = (A(u)ug)s + B(u)uy, (17)

B # 0 and corresponding Lie reductions were considered by a number of authors, see for ex-
ample, [17,32,33,43,70]. However the complete group classification of class (17) was presented
only recently in [49].
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Any equivalence transformation of class (17) has the form:

fztei%—l—sl, T =g +e7t +e2, U=uee+es,

- . (18)
A= Aagl, B = BEA:IES_I — &7,

where e1,...,e7 are arbitrary constants, e4e566 # 0. Note, that all the equations with B(u) =
const are reducible to diffusion equation (7). Besides such ‘trivial’ cases, Burgers equation and
Fokas—Yortsos equation, only few Lie invariant solutions for equations with non-zero convectivity
are found. Thus, e.g., in [70] scale-invariant solution

zu M — (14 2/p) In(zu™? —1—-2/p) = 1t + ¢
in implicit form is found for the equation with power nonlinearities
ur = (uHuy)e + uP %y,

was found.

M. Edwards [17] investigated Lie symmetries of (17) 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 (17). (The linearizable
Focas—Yortsos and Burgers equations have been considered separately in Section 3.)

Table 7. Reduced ODEs for u; = (e#“u,), + € u, (pu # 0)

Subalgebra Ansatz u = w Reduced ODE

(O) p(w) t =0

(Or) p(w) x (e"?¢") +ef¢p' =0

(O + €0) o(w) x — et —ep’ = (e"¢') +e?¢’

((ut — 2t +€)0, p(w)+ w((p—2t+e)im2 | @'(1—plw+1= (") + ey’

In((p —2)t +¢)
p—=2 )

f
(€0 + 200 + 0u) (1 =2) p(w) + we /e - —Pw= () + ety

Fu - Dads + ) (1 £2) | +

If u = f(t,z) is an exact solution of equation u; = (e""uy), + €“u,, then
u = f(e(:u'_z)elt + 63, e(ﬂ_1)51+52x + 54) _|_ 51 + 52

is also solution of the same equation.

Table 8. Reduced ODEs for u; = (" uy )z + ttiy.

Subalgebra Ansatz u = w Reduced ODE

(0z) p(w) t =0

(0r) p(w) x (e?¢) + 9y’ =0

(0r + €0z) p(w) T —et —ep’ = (e?¢') + oy’
((t+€)0 + (2 — )0 + Ou) | p(w) +1In|t+ ¢ ii; +Inft+el | 1+ (1—-w)=(e?) + ¢

If u = f(t,z) is an exact solution of equation u; = (€“uy), + uu,, then
u = f(eelt + €9, et (l’ — et + 63)) +é&1

is also solution of the same equation.
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Table 9. Reduced ODEs for u; = (uFuy)y + u”uy,.

Subalgebra Ansatz u = w Reduced ODE

(0z) p(w) t ¢ =0

() p(w) x (P p) +¢"¢" =0

(Or + €0z) p(w) T —et —ep' = (") + "
((ut —2vt +£)0; W) (n—2)t+e)7T | a((p— W)t +e)i | o+ gw= (") + "¢
+(p = )20z + udu), (1 # 2v)

(€0: + vads + udu), (n=2v) p(w)et/s ze /e ¢ —pw=("¢) + ¢

If u = f(t,z) is an exact solution of equation u; = (ufuy), + u”u,, then
u= eal+agf(e(u—2u)alt + &3, e(M—V)51+V€2x + 64)

is also solution of the same equation.
For equations with v = p the generalized travelling wave solution is known:

Y <02—x+ln|t+61|>1/“
S \t+a  pltta) '

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

2/ whdy et +
=z — .
—u2 —2u+c 2

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 27 +1
—— +2In + ‘:t+c2.
T T
Table 10. Reduced ODEs for u; = (u*uy), + In uy.
Subalgebra Ansatz u = w Reduced ODE
(0z) p(w) t ¢ =0
() p(w) T (") +Inpp =0
(0x +€0) p(w) x—et —e¢' = (¢"¢) + Inpy’
2
t —1)0z u t e 7M rte i 1 t l _ L wo N\ 1 /

((ut +€)0 + (nr — )0z + udu) | p(w)(ut +¢€) 2 1 ) + 2 n|ut + €| It (") +Inpp

If u= f(t,z) is an exact solution of equation uy = (uFuz)x + In uu,, then
u = eslf(e“elt + e9,e! (. — et + 53))

is also solution of the same equation.

In particular, if 4 = 0, we obtain ©; = Uge +1n uu,. This equation has two known travelling
wave solutions (usual and generalized ones):

_ cg—x  Inljt+ e
t.x) = Teal 4 9 t.x) = .
u(t,x) = exp(cie + c2), u(t,x)=exp (t T + i T o

Generalized travelling wave solution are known for the following equations:

1/p
up = ((u?¥ + bub)uy)y + uhug,, u= <wcp( )+ cr(t () [ o(t) > )

up = ((anu + be“)uy)e + €Uy, u= ln(xgo( )+ crp(t) + b(p f o(t )
where ¢ = ¢(t) is determined by the equation ¢’ = ap? + ¢
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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

ug = rI (" A(u)uy) (19)
Equations of the form (19), especially for power nonlinearity
U =

ri=" (" lytu,),. (20)

have a large number of applications, for both > 0 (slow diffusion) and p < 0 (fast diffusion).
To the best of our knowledge, first similar solutions of (19) were instantaneous source-type
solutions [6,47] namely, solutions of form

u = t—n/(;m+2)f(£)’ £ = rt— 1/ (pn+2)
if p# —2/N and
w=epE), € =re,

where A is an arbitrary constant, in case p = —2/N. Substituting these values into (20) yields
(assuming ¢ > 0 in the first three cases):

-n n _ n 1/p n

p>0: u=14 1t [(n+2) [2(ug+2) (a? — r2t=2/n +2))] , < att/mnt2

0, r > atl/un+2
p=0: u = At_"/ze_’“2/4t,

1/
0>p>-2/n: u = ¢~/ (un+2) [2(u:zi2) (a® + T2t—2/(pn+2))] “7
—n/2
p=-2/n: u=e M [%(az + r2e_2)‘t)] / ,
—n/(un _ n 1/p

p<—=2/n: u = (=) e [2(uﬁ+2) (a +r2(=) 2/ +2))} ;<0 .

0, t>0

The following instantaneous source-type solutions for equations (20) were obtained by
King [34]:
—2—n

Case p=—1,n#—2: f=(un+2)exp ( — 55— >/f§exp ( - ag_:n)df.

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

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

Case p=—1,n=3 f=2/(28e"¢+ (E(la+§&)+a 2e B (—a/€))(un +2)~"), where
Ey(2) = [° et 1dt is the exponential integral.

z

Case = —2/n:  f =& g, where [(ng — ag?™ — A\g't?/™)dg = In&.
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Case p = —1/2:

. al/2g(d-—n)/2 Ql/2¢(1-n)/2 2
f=alun+2)§ <ﬁJy_1((W )P n)) + (1 — ﬁ)YV_1<(W o) n))>

a1/2§(4—n)/2 a1/2§(4—n)/2 -2
X <ﬁJy<(un F2)12(4 — n)) +(1— 5)Yu<(#n F2)12(4 — n))) )

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 solutions given for
> 0 in [7]. The similarity variables are chosen to fix [*°rudr in time (if the integral exists).
In one dimension this corresponds to the centre of mass. The appropriate similarity solution

0 (20) then takes the form

w= VD pe) g = V) g

w=eDf(e), E=re, p=—1.

For different values n and u the following solutions are known [7,34]:

1/n
Case o #0,=2/n: [ = £E7/6D) (on (g lims2)/ (1)) ) "

Case p=0: f= ﬁ£2_"e_52/4.
—n/2
Case p=—-2/n: f= <n§—_221n%> / .

Case p = —1/2: (here v =2 —n/2)

f=ga [m_l (alfg) (1= B (alfg)] | [M (Oﬂ;g) T (0‘1;25)] :

Case p=—1/2, n=3 (cr [69]): f= 6%tan2 (%/2(5— c)) or f= f%tanh2 (#(5 — c))

a? 2

Case p=—1/2,n=1: = gommaiareamy @ | = cartonazeame:

Case p=n/2—2: f=¢EC/ (g where

n/2—2
/gidg — L 6n—2.
g+ (n—2)a (n—2)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].

|$|put - (|u|”uw)w- (21)
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Namely,

1
w=lenw a0, = (oot Y g
(p+2)2+p+p+up)
1/p
= 1B < 1 p2tret2)8 co> , where (3= v )
2+p pu+p+p+2

For equation (21) with p = —(u+2)/(u+ 1) solution obtained with multiplicative separation
of variables is known:

u= e Cit <Cl (/‘ + 1)2$p/(p+1)eclut + 62) 1/n

See also the next two sections for invariant solutions of essentially variable coefficient equa-
tions.

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

t= 01t + 42, j:X($), U = 03U + 4,

) - . .
£l 1(’Df, Jg= 6162_1Xx(pg, h = slsglgp h, A=e9A, B =¢e3(B+¢e4A), (22)

where §; (j = 1,4) and ¢; (i = 1,4) are arbitrary constants, d1d3e1£2¢3 # 0, X is an arbitrary

- h(z)
smooth function of z, X, #0, p =e¢ 1 f gy de

It appears also, that class (1) contains equatlons 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 (17). 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 (22) in Appendix A.

Up to equivalence transformations (22) the list of equations of form (1) reducible to the con-
stant coefficient form together with corresponding transformations is exhausted by the following
ones [28]:

1. up = (€"uy)y + exuy, — (8):
2. 273U = (e%uy), — (8): t=ts
3. 273U = (e%uy)y + 1 2uy, — (8): t=(e*tsignz)/2, F =e ')z, 0 =u—t—In|z|;

4. up = (|ulfug)e + exug, — (9): t=e*t/(2), & = xet, @ = u;

t=e*!/(2), & = xe, 4 = u;
t =

=tsignz, T =1/z, 4 =u—In|z|;

3t - _ 1
5. |x|” wttuy = (Julfug)y — (9): t=t,T=—1/z,0=|z| Hruy;
_3ut4 - optl —eBt2y

6. oy = (Jult i 9): f=—T _(1—e it &= ae
"T‘ K2 U (’u‘ ux)x"‘fl”x‘ “ ux| uA2 ( ) E(N+2)( e~ ) €z xre
U = U;

7. 2%y = (u_zux)x +ex tuy — (5): t=t, @ =mxet U=uy;

8. e®uy = (utuy), — (14): t=t, &=z, 0= u;

9. e®up = (u tuy)y +c€%uy, — (14): t=et/e, T =x +et, 0 = .
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Combining these transformations with symmetry and equivalence transformations one can
easily obtain solutions of such “non-essentially variable coefficient” equations. For instance,
starting from solutions of equation (8), we obtain corresponding solutions for the more compli-
cated and interesting equation

e(l}

(rez 1 1)8 Wt = (€TUa)e £ €M

having the density f localized in space [49]:

_ 1 c1 e r 4+
UZID‘C1+C0(€J:+7)‘, u:ln<—m—7+60f>

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

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

e—((E+€t) Ee-(-’ﬂ+€t)
u= 1 -+ certettest/e’ u= ex + g2t — eft + ect—e(z+et)e=st’
2e™" 2e™" 2"
= , u=—— U=——>5—
e(x + et)? £ et e cos?(z + et) e cosh?(z + et)
2e " 2e~ (#+et) gin(2e°t /¢)
u = . 2 Y U= et _ Y
esin®(x + et) cos(2et [e) — cos 2(x + €t)
2¢~(@Fe) ginh(2¢t /¢) 2¢~(@Fet) ginh(2¢ /¢)
= 5 U = — ’
cosh 2(x + et) — cosh(2et [¢) cosh 2(x + et) + cosh(2et /<)
2¢~(@Fet) cosh(2et /e) _ 2e” @ gin(2¢% Je)

“~ Sinh 2(z + et) — sinh(2et /¢)’ - 2(z + et) — cos(2et /Jg)’

_ 2e” @+ ginh(2e! Je)
~ cosh(2eft/e) — cos 2(x + et)

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

— —x — —
e 27y = (utug) e + v ug

(c1—7)e—" 2c3te= e " 2tcocrelcr=e”
U = Ccpe s = 2 s u= —z\o )
cos? c1(e™® + ¢p) (1 — cpecre™™)2
cre 7" ge e " e "
u= — u=— u= 5 5-
—€ + cpecr(e—¢t) e~ — et + ¢y (e=% 4 ¢1)% + ot
Equation
—2x
€ Iz Iz
s Wt = (ufug), + utug
(e™® 4 ) 1w
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has exact solutions of the form

=

UZ’Co(e_IJF’Y)—Cl’“iH u={co+—L—42pt er_er’Y\_“il’
e T+
2

M # 1
Fealt T ) e 4 T,

w1 1 2 1 T _M((2u+)32) Z N Y
= | ——— = — — tl 2u+1 - +1
! pt2 2t <C° e—x+»y> te <CO e—x+,y> i 7% 4],

u = (6t + ¢} + coe )% (™% +7)°.

o

efuy = (u_lum)m + pe*ug

admits the following invariant exact solutions:

u = c_oe(l_cl)(x‘f‘ﬂt)’ u = ﬁ e” . u= 2006% 6(61_1)m+61“t 7
Iz p cos?[er (z 4 pt + co)] @ [1— coecr(@tub)]2
“= W ey + coecr@tpttezent)? “= (x4 pt =+ c1)? + coe2et”
1 e_(x"’_ut)

u=— .
w+ pt — ettt + ¢

2)ur = (v u — E—i ulu
f()t—( m)m <2f fﬂdm) 3

where f = f(x) is an arbitrary positive function has the following invariant solutions:

e BUVTR 2 T
‘e CO(/ VI = cos?[c1(In [ V/fdx + ¢p)]’ “= [1—co([ V/Fdz)]?’
_ c( [V fdz)™2 " ([ fdx)~?
ca + co( [V Fda)erecreat’ In([/fdz) —t+co’
. 2t( [/ fdz) ™2
In([ v/ fdz) + c1]? + cot?

Ut = (u_luw)w + prug

admits the following solutions:

ut
— craett . 6%62/»115 B coc%e(Q/Jt—i-clxe )
U = Cpe ) — P) iz 5 u = R
pcos?[cr (xer + ¢p)] (1 — coecraer)
C1 2;“
u = w =
c ! t 2ut )
c1 (;Ee,ut+_262ut) 2uxert — 21t + 210
c2 + cpe ©
4/162‘”
u

T 42 (wert + 1)2 + coetht

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”.
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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 coefficient equations of form (1).
We start from the equation

ePPuy = [e%ug), + ePPu, (23)
which admits three-dimensional Lie algebra Q1 = —p~10;, Q2 = e P (0; — 0,), Q3 = Op +
pdy. The only non-zero commutators of these operators are [Q1,Q2] = Q2. Therefore A™a*

is a realization of the algebra 2457 [40]. All the possible inequivalent (with respect to inner
automorphisms) one-dimensional subalgebras of As 1 @ A; [46] are exhausted by the ones listed
in Table 11 along with the corresponding ansitze and the reduced odes.

Table 11. Reduced odes for (23). A #0, ¢ = +1

Reduced ODE

N | Subalgebra | Ansatz u = w

1] e p(w) @ (€¢) + e =0

2 | Qo p(w) t+a (e?¢") =0

3| Qs p(w) + px t ¢ =p’e +p

41 Qu+2Qs | p(w)+ Apt z—=Xt | e Pp— A+ D= ()
5| Qe+eQs | plw) +ee” | att—fe | ee(p—y¢) = (%9

As a second example we consider the equation

xPuy = [uug), + xPTlug,.

(24)

The invariance algebra of (24) is generated by the operators Q; = —(p + 2)7'0;, Q2 =

e~ (G, — 28,), Qs

too. The reduced equations for (24) are listed in table 12.

Table 12. Reduced odes for (24). A #0, ¢ = +1

mxd, + (p + 2)ud, and is a realization of the algebra As; & Ap

N | Subalgebra | Ansatz u = w Reduced ODE
1| p(w) @ (") + e =0
2 | Q2 fz(w) zet (™) =0
p
3 | Qs 25 o(w) " o = (p+2)(:;2+m) e 4 p_;;QSO
4 | Q1+ 2Q3 Pt (y) ze At (™) + (14 dm)wPtly’
= Ap+2)wfe
b _ me (p+2)t m
5| QteQs | e plw) | wet BT (omy) = e(p+2)wrp
_mswp+1<p/

At last, let us analyze in more detail equation

2 2 2
el uy = (eP* uy)e + eP* uuy,

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

(25)

(B, 210y, 0y — 2p0,).

In contrast to the case of equations with four-dimensional Lie symmetry algebra we cannot
reduce equation (25) to a constant coefficient equation of form (1). However, it is an interesting
feature of this equation that using a point transformation v = u + 2pz it can be mapped to a
constant coefficient reaction—convection—diffusion equation

Vg = VUgg + VU; — 2PV (26)
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that does not belong to class (1). For simplification of the technical calculations we will in-
vestigate the constant coefficient equation (26) instead of (25). The Lie symmetry algebra of
equation (26)

<X1 — 8t7 X2 = e_2pt(8x + 2}’)8@), X3 — 8;p>

is a realization of As; @ Ay [40]. These operators generate the following group of point trans-
formations:

f=t+4+e1, T=x+eoe Pldeg, §=0v+2e9pe 2P,

A list of proper inequivalent subalgebras of the given algebra is exhausted by the following ones
(X1 +aXs), (Xsg+eXa), (Xp), (X1, Xy), (Xp, X3), (Xi+0X3, X)),

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 summarized in Table 13. One can easily
check that it is impossible to construct a Lie ansatz corresponding to the subalgebra (Xa, X3).

Table 13. Lie reductions of equation (26).

N | Subalgebra Ansatz v = w Reduced equation

1| (X1 4 aXs) p(w) z—at | ¢+ (p+a)p’ —2pp =0
2pw

2 (X3 +eXo) p(w) + 622;56_::5 t o = 6225:3’ j—E

3 | (X2) p(w) + 2px t @ =0

4 | (X1, X3) C — C=0

5 | (X1 + BXs, Xa) | 2pz —2pBt+C — —2pB =0

Integration of equations 2-5 from Table 13 give the following invariant solutions of equa-
tion (26):

 2pex + Ce*t

v=0, v=2pxr+C, T
The corresponding exact invariant solutions of equation (25) have the form

_ 2pex + Ce?t

u=—2pr, u=~C, T

— 2pz, (27)

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 equation (26). Substi-
tution of the ansatz to equation (26) leads to antireduction:

¢ =% —2pp, Y =i —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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, T =z, e?Ply equation (26) can be

—2pt 1935 — 2p00; studied in [37].

2pt _

(S

Note 1. Using the point transformation £ = e~
mapped to a variable coefficient Burgers equation v; =

Note 2. The well-known Cole-Hopf transformation v = 2w, /w reduces equation (26) to the
famous constant coefficient reaction—diffusion equation with weak nonlinearity

Wy = Wy — 2pw In |w.

After application of the Cole-Hopf transformation to the list of known exact solutions (see,
e.g., [48]) of the equation with weak nonlinearity we obtain exactly solutions (27) of equa-
tion (26).

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 sl(2,R). The set of such equations is practically exhausted by the well-known
(“constant coefficient”) Burgers and u~*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]

22uy = (u_G/Sum)a, + z2ug,, (28)

sl(2,R)-invariance of (28) is directly connected with the fact that h is not constant. The

corresponding realization

P, =08,, D =2td,+ 220, —bud,, L=t + (2tx + 332)850 —5(t + x)udy,.

of the algebra si(2,R) is quite different from ones of cases of Burgers and uw4/3-diffusion equa-
tions and is the maximal Lie invariance algebra of equation (28). It was a reason to study
equation (28) from the symmetry point of view in detail in [29]. These operators generate the
following one-parameter groups of point transformations:

P: t=t+4e, T=2z u=u
D: {=¢t, F=¢€n, 0= u;
~ t - t+x t - 6
t=——, = — , u=(l—¢e(t+x)) u.
1—et l—e(t+2z) 1—et ( (t+2))

The complete Lie invariance group G™#* is generated by both the above continuous transforma-
tions and the discrete transformation of changing of sign in the triple (¢, 2z, u). The transforma-
tions 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, +1I), (P, D). Reduction of (28) with respect to these subalgebras and application of
the invariance transformations lead to the following set of G™®*-inequivalent Lie invariant exact
solutions (below ¢ € {0,1}):

3 —5/6
< (t+ w)3> ,

x
3

3zt (t + x)?

4t Ct—1

—5/2
u=Clt+a)7, u=27(3) P2y, u= +2

= =56 <

(t + x)?

Ct+1

)

523

4 3

332

+2%5

—5/6
(C(t+z)+ 1)) .
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In [29] it was proposed to use functional separation of variables

6 ~5/6
u= <Z gpi(t)a:i> . (29)
i=0

to obtain solutions of equation (28). The set of all solutions of the form (29) is closed with
respect to transformations from G™#* and is exhausted, up to translations with respect to ¢ and
scale transformations, by the above solutions u = ¢ and u = &(t + )~ and the solutions given
by the generalized ansatz

u= (223 + 1)zt + P ()2 + O (t)2®) 7P/ (30)
and the corresponding reduced system

4 4 5
o =To° — 5(904)2, pp = 184°% — 3904905, Py = —6(905)2 + 2", (31)

System (31) can be reduced to the single third-order ordinary differential equation on the func-
tion
631y + 387(¢1)* + 1260 0y +192(0") ¢} +16(")! = 0

having particular solutions ¢* = 0, ¢* = C/t, where C' € {0,3/4,21/4,6}, that lead to Lie
invariant solutions of (28).

Conclusive remarks

This work is constantly under updating. So, the author will appreciate any suggestions, com-
ments and references sent to ivanova@imath.kiev.ua.
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A Group classification of diffusion—convection equations

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

N | B(u) | f(x) h(zx) Basis of A™**

1 \ A A O

2a v eP” 1 O, ptor + Ox

2a/ v |z|? z7! O, (p+ 2)t0: + 20,
2b 1 e’ e® + 0 Ok, 677:(815 )

2c 1 lz|P | z|z|P 4+ Bzt | 8, e”®FDYD, — 28,)
3 1 z72 z 'in |z| O, e ' 20,

4 0 1 1 O, Oz, 2t0¢ + 20,

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,Z=x+t, 0@ =u
1. 2a/(p=—-2,B=1) - 2/ (p=—-2,B=0): t=t &=uzxe, it =u;

2.2b »2a(B=g,p=1): t=c, d=a+t @=u
3. 2(p#—-2) = 2alp#—-2): = (PP _1)/(p+2),z==zxe’, t=u
Table 15. Case of A(u) = e"
N B(u) fx) g(z) | h(x) Basis of A™#*
1 0 A4 1 1 O, t0: — Ou
2 e | [? 1 lz|? | O, (pp—pv —2v — qu+ p)t0: + (1 — V)02 + (g + 1)0Ou
2% v eP® 1 ce” Ot, (ppp — pv — p)t0: + (u — V)92 + Ou
3 ue" epeitaz | opa? ePs” Ot, (2p + q)t0r + Ox — 2p0.
4 e’ + 1 1 1 Ot, Oz, (b —20)t0: + (0 — V)T + v3ct) O + Ou
5 u 1 1 1 at, 8z,t8t+(x—t)8z+8u
6a 0 fHx) 1 1 O, t0; — O, atdy + (B2 + 12 + 70)0x + B0y
6b 1 ||P 1 | exlz|” | 8, 20z + (p+ 2)0u, e =PTDYD, — c28,)
6b* 1 e’ 1 ce” O, Oz + Ou, 67“(8,5 —e0z)
6¢ 1 z2 1 ex ! Ot, £0y, 10r — etxDy — Oy
Ta 0 1 1 Ot, tOr — Ou, 2t0¢ + 20z, O
b 1 1 1 Ot, Og, tOr — t0g — Ou, 2t0: + (x — t)0x
Tc 1 1 1 ex O, £0p + 204, €0y, e (0, — ex0y)
7d 0 -3 1 1 O, tOr — Oy, 0 — O, 220, + 10,
Te 1 -3 1 z2 Ot, Oy — O, et(at — x0z), et(m28x + x0u)

Here (u, v) € {(0,1), (1, v)}, v # u in cases 2, 2" and 4; p = 1 and v # 1 in the other cases; ¢ # —1 in
case 2° (otherwise it is subcase of the case 1.2a’); € = +1 in cases 2, 6b—6c and 7e; p &€ {—3,—2,0} in case 6b;
a, B,71,v0 = const and

—308x —2v1 +«

i) = exp{ m dm} .
Case 2(q = —1) is a subcase of case 1.2a’. Additional equivalence transformations:
1. 40 #0) - 4(x=0): t=1t,&=a+ »nt, @ =u
2. 6b—6a (B=7=0 a=(p+2v): =P _1)/(c(p+2)), &=xze?, 0=u;
3.6b" = 6a (B=m=0,a=7): l=c/e,i=x+ct, =1
4.6c —»6a (B=v=a=0): t=t %=z 4=1u
5. Tb—7a: t=t, &T=x+t, 0 =u;
6. Tc—Ta: f=e>"/(2), & = xe, i = u;
7. 7d—Ta: {=tsigne, &=1/z, 4 =u— In|zl;
8. Te—Ta: {=(e*'tsignz)/2, 2 =c¢ /o, 4 =u—t—In|z|
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Table 16. Case of A(u) = |ul*

N L B(u) fx) g(z) h(x) Basis of A™#*
4 0 A4 1 1 O, ptdy — uly
v |ul” | [? 1 || Or, (b +pp— qu — pv — 2v)t0;
(= )20, + (g + Dud,
2" v Jul” eP” 1 ce® O, (pp— pv — p)tde + (0 — )0z + udy
3 v Jul* In |ul epe’tar | ope e O, (2up + q)t0s + 0z — 2puly
4 v 1 () 1 exf?(z) O,
et (0 — e((p + 1) B2 4 )0y — efzudy,)
5 |0 v A e Br, 2010,
6 0 v evtre” ere’ ere’ O, € (0 — 70s)
7 |0 u et | epe P Or, 10y + Bz — 2pd
8 v |u|” + 1 1 1 O, Oz,
(1 —2v)t0: + ((u — V) + v3et) Op + udy
9 v In |u| 1 1 1 Oty O, ptOs + (ux — t)O0z + udy
10 0 u eP® P’ eP®” O, e 2P0y, O — 2pOy
11 0 In |u| ePs” eP®? ePs” O, e~ 2P0y, 0r — 2pud.
12a | V 0 f3(x) 1 1 O, utdy — udy,

atdy + ((p+ 1)Bz* + iz + 70)0x + Brud

12b |V 1 |2 |P 1 ex|z|? Or, pxdy + (p + 2)udy, e =PHVHH, — exd,)
12b*| # -1 1 e” 1 ce” Ot, 110z + ulu, e (¢ — €0x)
12¢ | # =2 1 z2 1 ex ! O, ©Og, put0y — eptzOy — 0y,
13 | —6/5 1 x? 1 x? O, 2t0; + 220, — 5udy,

20y + (2tx + 22)0, — 5(t + x)ud,
14a | # —4/3 0 1 1 1 B, ptdr — udu, D, 2ty + 104
14b | #—4/3 1 1 1 1 O, t0s — ity — udu, O, 2t0; + (x — )0s
14c | # —4/3 1 1 1 ex O, P20y + 2udy, e 0, 6725’5(@ — ex0y)
14d | # —4/3, -1 0 le| T |1 1 Br, 1t — udu, (1 + 2)tdy — (u + 1)ady,

(b + l)xzax + zudy,

_ 3uta _Buta

14e | # =2, 1 |x|” Wt 1 ex|z|” #FT | O, p(p+ a0z — (1 + 2)ud,

—4/3,-1 efﬁ—ﬁt(at —ex0y), e ((u 4 1)2%0s + zudy)
14f | -1 0 e’ 1 1 O, t0: + U0y, Op — Uy, 20 + 0y — TUD,
14g | —1 1 e’ 1 ce” Oty Op — UOu, (z + et — 2)0; — (x + et)udny,

e (0 — €0x)
14h | —2 1 z 7?2 1 ex? O¢, x0x, 2t0; — 26tx0z + udy,
e”(xzax — zudy)
15a | —4/3 0 1 1 1 v, 4ty + 3udu, By, 2ty + 0y,
228, — 3xudy
15b | —4/3 1 1 1 1 Or, 4t0; + 420, — 3udy, 2t0; + (z — )0,
Oz, (x+1)20, — 3(x + t)ud,
15¢ | —4/3 1 1 1 ex O, 220y — 3udy, e '0,,
672“(8,5 —ex0y), e“(:czaw — 3zudy)
16 0 u 1 1 1 Oty Oz, t10r — Ou, 2t0¢ + £Ox — Uy,

t20; + txdy — (tu+ )0y

Here v # p; e = £1; ¢ # —1 in case 2" (otherwise it is subcase of the case 1.2a’); p # —2, —(3u +4)/(p + 1) in
case 12¢; a, B, 71, Yo = const, and

20\ _ —(Bu+4)Bz -3 3(2) — ex —Bu+4)pr —2v1 + «
P —en{ [ GhaEE e ro—eo{ [ RIS )

Additional equivalence transformations:

1. 8(3#0) = 8(x=0): L=t &=mx+xl, i=u;
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12b — 12a (B =0 = a = 0), 14de — 1da: &= (P _1)/(p+2), & =ze', @

12b" = 122 (B=m =0, a=n0): £ = (' —1)/(e(p +2)),
12¢c — 12a (B =70 = a = 0), 14h — 14a: {=t, & = xe, ;
14b — 14a, 15b — 15a: t=t, & =x —t, i = u;

ldc — 14a, 15¢ — 15a: = €' /(2¢), & = ze, 1 = u;

U = u;

14d — 4a: t=t, &= —1/x, 4 = |x|7ﬁu;
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