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CONSERVATION LAWS AND SYMMETRIES OF
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ABSTRACT. A class of generalized nonlinear p-Laplacian evolution equations is studied.
These equations model radial diffusion-reaction processes in n > 1 dimensions, where the
diffusivity depends on the gradient of the flow. For this class, all local conservation laws of
low-order and all Lie symmetries are derived. The physical meaning of the conservation laws
is discussed, and one of the conservation laws is used to show that the nonlinear equation
can be mapped invertibly into a linear equation by a hodograph transformation in certain
cases. The symmetries are used to derive exact group-invariant solutions from solvable three-
dimensional subgroups of the full symmetry group, which yields a direct reduction of the
nonlinear equation to a quadrature. The physical and analytical properties of these exact
solutions are explored, some of which describe moving interfaces and Green’s functions.

email: elena.recio@uca.es, sanco@brocku.ca

1. INTRODUCTION

An interesting class of nonlinear diffusion-reaction equations is given by the p-Laplacian
evolution equations

uy = KV - (|VulP2Vu) + ku?, p>1, ¢>0 (1)

for u(t, z) in R x R™. Solutions of the initial-value problem exhibit several kinds of behaviour,
such as finite-time blow up or finite-time extinction and moving interfaces, depending on
the exponents p, ¢, and the sign of k [1, 2, 3, 4, 5, 6, 7, 8]. There are numerous physical
applications of these equations, for example, filtration of non-Newtonian fluids, absorption in
porous media, combustion theory, turbulent gas flow, glacial sliding, and continuum models
of energy flows through discrete networks and vibrations of molecules [1, 9, 5, 10, 11, 12].
Another prominent application occurs in image processing, where the n = 2 equation with
k =0 is used as an edge-enhancement model [13].
This motivates studying a general nonlinear diffusion-reaction equation of the form

ue =V - (g(|Vu[)Vu) + f(u), ¢ #0, f#0 (2)
which models diffusion processes in which the diffusivity ¢ depends on the gradient of u, with

a source/sink f that depends on u. Radial solutions u = u(t, |x|) in R x R™ are of particular
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interest, due to the rotational symmetry of the equation (2). These solutions satisfy the
n-dimensional radial equation

ur = (g(ur]) + lurlg' (Jur))ure + (0 = Dr~lg(jusJu, + f(u), g #0, f#0  (3)

for u(t,r) in R x R* with the regularity conditions that the gradient Vul,—o = Zu,|,—o
vanishes, and the Hessian matrix V2u|,—o = ((ty, — 7 ', )2 @2 +1r"tu,I)|,—o is proportional
to the identity matrix /. Note these regularity conditions can be formulated as

u, — 0 and w,, —r tu, — 0 for r — 0 (4)

Also note that the diffusivity appearing in this radial equation (3) is given by A/(|u,|) where
h(Jur]) = urlg(fr]).

It will be natural to extend the radial equation (3) by replacing |u,| with w,, and by
allowing n to have any value (not necessarily a non-negative integer). This yields a 1-
dimensional nonlinear diffusion-reaction equation

up = B (u)upe +mrh(u,) + f(u), h"#0, f#£0 (5)
for u(t,r) in R x R, where
h(uy) = urg(u), m=mn—1 (6)

(Note r here is no longer a radial variable.) When h(u,) is an odd function and m is a
non-negative integer, all solutions u(¢,7) of this equation (5)—(6) satisfying the regularity
conditions (4) on the half-line 0 < r < oo are solutions of the radial equation (3) where

9(Jur]) = h(ur) /ur (7)

Hence, these solutions yield radial solutions w(t, |z|) of the generalized p-Laplacian equation
(2) in n = m + 1 dimensions. Radial solutions can also be obtained from solutions wu(t,r)
whose radial derivative maintains a single sign, u, = |u,| > 0 or v, = —|u,| < 0 on the
half-line 0 < r < oo, since g(|u,|) = g(£u,) = h(u,)/u, will be well-defined, without any
restriction on h(u,). However, this sign condition will not hold in general for all solutions
u(t,r) of the 1-dimensional equation (5)—(6).

The purpose of the present paper is, firstly, to study the local conservation laws and the
Lie symmetries admitted by the 1-dimensional nonlinear diffusion-reaction equation (5) and
its n-dimensional radial counterpart (3), and secondly, to derive some exact group-invariant
solutions by symmetry reduction.

Local conservation laws are continuity equations that yield basic conserved quantities for
all solutions [14, 15]. For nonlinear diffusion-reaction equations, they can be used to detect
when the equation can be mapped invertibly into a linear equation [16], and they allow
checking the accuracy of numerical solution methods. More general conservation identities,
such as total mass, provide physically important balance equations, and they are used in
obtaining estimates on |u| or [Vu| for classical solutions, as well as in defining suitable norms
for weak solutions.

Symmetries are transformations under which the whole solution space is mapped into it-
self [14, 17, 15]. For nonlinear diffusion-reaction equations, symmetries lead to exact group-
invariant solutions and play a role in defining invariant Sobolev norms. Scaling symmetries
are of special relevance, as the critical nonlinearity power for blow-up behaviour or extinc-

tion behaviour of solutions is typically singled out by scaling-invariance of a Sobolev norm.
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Moreover, scaling transformation arguments give a means of relating the behavior of solu-
tions in different regimes, for instance, solutions at short times with large initial data can be
scaled to long times with small initial data.

There has been very little investigation of the symmetries and conservation laws for the
class of equations (5) when the source term f(u) is non-constant, as well as for the n-
dimensional generalization (2) of these equations. Recently, point symmetries have been
classified in the special case of n = 1,2 dimensions [18] and some group-invariant solutions
have been obtained. However, no work at all appears to have been done on the radial
nonlinear diffusion-reaction equation (3) for n > 1 with a gradient-dependent diffusivity
h(|u,|) when the source term f(u) is non-constant. (Some other diffusion-reaction equations
with a different form for the diffusivity depending on the radial gradient u, and with a
non-constant source term depending on u have been studied in Ref.[19].)

A worthwhile remark is that a subclass of the reaction-diffusion equations (2) given by
f(u) being linear in u and g(|Vu|) being a monomial in |Vu| can be mapped by a point
transformation into nonlinear filtration equations u; = V- (|Vu[P=?)Vu). There is a sizeable
literature on symmetries and conservation laws of these equations, especially in the case
n =1 [20, 21] where they can be transformed via u, = v into standard diffusion equations
vy = g(v)z. With a non-gradient diffusivity which have been investigated extensively (see, for
example, Ref.[22, 23, 24, 25] and references therein).

The present paper is organized as follows.

In section 2, we derive all local conservation laws of low-order for the 1-dimensional non-
linear diffusion-reaction equation (5)—(6) with a general gradient diffusivity, by using the
general method of multipliers [26, 27, 28, 30]. We also discuss the physical meaning of these
conservation laws. This classification of low-order conservation laws is new. From one of the
conservation laws, we show that the nonlinear equation (5)-(6) can be mapped invertibly
into a linear equation by a hodograph transformation in certain cases when (and only when)
the radial diffusivity has the form 2/(u,) = r/(a + u,)%

In section 3, we derive all of the Lie symmetries for the 1-dimensional nonlinear diffusion-
reaction equation (5)—(6) with a general gradient diffusivity. We also work out the corre-
sponding symmetry transformations, and we present a complete classification of the admitted
maximal symmetry groups. The results obtained for all cases m # 0 are new.

Next, in section 4, we present the local conservation laws and Lie symmetries of the radial
nonlinear diffusion-reaction equation (3) with a general gradient diffusivity. We show that
the same hodograph transformation which maps the 1-dimensional equation into a linear
equation also works to map the radial equation into a linear equation. All of these results
are new.

In section 5, we use the Lie symmetries to derive exact group-invariant solutions of the
radial nonlinear diffusion-reaction equation (3) for special forms of the gradient diffusivity.
The solutions are obtained in an explicit form by using solvable three-dimensional subgroups
of the symmetry group, which yields a direct reduction of the equation (3) to a quadrature.
We examine some of the physical and analytical properties of these exact solutions. In partic-
ular, one family of solutions describes moving interfaces (governed by a Stephan condition),
and another family of solutions describes Green’s functions (involving a Dirac delta source
term). For comparison, some interesting similar solutions that are not group-invariant can
be found in Ref.[31].



In section 6, we make some final concluding remarks.

2. LOW-ORDER CONSERVATION LAWS

A local conservation law of the 1-dimensional nonlinear diffusion-reaction equation (5)—(6)

is a continuity equation
(DT + D, X)|lg =0 (8)

holding on the whole solution space £ of the equation (5)—(6), where the conserved density T’
and the radial flux X are functions of ¢, r, u, and radial derivatives of u, with time derivatives
of u being eliminated from 7" and X through equation (5). Here D; and D, denote total
derivatives with respect to ¢ and r.

On any domain €2 € R with endpoints 92 = {a, b}, the radial integral of the conserved
density

b
qm:/Tm ()
satisfies the integral continuity equation

d

which relates the rate of change of the integral quantity C[u] on the domain to the net radial
flux through the endpoints. This integral quantity C[u] will be conserved for solutions u(t, r)
such that the net radial flux is zero. Conversely, any such conserved quantity Clu| arises
from a local conservation law (8).

Two local conservation laws are locally equivalent if they yield the same conserved quantity
C[u] up to boundary terms. This happens iff their conserved densities T differ by a total radial
derivative D,© of some function © of ¢, r, u, and radial derivatives of u, and correspondingly,
their radial fluxes X differ by a total time derivative —D,0 evaluated on £. A conservation
law is thereby called locally trivial if

T=D,0, X=—(DO) (11)

Thus, locally equivalent conservation laws differ by locally trivial conservation laws. The
set of all admitted local conservation laws forms a vector space, in which the set of locally
trivial conservation laws is a subspace.

Each local conservation law (8) has an equivalent characteristic form that holds as an
identity off of the solution space £ of the radial diffusion-reaction equation (5)—(6). This
identity provides the basis for setting up a general method using multipliers to find all local
conservation laws. In particular, the multiplier method can be formulated as a kind of adjoint
of the standard method for finding symmetries [26, 30].

The characteristic form of a local conservation law is obtained from the relation between
the total time derivative on £ and off &:

Dy =Dyle + (ut — B (up )ty — mr h(u,) — f(u)) O,
+ D, (ut — B (up )ty — mr h(u,) — f(u)) O, + -
Substitution of this relation into a conservation law (8) yields
D, T+ D, X = (ut — B (up)tpy — mr~ " h(u,) — f(u)) T,

+ D, (Ut — h’(ur)uw — mrflh(ur) — f(u)) Ty, + -
4
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which holds identically. Integration by parts on the terms on the right hand side then gives
DT+ D.(X — W) = (uy — I (wr)upr — mr ™ h(u,) — f(u) Q (14)

which defines the characteristic equation, where

U = (uy — B (u)urr — mr ' h(u,) — f(u)) B, (T) (1)
+ D, (us — B () upr — mr " h(u,) — f(u)) B (T)+---
vanishes on &, and where A

is a function of ¢, r u, and radial derivatives of u. Here Ew = Oy — D0y, + D?0,,, — -
denotes the spatial Euler operator [15, 14] with respect to a variable w. This operator has
the important property that a function F(¢,r, w,w,,w,,,...) is annihilated by E,, iff the
function is a total radial derivative, F' = D,.G(t,r, w, w,, w,).

When evaluated on the solution space &, the characteristic equation (14) reduces to the
local conservation law (8), since the flux term W[z = 0 is trivial. The function @ is called
the multiplier (or characteristic) of the conservation law.

Most importantly, the relation (16) between @) and T shows that all locally equivalent
conservation laws have the same multiplier. In particular, if a conserved density is locally
trivial, 7' = D,©, then its multiplier vanishes, since £,(D,0) = 0. Conversely, if a multiplier
is trivial, @ = E,(T) = 0, this implies that 7" = D,© is a locally trivial conserved density,
whereby the characteristic equation becomes DD, 0 + D,.(X — V) = 0 giving X = ¥ — D,©
(after an arbitrary function of ¢ is absorbed into ©), which is a locally trivial radial flux.

Thus, through the characteristic equation for conservation laws, there is a one-to-one
correspondence between multipliers and conserved densities (up to local equivalence). This
result holds more generally for any evolution PDE [14, 30]

In general, a function @ of ¢, r u, and radial derivatives of u is a multiplier for a local
conservation law iff the product of @ and the radial diffusion-reaction equation (5) is a total
divergence with respect to t and . All multipliers can be determined by the property that a
function h(t, r, w, ., Uy, Upp, Ugr, Ugg, - - . ) 1 such a divergence iff E,(h) = 0 holds identically,
where

By = 0y — D0y, — D0y, + D0y, + D;D,0y,, + D20,,, — - (17)
denotes the Euler operator with respect to a variable w [14, 15, 30]. (Note that the restriction
of F, acting on functions without time derivatives is Ew.) This yields the determining
equation E, ((u; — W (uy)u,, — mr—h(u,) — f(u))Q) = 0. Since @ does not involve u; and
radial derivatives of us, the determining equation splits with respect to these variables into
an overdetermined linear system of equations

—(D:Q)|e — D,.(K'D,Q) + D,(mr 'hH'Q) — f/Q =0 (18)

Qu—EuQ) =0, Qu+EJQ =0, Qu, —E2(Q)=0 et (19)

which is the standard determining system for multipliers. Here EY) = Ow — (?) D,0,, +
(‘:’) D?d,,, — -+ and EY =0, — (3) D,0,, + (;1) D?d,,, — --- denote higher spatial Euler

operators [14, 30]. It is useful to note that equation (18) turns out to be the adjoint of the
determining equation for symmetries, and that equation (19) represents Helmholtz conditions

that are necessary and sufficient for @) to have the variational form (16).
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The solutions Q(t, 7, w, Uy, Uy, . ..) of this determining system (18)—(19) yield all conser-
vation law multipliers for the nonlinear diffusion-reaction equation (5)—(6). For nonlinear
diffusion-reaction equations in general, the local conservation laws of physical interest typi-
cally arise from low-order multipliers [32, 30]. The general form for low-order multipliers Q
in terms of u and derivatives of u is given by those variables that can be differentiated to
obtain a leading derivative of the given nonlinear diffusion-reaction equation. The leading
derivatives of equation (5) consist of u; and u,,.. Clearly, u; can be obtained by differentiation
of u, while u,, can be obtained by differentiation of v and u,. This determines

Q(t,r,u,u,) (20)

as the general form for a low-order multiplier for the nonlinear diffusion-reaction equation

(5)(6).

For low-order multipliers (20), the determining system (18)—(19) reduces to the system
Qu, =0 (21a)
(Qr —mr Q)W + Qu(uh" +2R") =0 (21b)
Q+ (fQu+m(r™'Quh = uph) = (171 Q) ) + (Qrr + 2Qrutts + Quur,®)W' =0 (21c)

for Q(t,r,u,u,), h(u.), f(u), m. Note, from equation (5), we have the conditions h” # 0
and f # 0, which respectively imply the diffusivity is non-constant and the source/sink is
Nnon-zero.

This determining system (21) can be split with respect to w,., by using b’ # 0 and A" # 0
as pivots and then differentiating by w,. To derive the split system and obtain its complete
set of solutions, we have used the steps outlined in the appendix.

The final tree of solution cases is listed in table 1. The first two solution cases each
describe one-dimensional linear sets of multipliers {Q(¢,7,u)}. These two cases are mutually
exclusive. The last two solution cases describe infinite-dimensional linear sets of multipliers
{Q(t,r,u)} which depend on an arbitrary solution (¢, z) of the linear PDE

Ui+ K. + (f(2)Y). =0 (22)

These two cases also are mutually exclusive. Note that there is no solution case in which
f(u), h(u,), and m all are arbitrary.

TABLE 1. Case tree of low-order multipliers

Q(t,r, u, ur) ) f(u) m
" exp(—kt) a+ ku
r™exp(—p((pk — a)t +ar +u)) | —k/(a+u,) a+ kexp(pu)
k,p#0
M (t, u) —K/u,
r™p(t, u 4 ar) —r/(a + uy,) a
a#0

Each low-order multiplier () determines a corresponding conserved density 7" and radial
flux X through the characteristic equation (14). Note that, since @), = 0, the multiplier

relation (16) directly implies T is a function only of ¢, r, u, while the characteristic equation
6



(14) then implies X is a function only of ¢, 7, u, u,.. Hence, all low-order local conservation
laws have the general form

T(t,ru), X(truu,) (23)
There are two general methods to obtain 7" and X explicitly in terms of @ [15, 30].
One method consists of first splitting the characteristic equation (14) with respect to
Uy, Ugt, Ugry Uy, and then integrating the resulting linear system

T,—Q=0 (24a)
X, +HWT, =0 (24D)
T+ X, +u, Xy, + (mr th+ )T, =0 (24c)

A second method uses a homotopy integral formula, or an equivalent algebraic scaling formula
[29, 30], which can be straightforwardly derived from this linear system.

By applying either of these two methods, we have the following classification result, which
is arranged by generality of the diffusivity h'(u,.).

Theorem 2.1. (i) The low-order local conservation laws admitted by the 1-dimensional
nonlinear diffusion-reaction equation (5)—(6) for arbitrary diffusivity h'(u,) are given by

flu) =a+ku (25a)

Ty = r™exp(—kt)u

X, = {—rm exp(—kt)(h(u,) +ar/(m+1)), m#* —1 (25b)
—exp(—kt)(r~'h(u,) + aln|r|), m=—1

modulo a trivial conserved density and radial fluz.
(i1) The 1-dimensional nonlinear diffusion-reaction equation (5)—(6) admits additional low-
order local conservation laws only for diffusivities h'(u,) given by

h(u,) = —r/(a + u,) (26)
These conservation laws consist of
a=0, f(u) arbitrary (27a)
T2,oo = Tm¢<t7 u)
27b
Uy
a#0, f(u)=a+kexp(pu), p,k#0 (28a)
T3 = r"™exp(—p((pk — a)t + ar + u))
m _ 28b
X3 = —exp(p(a — pr)t) <pm’ exp(=plar + u)) + ko™ pT™ T (m + 1,pa7")> (28b)
o+ Uy
a#0, flu)=a (29a)
Thoo =70t ar + u)
29b
KXo = /irmi(bz(t’ or +u) (200)
’ a + U,



modulo a trivial conserved density and radial fluz, where ¢(t,z) satisfies the linear PDE

Ot + KO, + f(z)¢z =0 (30)

and where T'(q, z) denotes the incomplete gamma function.

Note this classification shows that there are no special dimensions n = m + 1 in which
extra low-order conservation laws are admitted. Also, note that the special diffusivity cases
have been arranged to be mutually exclusive.

We will now discuss the physical meaning and the main analytical properties of the low-
order conservation laws (25)—(29) expressed as continuity equations (10) for integral quanti-
ties (9).

We first consider the two conservation laws (25) and (28), which do not involve the function
¢. Let Q € R be either the full-line (—oo, +00) or the half-line [0, 400), with 992 being the
endpoints {—o0, 00} or {0, c0}.

For conservation law (25), the integral quantity is given by

Cilu] = e‘kt/gu(t,r)rm dr (31)

which is finite for solutions u(¢,r) such that r™*'u — 0 as r — 0. This integral quantity
(31) will be conserved iff a = f(0) = 0 and rh(u,) — 0 as r — 9. Under these conditions,
the mass integral

M(t) = / u(t,r)r™ dr = e M, (32)
Q
is an exponential function of ¢, where
My = M(0) = Cy[u] = const. (33)

is the conserved quantity (31). Consequently, as t — oo, M(t) — oo when k£ > 0 and
M(t) — 0 when k < 0, corresponding to when the term f(u) = ku in the 1-dimensional
diffusion-reaction equation (5)—(6) acts as either a source or a sink.

For conservation law (28), the integral quantity is given by

Cslu] = e_p%t/ e Plultr)+ar)m gy, (34)
Q

This integral is finite for solutions u(¢,r) such that r™le=Pler+v) — (0 as r — 9. The
resulting asymptotic behaviour of u can be shown to imply h(u,) = —r/(a + u,) ~ O(r),
which is sufficient to show that the term prr™e ™+ /(a + u,) in the radial flux vanishes
as r — 0. However, the other term aa™™ 'p~™T'(m + 1, par) in the radial flux vanishes
only for r — +o0, since I'(m + 1,par) — I'(m + 1) for r — 0, and I'(m + 1, par) diverges
for r — —o0. As a result, Cslu] is conserved only if @ = f(0) = 0. In this case, the integral

e}
S(t) = / e Plultr)tar)m gy — op*rt g (35)
0
is an exponential function of ¢, where

So = S(0) = Cs]u] = const. (36)

is the conserved quantity (34). Hence, S(t) — oo as t — oo if £ > 0, which holds when the
radial diffusivity //(u,) = k/(a + u,)? is non-negative.
8



The remaining two conservation laws (27) and (29), both of which involve the function ¢,
are related to a hodograph transformation, as we will discuss next.

2.1. Hodograph transformation. The conservation laws (27) and (29) are singled out
because the function ¢ satisfies a linear PDE (30), whereby each conservation law represents
an infinite family of continuity equations. According to a general mapping theorem [16],
this indicates that the 1-dimensional nonlinear diffusion-reaction equation (5)-(6) can be
mapped invertibly into a linear diffusion equation by a point transformation in the cases
(27a) and (29a) for which the two conservation laws respectively hold.

We will discuss the case (27a) first. The nonlinear diffusion-reaction equation (5)-(6) in
this case is given by

Upp — mr L,

There are four steps in deriving the point transformation (¢,7,u) — (¢, 7, ) that linearizes
this equation, following the method shown in [16]. For the first step, the new independent
variables (t,7) are given by the arguments of the function ¢(¢,u) appearing in the conserva-
tion law (27). This yields

t= t, r=u (38)
Note this part of the transformation, (¢,r) — (t,7), has the Jacobian J =
det (D(¢,7)/D(t,r)) = u,. For the second step, the characteristic equation (14) for the
conservation law (27) is expressed as an identity in terms of the function ¢(t, u),

Di(r™¢) + Dy (kr™ ¢y /u,) — (ut + Kty — mr~tu,) fu? — f(u))rquu
=" (¢t - "{Qbuu —+ f(u)¢u) (39)
= Dr (frm d?”((,/)t - Kvgbuu + f(u)(bu)) - J‘rm drur (wt - Kuwuu + (f(u)w)u)

where ¥(t,u) = ¢, (t,u) is the function appearing in the multiplier for this conservation law
in table 1. When ¢ satisfies the linear PDE (30), the function v satisfies the linear PDE
(22) which appears on the righthand side of the identity (39). For the next step, the new
dependent variable @ is obtained by equating the corresponding multiplier —u, f r™dr to
the expression —u.J, which yields

_1 m+l 1
a:/der: e, M (40)
In|r|, m=—1

For the final step, the adjoint of the linear PDE (22) for ¢(¢,u) gives the linear diffusion
equation satisfied by u(t,7),

ﬂg = K]aff + f(f)ﬁ; (41)
As a check, the point transformation
(t,r,u) — (t,7,10) = (t,u, %r") (42)
has the prolongation
U = =™ fuy, s =" Uy, Ui = =" (U — ) Ju,? (43)
giving
g = — /U,  Up =" Up, Upp = =" (U — T ) JUE (44)

9



under which the nonlinear diffusion-reaction equation (37) is seen to be equivalent to the
linear diffusion equation (41).

We will next discuss the case (29a). The nonlinear diffusion-reaction equation (5)-(6) in
this case is given by
Upr — mr o + uy,)

(o + u,)?

We apply the previous four steps again. First, from the conservation law (29), the new
independent variables (,7) in the point transformation are given by the arguments of the
function ¢(t, ar + u),

(45)

Uy = K

t=t, F=ar+u (46)
where J = det (D(t,7)/D(t,7)) = a+u, is the Jacobian. Second, the characteristic equation
for the conservation law (29) is expressed as an identity

Dy(r™¢) + Dy (k1™ ¢,/ (a +u,)) — (ue + k(e — mr ™ (@ +w,))/(a +u,)? — a)r™¢.
=D, ([r"dr(¢r — k.. + ad.)) — [r™dr(o+u,) (Y — k.. + ar)y)

where 9(t, z) = ¢.(t, z) is the function appearing in the multiplier for this conservation law in
table 1, with z = ar + u. When ¢ satisfies the linear PDE (30) with f(u) = a, the function
1 satisfies the linear PDE (22) which appears on the righthand side of the identity (47).
Third, from the multiplier relation —(« + w,) [7™ dr = —u.J, the new dependent variable
is given by the expression (40). Finally, the adjoint of the linear PDE (22) for ¢ gives the
linear diffusion equation (41) satisfied by @(f, 7), with f(u) = a.

The classification of low-order conservation laws in Theorem 2.1 combined with the general
mapping theorem in [16] now establishes the following result.

(47)

Proposition 2.1. The 1-dimensional nonlinear diffusion-reaction equation (5)-(6) can be
mapped into a linear diffusion equation by a point transformation iff the diffusivity has the
form I/ (u,) = k/(a + u,)* and the source/sink has the form f(u) = a when o # 0 and f(u)
arbitrary when o = 0. The linear diffusion equation is given by u; = KUz + f(7)uz where
(t,r,u) — (8,7, 0) = (t,ar +u, [r™dr) is the point transformation.

The special case m = 0 of this hodograph transformation, which applies to a reaction-
diffusion equation with a gradient diffusivity in one spatial dimension, was first derived in
Ref.[18]. It is interesting that the same transformation extends to higher spatial dimensions.

3. LIE SYMMETRIES

An infinitesimal point symmetry of 1-dimensional nonlinear diffusion-reaction equation
(5)—(6) is a generator of the form

X =7(t,r,u)0 + &(t, r,u)0, + n(t, r,u)0, (48)
whose prolongation leaves invariant the solution space & of equation (5)—(6),
prX (uy — ' (up )ty — mr~ h(u,) — f(u)) ¢ = 0 (49)

Exponentiation of the point symmetry generator (48) produces a one-parameter symmetry
transformation group
10



where e is the group parameter such that (¢, 7, )|.—o = (¢,7,u) is the identity transformation.
The explicit form of this symmetry group (50) can be obtained by solving the ODE system
ot - oF - ot -
O _rira), T—eira), Y —pira 51
86 7-( 7r7 u)? 86 5( 7r7 u)? 86 ,r’( 7r7 u) ( )
with the initial conditions
ﬂs:O - t; 7:|€:0 =T, 7j|e:0 =u (52)

The infinitesimal action of a point symmetry (50) on solutions u(t,r) of 1-dimensional
nonlinear diffusion-reaction equation (5)—(6) is given by

u(t,r) = a(t,r) =u(t,r) +e(nt,r,u(t,r)) — 7(t,r,u(t,r))ut,r)

—&(t, ryult, r)u(t, 7)) + O(e?) (53)

which corresponds to a generator
X =P8, P=n-—r1u—Eu (54)

This is called the characteristic form of the infinitesimal point symmetry. The invariance
condition then takes the form

0 :er (ut — B (uy )upy — mr_lh(ur) - f(u)) le

! 2 17/ " 1 (55)
= (DP — W (u,)DIP — (mr™ "W (u,) + W' (u;)up ) D, P — f'(u)P)]

&

where er\g =prX|e — 7Dy — €D,

An infinitesimal point symmetry is trivial if its action on the solution space &£ is trivial,
vau = 0 for all solutions u(t,r). This occurs iff P|¢ = 0. The corresponding generator
(48) of a trivial symmetry is thus given by Xiiv|e = 70 +£0, + (Tuy + &u, )0y, which has the
prolongation prXyi,|e = 7D; + £D,.. Conversely, any generator of this form on the solution
space £ determines a trivial symmetry.

The set of all non-trivial infinitesimal point symmetries forms a Lie algebra (with respect
to commutation of the generators).

The symmetry determining equation (55) splits into a linear overdetermined system of
equations, after u; and its differential consequences are eliminated through the equation
(5)—(6). This yields the determining system

Ty = 0 (56&)
T, =0 (56b)
(uh" + 20" (up &y + &) — B (wpm + 1) — h' =0 (56¢)

rh! (Ul + U2 (28 — M) + U (Er = 20ur) — Tre) + (M(uph' — B) = f ) (uny — )
— (mh + Tf)Tt + m(h/(urgr - 777") + T_lhg) B T(UT&/ — Mt f/n) =0

for n(t,r,u), 7(t,r,u), &(t,r,u), h(u,), f(u), m. Note, from equation (5), we have the
conditions h” # 0 and f # 0, which respectively imply the diffusivity is non-constant and
the source/sink is non-zero. We will also impose the conditions (u,h)" # 0 and ((u.h)'/h) =
f" # 0 which exclude all cases in which the hodograph transformation exists, as shown in
Proposition 2.1.

(56d)

11



The determining system (56) can be split with respect to u, in a similar way to the splitting
of the multiplier determining system (21). To derive the split system and obtain its complete
set, of solutions, we have used the steps outlined in the appendix.

The components (n(t,r,u), 7(t,r,u),&(t, r,u)) of a complete set of point symmetry gener-
ators, excluding the hodograph cases, are listed in table 2. The table is arranged by, firstly,
the dimension of the maximal symmetry Lie algebras, and secondly, the generality of h(u,),
f(u), m, where the double lines separate cases of different dimensionality.

From the generators shown in the table 2, we have the following classification result.

Theorem 3.1. (i) The point symmetries admitted by the 1-dimensional nonlinear diffusion-
reaction equation (5)—(6) for arbitrary diffusivity h'(u,) are generated by the transformations:

f(u) arbitrary (57a)
X1 - (9t (57b)
(t,7, 1), = (t+er,u) time-translation (57c)
f(u) arbitrary,m =0 (58a)
Xy = 0, (58b)
(t,7, 1)y = (t,7 +€,u) space-translation (58¢)
f(u) =b+ ku (59a)
X3 = exp(kt)0, (59b)
(t,7,1)3 = (t,7,u+ cexp(kt)) time-dependent shift (59¢)
fu) =k/(a+wu) (60a)
Xy = 2t0; + 10, + (a + u)o, (60Db)
(t,7,a)s = (*t,er,e(a+u) —a) scaling and shift (60c)
flu) =0 (61a)
(t,7,@)5 = (e*t,er,e((e° — )bt +u))  scaling and time-dependent shift (61c)

(11) The 1-dimensional nonlinear diffusion-reaction equation (5)—(6) admits additional point
12



TABLE 2. Generators of point symmetries (in non-hodograph cases)

T § n | h(ur) f(u) m
1 0 0 |
0 1 0 0
0 0 et b+ ku
2t r a+u k/(a+ u)
Lec-p)t 0 e“0=Pt (g + u) —Kup k(a+ u)P
p#-1,0,1 +e(a+ u)
c#0
(p+ 1)1 -q)t (p—aqr (p+1)(a+u) —Ruj k(a+u)?
p#—1,0,1 q# —1,0
(p+1)gt qr -(p+1) —Kuf ke
p#—1,0,1 q#0
2t (1- %T)T a+u B —k/u, b+k/(a+u) -2
B#0 k#0,0#0
2t r bt + u b
—kt? 0 1+ 2kt(a + ) —Ku2 k(a+u)?
R 0 e (a+ 2 +u) —Ku? k(a+u)? —b*/k
k#0,b#0
2%) cos(2bt) 0 % cos(2bt) —Ku?2 k(a+u)?+b%/k
+ sin(20bt)(a + u) k#0,0#0
o7 sin(2bt) 0 2 sin(2bt)
— cos(2bt)(a + u)
0 —kr? 203 B — Kk/u, b+ ku -2
B#0 k#0
(p+ 1)t r (p+1)bt — ar —r(a+ u, )P b
p#—1,0,1
pt 0 bpt —r KkePtr b
p#0
ae Ft —e (b + ku) ae b+ ku) —kuz/(a + u,)? b+ ku 0
a#0 k#0
ekt 0 ke*t(ar + u) kln|o + u,| b+ ku 0
k+£0
(p+1)B bt —u bp(B — a)t + afr —r (B )P b 0
—(p—1ajt +Ha+ Bu p#0,a#p
(2a — pB)t bt — u (2 + B2)r — bfpt | keparctan{latur)/B) b 0
+2au p#£0,68#0
(2a +p)t bt —u bpt + aar + 2u) KkeP/(@Fur) b 0
p#0
0 r? 28t — ar? B —k/(a+ uy) b -2
23t2 r2(ar — bt) ar?(bt — ar) B8#0
+r(26t + ru) +(26t — ar?)u
symmetries only for diffusivities h'(u,.) given by
(a) h(u,) =p0—k(a+u,)? (62)
B+ ur\P
) h(uy) = () (63)
(¢)  h(uy) = rexp(parctan((a +u,)/5)) (64)
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(d) h(ur) = /iexp(p/(a + ur))
(e)  h(ur) = rexp(pu,)
(f) h(u,) =rkln|a+ u,

(65)
(66)
(67)

The transformations generating these symmetries in each (non-hodograph) case are given by:

(a)
a=0,0=0,p#—-1,0,1; f(u) =k(a+u)’ +cla+u),c#0
X = ¢ texp(e(l — p)t)o; + exp(c(l — p)t)(a + u)d,

(68a)
(68Db)

(t,7,0) = (cfl(p — D nexp(e(p — 1)t) 4+ €|, 7, (1 + eexp(c(1 — p)t)) Y PV (a + u) — a)

dilation and shift

a=0,0=0,p#—-1,0,1; f(u) = k(a+u)?,q # —1,0
Xr=@+1)[1-qto+ (p—q)ro, + (p+ 1)(a +u)o,

(t,7,10)7 = (e(pﬂ)(l*q)et, eP=Dep PHDE(q 4 gy) — a) scaling and shift

o = 076 = Oap7é _170a17f(u) - kequ’q 7& 0
Xs = (p+ 1)qtd; + qro, — (p+1)0,
(t,7,0)s = (e?PTV ety — (p+ 1)) scaling and shift

a=0,0#0,p=—1;f(u) =b+k/(a+u),k#0,b#0;m=—2
Xy = 2td + (1 — 2087'r)rd, + (a + w)d,
(t,7,0)g = (e*¢,2B8(e (b—20r7") —b) " e(a+u) —a) dilation and shift

a=0,6=0,p=2f(u) = k(a+u)’
X9 = —kt?0; + (1 + 2kt(a + u))d,
(&, 7, a)10 = ((1+ket) ", r, (1+ ket)((1 + ket)(a+ u) + €) —a)  dilation and shift

a=0,8=0,p=2;f(u) =k(a+u)*—b*/k,k#0,b#0
Xy = —3b7" exp(2bt)0; + exp(2bt)(a + bk~ + u)d,
(t,7, @)1 = (=207 " In|exp(—2bt) + €|, r, exp(2bt )e(a + bk ™" + u) + u)
exponential dilation and shift
14

(68¢)

(69a)
(69b)
(69c¢)

(70a)
(70b)
(70c)

(7T1a)
(71Db)
(7lc)

(72a)
(72b)
(72c¢)

(73a)
(73b)
(73c)



a=0,8=0,p=2;f(u) =k(a+u)>+b*/k,k#0,0#0
Xip = $b7" cos(2bt)0; + (bk™" cos(2bt) + sin(2bt)(a + u))d,

(t, 7, 1)1 = (b‘l arctan ((sec(2bt) + cosh(e)) ™" (tan(2bt) + sinh(e))), 7,

bk~ cos(2bt) sinh(e) + (cosh(e) + sin(2bt) sinh(e))(a + u) — a)
oscillatory dilation and shift
X3 = $b7 ' sin(20t)0, + (bk™" sin(2bt) — cos(2bt)(a + u))d,
(t,7,1)13 = (% arctan ((csc(2bt) + cosh(e)) ™" (— cot(2bt) + sinh(e))), r,

bk~ ! sin(20t) sinh(e) + (cosh(e) — cos(2bt) sinh(e))(a + u) — a)

oscillatory dilation and shift

X4 = _kTQar =+ QBau
(ﬂ T, U)1g = (t,T(l + ker)_l, 25€ + u) dilation and shift

B=0,p#-101; f(u) =0

X5 = (p+ D)tdy + 10, + ((p + 1)bt — ar)d,

(t, 7, 1)15 = (e(pﬂ)et, er, (Ve — )bt — (e — Dar + u)
scaling and time- & space- dependent shift

B#0.p=—1f(u) =bym= -2

Xy = 720, + (26t — ar?)d,

(t, 7, 1)1 = (t,r(l —er) L e(2Bt —ar*(l —er)™H) + u)
dilation and time- & space- dependent shift

X7 = 2Bt20; + (r*(ar — bt) + r(28t + ru))0, + (ar?(bt — ar) + (28t — ar®)u)d,

(i, 7, @)1r :<t(l —28et) ™", r(1 — €(28t + r(ar — bt +u))) ",

(1 —2Bet)* (aerQ(ar — bt +u)(1 — €28t +r(ar — bt +u))) ' + u))

dilation and time- & space- dependent shift
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(74a)
(74Db)

(74c)

(74d)

(74e)

(7ha)
(75b)
(75¢)

(76a)
(76b)
(76¢)

(77a)
(77b)
(77¢)

(77d)

(77e)



(b)

a#0,=0,p=2;f(u) =b+ku,k #0;m=0 (78a)
Xig = avexp(—kt)0, — exp(—kt)(b+ ku)0, + aexp(—kt)(b+ ku)0, (78b)
(t,7,u)1s = (1 In|exp(kt) + ake|, —eexp(—kt)(b + ku) + 7, ae exp(—kt) (b + ku) + u)

(78¢)

exponential dilation and shift

o Bp £ 0 f(u) = bym =0 (79)
Xig=((p+1)8 = (p— D)a)td, + (bt — u)9, + (bp(B — a)t + abr + (o + B)u)d, (79b)
(t,7,10)19 = ( ((p+1)B—(p— 1)0‘)615 — ((eﬁ6 —e) (bt — u) + (Be™ — ozeﬁe)r),

(79¢)

be((PH1)B=(p— l)a)et + 5% (oeﬁ( e“)r + (ae® = BeP) (bt — u)))

(c)
B 0,p#0; f(u) =bym =0 (0a)
Xoo = (20 — pBItO; + (bt — u)0, + ((a* + B*)r — bBpt + 2au)d, (80b)

+(
(t,7,1)20 = ( (Br=200¢p ¢ ~*(cos( )7’+ sin(fe) (bt + ar — u)),
%

he(Br—20ep | o O‘E( sin(fe)(a(bt —u) — (a2 + 52)7”) — cos(pe) (bt — U)))

(80c)
(d)
p#0; f(u) =b;m=0 (81a)
Xo1 = (2a + p)td; + (bt — u)0, + (bpt + aar + 2u))0, (81b)
(t,7,1)9 = (e(p+2a)5t, e(e(bt — ar — u) + 1), belPT2)t — o (ar + (14 ae)(bt — ar — u)))

(81c)
(e)
p#0; f(u) =b (82a)
(t,7, W) = ("¢, 7, bt(e’ — 1) —er +u) dilation and time- & space- dependent shift

(82¢)
(f)
fu) =b+ku,k #0;m=0 (83a)
X3 = exp(kt)0; + kexp(kt)(ar + u)0, (83b)
(L,7,@)a3 = (—k " In|exp(—kt) —€|,r, (1 — eexp(kt)) " (areexp(kt) + u)) (83c)

exponential dilation and shift
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We now state the classification of the point-symmetry Lie algebras for the class of 1-
dimensional nonlinear diffusion-reaction equation (5)—(6). In particular, a basis of generators
for each maximal Lie algebra is exhibited for each non-hodograph case.

Theorem 3.2. The mazimal point symmetry groups for the class of 1-dimensional nonlinear
diffusion-reaction equation (5)—(6) (in all non-hodograph cases) are generated by:

(1)
arbitrary h(u,), f(u)
Xy, arbitrary m; Xo, m =0
(i)
arbitrary h(u,), f(u) =b+ku; k#0
Xy, X3, arbitrary m; Xq, m =0
(X, X3] = kX3 (84)
arbitrary h(u,), f(u) =k/(a + u)
X1, Xy, arbitrary m; Xy, m =0
(X1, Xy = 2X; (85a)
X, Xy = Xo (85b)
h(uy) = —kup, f(u) = k(a+u)’ +cla+u); p# —1,0,1; ¢ #0
X1, Xg, arbitrary m; Xy, m =0
(X1, Xe] = c(1 = p)Xsg (86)
h(uT) - —li’LLf, f(U) - k(a’ + u)q; p 7é _170v 17' q 7é _11 0
X1, X7, arbitrary m; Xy, m =0
X1, Xq] = (p+1)(1 - ¢)Xy; (87a)
(X2, X7 = (p— 9)X> (87b)

h(uy) = —ruf, f(u) = kexp(qu); p # —1,0,1; ¢ # 0
X1, Xy, arbitrary m; Xy, m =0

X1, Xs] = (p+ 1)aXy; (88a)
(X2, Xs] = ¢Xo (88D)
huy) = B = k/up, f(u) =b+k/(a+u), m=-2;8#0;k#0;b#0
X1, X
X1, Xy] = 2X, (89)

(iii)
arbitrary h(u,), f(u) =5
X1, Xslr=o, X5, arbitrary m; Xy, m =0
(X1, X5] = 2X; +0X35,  [X3, X5] = Xs; (90a)
X, X5] = X, (90b)
h(u,) = —ku?, f(u) = k(a + u)?
X1, X7lpmg=2, Xq0, arbitrary m; Xy, m =0

(X1, X7] = =3Xy,  [Xy,Xyo) = 36X, [X7, Xyo] = —3Xp (91)
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h(ur) = _’iu% (u) = k(a + u)2 - bQ/k). k 7é 0; b 7£ 0
X1, Xg|p=2,a=a—b/k,c=26, X11, arbitrary m; Xo, m =0

X1, Xg] = —2bXg, [Xy,Xyq] = 26Xy,  [Xe, Xi1] = —1X) (92)

b
h(uy) = —ku?, f(u) =k(a+u)? +b*/k; k#0; b#0
X1, Xy, Xy3, arbitrary m; Xo, m =0

[Xla Xl?] = _2bX137 [X17 X13} = 2bX127 [X127 X13] = QLbXI (93)
hu,) =06 —k/u., flu)=b+ku, m=-2; 6#0; k#0
Xl; X37 X14
X, X3] = kX3 (94)
(iv)
h(ur) = _'%<05 + Ur)p; f(u) = b; p 7& -1,0,1
X1, Xslk=0, X5, Xy5, arbitrary m; Xo, m =0
(X, X5] = 2X; +0X3,  [Xy, Xys] = (p+ D)Xy +0X3),  [X3,X5] = Xs; (95a)
[Xz, X5] = Xo, [X27 X15] =Xy —aXj (95b)

h(u,) = kexp(pu,), f(u) =b;p#0
X1, Xslk=o, X5, Xao, arbitrary m; Xy, m =0

(X1, X5] = 2X; +0X5,  [Xy, Xoo] = p(X; +0X3),  [Xs,X5] = Xi; (96a)
[Xo, X5] = Xy, [Xyg, Xoo] = —X3 (96b)

h(u,) = —rul, f(u) =b+ku; p# —1,0,1
X1, X3, Xg|k=0,c=k,a=b/ks X7|g=1,a=b/k, arbitrary m; Xy, m =0

(X1, Xs] = kX3, [Xi, Xe] = k(1 —p)Xs,  [X3,X7] = (p+ 1)X53; (97a)
(X2, Xq] = (p— )X (97b)

h(u,) = —ku?/(a +u,)?, flu)=b+ku, m=0;a#0; k#0
X1, X, X3|m=0, Xis

(X1, X3 = kX3, [Xi, Xis] = —kXis,  [X3, Xis] = —kXo (98)

h(u,) = kIn|a+ u,|, f(u) =b+ ku, m=0; k #0
Xy, X, X3lm=0, Xa3

[Xl, Xg] = ng, [Xl, ng] = kXQg, [XQ, ng} = Oék’Xg (99)
(v) oot
hur) = = (=) J() = b m =0 p £ 00 £

Xy, X, Xslk=0,m=0, X5, Xig
{Xl,Xg)] = 2X1 + ng, [Xl, Xlg] = ((p + 1)5 — (p — 1)6\4+)X1 + bX2 -+ bp(ﬁ — a)Xg,
(100a)

[X27X5] = Xo, [X27X19} = 045X3, [X37X5] = X3, [X37X19} = (Oé + B)X?) - Xy
(100b)
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h(u,) = kexp(parctan((a + u,)/B3)), f(u) =b, m=0;p#0; 3#0
Xl; XZ; X3|k=0,m=0; X5; X20

[Xl,X5] = 2X; + bXj, [Xl, XQO] = (Pﬁ - 204)X1 —bXy + bpﬁX& [X27 X5] = Xy,
(101a)

[Xo, Xoo] = —(a® + X3, [X3,X5) = X5,  [X3, X0 = Xo — 20X (101b)

h(u,) = kexp(p/(a+u,)), f(u) =b, m=0;p#0
X1, Xa, Xslk=0m=0, X5, Xo1

[Xl, X5] = 2X1 + ng, [Xl, Xgl] = (p + 20[)X1 + ng + prg, [Xg, X5] = Xg, (102&)
[X27 XZI] = O{QXQ,, [X37 X5] = X37 [X37 XZI] = 20{X3 - X2 (102b)

hu,) =6 —k/(a+u,), flu)y=b, m=-2; 540
X1, Xslr=0, X5, Xi6, Xi7

X1, X5 =2X1 +0X3,  [Xy, Xq6) = 268X35,  [Xy, Xy7] = 28X — bX6, (103a)
(X3, X5] = X3, (X3, Xy7] = Xig,  [Xs, Xig] = Xis,  [X5,Xi7] = 2X47 (103b)

In the literature, a classification of point symmetries is known for the case m = 0 and
f'(u) # 0 [18], which describes a reaction-diffusion equation with a gradient diffusivity in
one spatial dimension, u; = h'(u,)u, + f(u). We remark that this classification coincides
with the classification presented in Theorems 3.1 and 3.2 in the special case m = 0, except
that the point symmetry X;g appears to be missing in Ref.[18].

We also remark that the case m = 0 and f(u) = b as well as the case m = 0, f(u) = b+ku,
and h(u,) = —ku,” can be mapped by a point transformation (¢, u) — (¢, @) into a nonlinear
filtration equation in one spatial dimension, u; = h'(,)d,,. The results in Theorems 3.1
and 3.2 agree with the classification of point symmetries known [20] for this special class of
equations.

3.1. Contact symmetries. As the 1-dimensional nonlinear diffusion-reaction equation (5)—
(6) involves only a single dependent variable wu, its Lie symmetry group comprises point
symmetries and contact symmetries [17].

A contact symmetry extends the definition of invariance (55) by allowing the symmetry
transformations to depend essentially on first-order derivatives of u, as given by an infinites-
imal generator with the characteristic form

X = P(t, 7, u, ug, uy ). (104)
The corresponding infinitesimal transformations on (¢, z, u, u;, u,) are given by
X = 70; + €0, + 10y + 10y, + 170y, (105)

where
T:_Puta f:—PuM n:P_utPut_uTPum 77t:Pt+UtPua T]T:PT+UTPU (106)

which follows from preservation of the contact condition du = w,dt + u,dr. Note that a
contact symmetry reduces to a (prolonged) point symmetry if and only if P is a linear
function of u; and wu,.

In the symmetry determining equation (55), because u; appears in the contact symmetry

generator (104), we eliminate w,, and its differential consequences by use of the nonlinear
19



diffusion-reaction equation (5)—(6). Then the determining equation (55) can be split into a
linear overdetermined system for P(t,r, u,u, u,), h(u,), f(u), m. Note there is no further
splitting of the system. Then we apply the steps outlined in the appendix to obtain the
complete set of solutions, and we remove any solutions in which P is linear in both u; and
U

Theorem 3.3. The 1-dimensional nonlinear diffusion-reaction equation (5)—(6) (in all non-
hodograph cases) does not admit any contact symmetries other than prolongations of point
symmetries.

4. LOW-ORDER CONSERVATION LAWS AND LIE SYMMETRIES IN n > 1 DIMENSIONS

The solution space € of the 1-dimensional diffusion-reaction equation (5)—(6) coincides
with the subspace & C &, of solutions u(t,r) of the radial diffusion-reaction equation (3)
without the regularity conditions (4) iff h(u,) is an odd function or equivalently iff the dif-
fusivity h’(u,) is an even function. As a consequence of this relation between the solution
spaces, if a local conservation law admitted by the 1-dimensional equation when h(u,) is an
odd function is restricted to solutions satisfying the regularity conditions (4), then the conser-
vation law is also admitted by the radial equation. Similarly, if a Lie symmetry admitted by
the 1-dimensional equation when h(w,) is an odd function preserves the regularity conditions
(4), then the symmetry is admitted by the radial equation. Conversely, if a local conserva-
tion law admitted by the radial equation holds without the regularity conditions (4), then
the conservation law can be extended to the 1-dimensional equation, with h(u,) = g(|u,|)u,
being an odd function. Likewise, if a Lie symmetry admitted by the radial equation holds
without preserving the regularity conditions (4), then the symmetry can be extended to the
1-dimensional equation.

Hence, the classification of low-order local conservation laws and Lie symmetries shown
in Theorems 2.1 and 3.1 for the 1-dimensional equation directly yields a corresponding
classification for the radial equation.

We start with the classification of conservation laws.

Theorem 4.1. The low-order local conservation laws
(DT + D,X)|s, =0 (107)

admitted on the whole solution space £, of the radial generalized p-Laplacian diffusion-
reaction equation (3) are given by:

g(|uy|) arbitrary, f(u) =b+ku (108a)
Ty =" texp(—kt)u, Xy = —r""texp(—kt)(urg(|u.|) + (b/n)r) (108b)
9(lurl) = =w/lu, |, f(u) arbitrary (1092)
Ty oo = r”_1¢(t, u), Xooo = —m"‘lw (109b)
G+ Kuu + f(u)dy =0 (109¢)
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modulo a trivial conserved density and radial flux. The corresponding multipliers are given
by
Ql - rnilu) QQ,OO - rnilgb(tv U) (110>

We will now discuss the physical meaning of these conservation laws.
The first conservation law (108) gives rise to the global continuity equation

d R
dt J,

on a closed radial domain 2 = [0, R] € R, with R > 0. This yields a conserved integral
for radial solutions u(t,r) iff we have b = f(0) = 0 and u,|,—r = 0, namely, a Neumann
boundary condition on u in the domain (together with the regularity conditions (4)). Then
the mass integral (32) becomes an exponential function M (t) = e* My, where My = M (0) is
the initial mass. Hence, the mass M (t) either blows up when k£ > 0, or decays to zero when
k < 0, corresponding to when the term f(u) = ku in the radial diffusion-reaction equation
(3) acts as either a source or a sink.

The second conservation law (109) involves a function ¢(¢,u) that satisfies the linear dif-
fusion equation (109¢). This indicates, similarly to the situation for the 1-dimensional con-
servation law (25), that the nonlinear radial diffusion-reaction equation (3) can be invertibly
mapped into a linear diffusion equation by a hodograph transformation. In particular, this
transformation is exactly the same as the one shown in Proposition 2.1.

Hence, from the classification of low-order radial conservation laws in Theorem 4.1, com-
bined with the general mapping theorem in [16], we have the following result.

R
e Fur™tdr = bR™ /n 4 e M (r" g (| Vu|)u,) (111)
0

Proposition 4.1. The radial nonlinear diffusion-reaction equation (3) can be mapped into
a linear diffusion equation by a point transformation iff the diffusivity has the form g(|u,|) =
—k/|u,|? (with the source/sink f(u) being arbitrary). The linear diffusion equation is given
by Uy = Kizr + f(F)az where (t,7,u) — (&, 7, @) = (t,u,r™/n) is the point transformation.

We next state the classification of Lie symmetries, excluding all hodograph cases.

Theorem 4.2. (i) The point symmetries admitted by the radial generalized p-Laplacian
diffusion-reaction equation (3) for arbitrary g(|u,|) are generated by the transformations
(57)~(61). (i) The radial generalized p-Laplacian diffusion-reaction equation (3) admits
additional point symmetries only when g(|u,|) = —k|u.|?/¢ where | is a non-zero integer and
d is a non-even number. These point symmetries (in non-hodograph cases) are generated
by the transformations (68)—(70) where p = 1+ 21/d. (i) No contact symmetries other
than prolongations of point symmetries are admitted by the radial generalized p-Laplacian
diffusion-reaction equation (3) (in non-hodograph cases).

By combining this result with Theorem 3.2, we obtain a classification of point symmetry
groups.

Theorem 4.3. The maximal point symmetry groups for the class of radial generalized p-
Laplacian diffusion-reaction equation (3) (in all non-hodograph cases) are generated by:

(1-dimensional)

arbitrary g(lu,|), f(u):
X1
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(2-dimensional)
arbitrary g(|u,|), f(u) = b+ ku; k # 0:
Xy, X3, with commutator structure (84)

arbitrary g(|u.|), f(u) =k/(a+u):
Xy, Xy, with commutator structure (85)

g(lur) = —klu P71, f(u) = k(a +uw)? + c(a+ u); ¢ # 0:
Xy, X, with commutator structure (86)

9(Jur]) = —rlu [P, f(u) = k(a+u)?; g # —1,0:
X1, X7, with commutator structure (87)

g(lur) = =rlu P71, f(u) = kexp(qu); g # 0:

Xy, X, with commutator structure (88)
(3-dimensional)

arbitrary g(|u.|), f(u) = b:

X1, Xslg=0, X5, with commutator structure (90)
(4-dimensional)

g(lur]) = —&lu[P71, f(u) = b:

X1, Xslp=o, X5, Xi5, with commutator structure (95)

g(lur]) = =wluc[P~t, flu) = b+ ku:
Xy, X3, Xg|k=0,c=k,a=b/ks X7|g=1,a=b/k, With commutator structure (97)
where p =14 2l/d, | is a non-zero integer and d is a non-even number.

Finally, we remark that the radial generalized p-Laplacian diffusion-reaction equation (3)
admits additional symmetries and conservation laws that hold on a subspace of the whole
radial solution space. These are known as conditional symmetries and conservation laws,
and they arise when any of the low-order local conservation laws and Lie symmetries shown
in Theorems 2.1 and 3.1 for the 1-dimensional diffusion-reaction equation (5)—(6) admit a
restriction to solutions u(t,r) such that w, = =4|u,| has a single sign. In particular, for
such solutions, g(|u,|) = g(*u,) = h(u,)/u, will be well-defined without the need to restrict
h(u,), in which the 1-dimensional equation coincides with the radial equation. (Note this
sign condition will not hold in general for all solutions u(t, r) of the 1-dimensional equation

(5)-(6).)
5. GROUP-INVARIANT SOLUTIONS

Exact analytical solutions are of considerable interest as they can provide insight into
asymptotic behavior, extinction or blow-up behavior, and they also give a means by which
to test numerical solution methods.

Each one-dimensional point symmetry group that is admitted by the radial generalized
p-Laplacian diffusion-reaction equation (3) can be used to reduce the equation to obtain cor-
responding group-invariant solutions u(t,r) [14, 17, 15]. The specific form for these solutions
for a given symmetry with generator X is given by integration of the invariance condition

X|u@try = 0, where X is the symmetry generator in characteristic form (54).
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When the given symmetry X does not leave both variables (¢,r) invariant, the group-
invariant solutions will have the form

=®(t,r,U(2)) (112)
in terms of symmetry invariants
=((t,r), U=7(t,ru) (113)
given by
Xz=XU=0 (114)

where U(z) will satisfy a second-order nonlinear ODE obtained by reduction of the radial
equation (3). However, this ODE must still be solved to find U(z), if explicit expressions
for the group-invariant solutions are being sought. Not all second-order nonlinear ODEs can
be solved explicitly, but there are many different integration methods that can be applied
[14, 17, 33]. One way to ensure that the ODE for U(z) can be solved is if it inherits
a two-dimensional symmetry group from the radial equation (3), since then the inherited
symmetries can be used [14, 17] to reduce the ODE to a first-order separable form which can
be directly integrated. The condition that the ODE inherits a two-dimensional symmetry
group is equivalent to requiring that the starting one-dimensional symmetry group is a
subgroup of a three-dimensional group of symmetries given by generators X, Y, Yo with
the commutator structure

[Y1,X] =01X, [Y9,X]=0CX, [Yo2, Y] =0CY, (115)

where C7, Cs, C5 are constants. This structure describes a three-dimensional solvable Lie
group [17], with Y; and Y, generating a two-dimensional solvable Lie subgroup.

Recall [34], a Lie group G is solvable iff it has the structure G; C Gy C --- C G in which
G; is a subgroup of dimension ¢ and a normal subgroup of G;., for i = 1,2,...,dimG — 1.
This structure has two equivalent formulations in the Lie algebra g of G: first, g1 C go C

- C g in which g; is an ¢-dimensional normal subalgebra in g;,1, namely [g,H, i) C gl,
i =1,2,...,dimg — 1; second, g D g’ > g? > ... 5 g 5 g = 0, where g
[g(i_l), g(i 1)] is the ith derived subalgebra defined by induction, i = 1,2, ... ,E < dim g, w1th
g = g. Note that the last derived subalgebra g¥) is abelian, and every derived subalgebra is
an ideal in g as shown by a straightforward induction argument [34]. This second formulation
will be the most useful one for the method of symmetry reduction because it turns out to
provide the required commutator structure (115), without any additional steps.

We will now apply this symmetry reduction method to obtain exact analytic solutions for
the radial generalized p-Laplacian diffusion-reaction equation (3) in n > 1 dimensions, using
the solvable symmetry groups of dimension three or higher admitted by this equation.

From the classification of symmetry groups stated in Theorem 4.3, we begin by outlining
how the commutator structures can be used to find all solvable symmetry subgroups of
dimension at least three.

For each given maximal symmetry algebra, g, which is non-abelian, first, we find its derived
subalgebras g, for i = 1,2,...,dimg. We stop at i = dim g because we know that g is
solvable iff g(d™9) is empty. Next, in the case when g(@™9) is empty, if the derived subalgebra
g\ is three-dimensional, it is abelian and therefore is trivially solvable. If instead gt is two-

dimensional, then the derived subalgebra g=!) is a solvable (sub)algebra of dimension at
23



least three, and finally, if g0 is one-dimensional, then either g1 or g=? is a solvable
(sub)algebra of dimension at least three.

This procedure yields all possible three-dimensional solvable symmetry (sub)algebras gsoly
and hence all possible corresponding solvable symmetry (sub)groups Gsly. For each one, the
generators in gso1, always can be arranged to have the commutator structure (115) where X is
a symmetry generator in the abelian subalgebra g, and where gx = geory/span(X) is then
a two-dimensional symmetry algebra that will be inherited by the second-order nonlinear
ODE arising in the symmetry reduction given by X. If g*) is one-dimensional, then X is any
generator of g, and so gx = georv/g¥ is unique. Next, if gl is two-dimensional, then two
different cases can arise, depending on whether the adjoint action of Gy, on gl has orbits
that are one or two dimensional. In the one-dimensional case, X is any generator on either
one of the two orbits in g¥, whereas in the two-dimensional case, X is any generator in g(®.
Finally, if g is three-dimensional, then again X is any generator in g since the orbits of
the adjoint action of Gy on g are trivially three-dimensional.

For a given solvable algebra of symmetries (115), whenever the set of allowed generators
X is more than one-dimensional, any two of these symmetry generators that are related
by the adjoint action of the full symmetry group G on g0 will produce group-invariant
solutions that can be mapped into each other by the symmetry transformation on (¢, 7, u)
corresponding to this group action. Consequently, in this case it is sufficient to consider a
subset of symmetry generators that belong to different equivalent classes under the adjoint
action of G. Such a subset is called an optimal set of symmetry generators and can be
straightforwardly determined by the methods in Refs. [14, 35]. Note that when the set of
generators X is only one-dimensional, then there is only a single equivalent class and hence
X itself constitutes an optimal set. Also, as noted earlier, any generator X must have the
property that it does not leave both variables (¢, ) invariant.

To proceed, we now state a classification of solvable symmetry (sub)algebras ge, and a
corresponding optimal set of symmetry generators X along with the two-dimensional solvable
symmetry subalgebras gx = gso1v/span(X) = span(Yy,Ys).

Proposition 5.1. For the radial generalized p-Laplacian diffusion-reaction equation (3) in
n > 1 dimensions, all solvable symmetry subalgebras (115) are given by:

(a) arbitrary g(|u.|), f(u) = b:

X, =0, Xz=0, Xs=2td+r0,+ (bt+u)d,, (116)
Geoiw = span(Xy, X3, X5) O g = span(X;,X3), @ =0 (117)
X =X, + bX3 (118)

Y, =X; Y,=X; (119)

(b) g(lurl) = =klu, P71, fu) =b+ku, p=1+21/d, k# 0:
Xy, =8, Xs=exp(kt)d,, Xg¢=-exp(k(l—p)t)(k~'0,+ (k70 +u)d,),

- . (120)
Xe=@-1ro,+(p+1)(kb+u)d,

g= Span(xh X, XG,X7) o = Span(x?n XG)? g® =0 (121)

X = kXg + uXs, 1= const. (122)
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Y, =X3, Yo=(p+ )X, + pkX; (123)
where [ is a non-zero integer and d is a non-even number.

We remark that once the resulting group-invariant solutions (112) have been found then
in each case the full group G O G, of symmetry transformations can be applied to these
solutions. However, since Gy, is an ideal in G, the group of symmetry transformations will
map each family of group-invariant solutions into itself, and so no new solutions can be
produced in this way.

5.1. Reduction under combined time-translation and shift. We first consider the 3-
dimensional solvable symmetry group (116)—(117). The optimal symmetry generator (118)
is explicitly given by

X =X, +bX;3 = 0, + bd,, (124)
Its has the invariants (113)-(114) given by
z=r, U=u—10bt (125)

from which we see that the form (112) for group-invariant solutions consists of
u=>bt+U(r) (126)

Substitution of this expression into the n-dimensional radial diffusion-reaction equation (3)
yields the second-order nonlinear ODE

(W'g(|U'D) + (n = D' Ug(JU"]) = 0 (127)

for U(r), where ¢ is an arbitrary function, describing the diffusivity, and where b is an
arbitrary constant, describing a uniform, time-independent source/sink.

From the other two symmetry generators (119) in the solvable symmetry group, we have
Xyr =0, X3U =1, Xsr = r, XsU = U. Thus, the ODE (127) inherits a two-dimensional
solvable symmetry algebra generated by

Y =0y, Yy=10,+Udy (128)

with the commutator structure [Ys, Y;] = —Y;. These symmetries allow the ODE (127) to
be integrated as follows. First, we see that ( = r and V = U’ are invariants of Y, and that
Y.( = ¢ and pr’YY,V = 0. In terms of these variables, the ODE becomes

(Vg(IV])) + (n = 1)¢"Vg([V]) =0 (129)

which is a first-order ODE for V/(¢). It possesses pri)Y, = (0 as a symmetry, and so

’(QV)

it can be reduced to quadrature
o 9V /
V! dV = d = const. 130
/( + g(\V\)) ¢ hd¢ 4 ¢y, ¢y = cons (130)

Both integrals can be evaluated explicitly, yielding ("~ 'Vg(|V|) = e® = ¢; = const.. We
can write this solution in the explicit form

V() =h e ™) (131)
where h~! denotes the inverse of the function
h(V) =Vg(|V]) (132)
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Next, after undoing the change of variables V' = U’ and { = r, we can integrate the
resulting first-order ODE U’ = h™!(¢;r!™™) to obtain the quadrature

U(r) =co + / h~(cyr'™™)dr, ¢y, co = const. (133)

which yields the general solution of the second-order nonlinear ODE (127). Substituting this
quadrature into the expression (126), we finally get

u(t,r) = bt +co + / R (et ™) dr (134)

which gives all group-invariant solutions arising from the symmetry (124), where h is the
function (132) and A~ is its inverse, and where ¢y, ¢, are arbitrary constants.

5.2. Reduction under combined time-dependent dilation and shift. We next con-
sider the 4-dimensional solvable symmetry group (120)—(121). The optimal symmetry gen-
erator (122) is explicitly given by

X = kXg 4 pXg = F1Pty, 4+ (ek(l’p)t(b + ku) + pe*)d,, p#1, p=const. (135)
which has
z=r, U=e™u+2)— ﬁek(”_l)t (136)
as invariants (113)—(114). We see that the form (112) for group-invariant solutions consists
of
u=e"U(r) + ﬁek”t -2 (137)
Substitution of this expression into the n-dimensional radial diffusion-reaction equation (3)
yields the second-order nonlinear ODE
K((U)P) +(n—1)r (U +p=0 (138)

for U(r).

_ From the other two symmetry generators (123) in the solvable symmetry group, we have
Xar =0, X3U = 1, ((p+ D)Xy +pXg)r = p(p — Dkr, ((p+ D)Xy + pX7)U = p(p* — 1)kU.
Thus, the ODE (138) inherits a two-dimensional solvable symmetry algebra generated by

Y1 = 8[], Y2 = pr& + (p + l)U(?U (139)

(up to a scaling of Y5) with the commutator structure [Ys, Y1] = k(1 —p*)Y;. We use these
symmetries to integrate the ODE (138) as follows. First, we see that ( =7 and V = U’ are
invariants of Yy, and that Ys( = p{ and prY,V = V. In terms of these variables, the ODE
is given by

k(VP) +(n—1)¢ VP +pu=0 (140)
for V(¢). This is a first-order ODE which possesses pr)Y ‘ ) = pCO:+V Oy as a symmetry.
By changing variables from V' to the invariant W = V?/(, we see that this ODE becomes

W' +nW +p/k=0 (141)
which has the quadrature

aw
/m = —/C_l dc +co, Co= const. (142)
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Next, we evaluate the integrals, yielding
W) =c("— ﬁ =V(QP/(, ¢ =€ = const. (143)

After undoing the change of variables V' = U’ and ( = r, we can integrate the resulting
first-order ODE U’ = ((e;r™" — i/ (nk))r)'/? to obtain the quadrature

U(r) =cy+ /(clrl_” - ﬁr)l/p dr, c1,cy = const. (144)

which yields the general solution of the second-order nonlinear ODE (138). Finally, substi-
tuting this quadrature into the expression (137), we get

u(t,r) = e (e2 + / (exr'™ = o)) + Gt = ¢ (145)

which gives all group-invariant solutions arising from the symmetry (135), where ¢, ¢, are
arbitrary constants.

5.3. Exact solutions and their properties. We will now look at the physical and analyt-
ical features of the two families of explicit group-invariant solutions (134) and (145) obtained
for the radial generalized p-Laplacian diffusion-reaction equation (3).
Consider the first solution family (134), which we will write in the form
r/r
u(t,r) = bt + 7“1/ Rt (2™ dz, 1,7 = const. (146)
ro/T1
where h™! is the inverse of the function h(u,) = u,g(|u,|) given in terms of the arbitrary
diffusivity function g, and where b is the constant source/sink. Here the radial diffusion-
reaction equation (3) is given by

up = (g(ur]) + |urlg'(Jur]) )t + (0 — 1)7”719(‘7%‘)“7" +b (147)

on the half-line R™. These solutions (146) describe a superposition of a uniform dynamical
background uqy,(t) = bt and a static mass distribution

r/r

ustatic(r) =T / h_l(Zl_n) dz (148)
ro/T1

which has two parameters r; and rg. The dynamical part of the solution satisfies the simple

evolution equation u; = b, while the static part of the solution satisfies the spatial equation

(g(lurl) + Juelg (lur))ttrr + (n = Dr~tg(juJur =0, 7 >0 (149)

with no source/sink term. This spatial equation is a generalization of the p-Laplacian equa-
tion, and SO wUsgatic () Tepresents an equilibrium mass distribution for the radial generalized
p-Laplacian diffusion-reaction equation (3). If we view both the equilibrium solution and
the spatial equation as being radial reductions of the n-dimensional generalized p-Laplacian
diffusion-reaction equation (2) without a source/sink term, then we find that this equilibrium
solution has the meaning of a fundamental solution for the generalized Laplace equation

V- (9(IVu)Vu) = 6(z), ¢ #0, (150)

for w(z) on R"™, where r = |z| and §(z) is the Dirac delta distribution. To see this inter-
pretation, we integrate equation (150) over a ball B(R) with radius R > 0 in R". By using

the divergence theorem and the property that the Dirac delta distribution has unit mass, we
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obtain 1 = faB(R) g(|Vu|)Vu - #dS = vol(S™ 1) (r"g(|u,|)u,)|,=r, where S"! denotes the

unit-radius hypersphere in R". We now differentiate u = ugtatic(r) = 71 r/m h=t(z17) dz

To/T1
to get u, = R (rP7'rt™™) whereby r"lg(lu|)u, = r""'h(u,) = r{7' is a constant.
Hence, we must have vol(S"~!)r}~' = 1, which determines 7}' = 1/vol(S"!). Then

w(x) = Ustatic(|z]) = fr‘:‘ Rt (21" vol(S™71)) dz is the general solution of the generalized
Laplace equation (150).

Therefore, the family of group-invariant solutions (146) can be viewed as satisfying the

equations

u="b, V- (g(|Vu])Vu) = cod(z), ¢ #0 (151)
with v = wu(t,|z|) on R™, where §(z) is the Dirac delta distribution, and where ¢y =
vol(0B(r1)) is a constant.

We can get some further insight into these solutions (146) by using the mass conservation
law (108). Again we will view u = wu(t, |z|) as an n-dimensional radial function on R™.
Integration of this conservation law over a ball B(R) with radius R > 0 in R™ then yields
a global continuity equation for the total mass M (t; B(R)) = vol(S"™!) fORu(t, r)r"~tdr. In
particular, we have

%M(t; B(R)) = vol(S™ 1 (bR"/n + r}~1) = vol(B(R))b + vol(0B(ry)) (152)
through use of the divergence theorem and the relation 7" g (|u,|)u, = r"*h(u,) = 77"
(In addition, we have used the well-known formula vol(B(r)) = Lr"vol(5"~').) Note the flux
in this mass continuity equation consists of a volume term vol(B(R))b plus a hypersurface
term vol(0B(ry)), which arise respectively from the constant source/sink term b and the
Dirac delta term vol(0B(r1))d(z) in equations (151). We can integrate the mass continuity

equation (152) to obtain an expression for the total mass
M(t; B(R)) = (vol(B(R))b + vol(0B(r1)))t + M(0; B(R)) (153)
with "
M(0; B(R)) = VOI(Snl)/O Ustatic (1)~ dr (154)

coming from the static part (148) of the solutions (146).
Now, consider the second solution family (145). Here the radial diffusion-reaction equation
(3) is given by
uy = —k(plu P e + (0 — Ve [P ) + ku+ b (155)
on the half-line R*, where p — 1 is diffusivity power, b is the constant source/sink, and &
is the coefficient of the reaction term. Note, as indicated in Theorem 4.3, we can write
lu, [P~ = uP™! when p = 1+ 2l/d # 1, in terms of a non-zero integer [ and a non-even
number d. We will write the solutions (145) in the form

u(t,r) = ekt/ (rptetm — ﬁz)l/p dz + (p_“l)kekpt — 2 i, rg = const. (156)
0
where i, r1, 7o are free parameters. There are two main cases to consider, depending on the
two parameters p and 7.
First, we consider the case pn = 0. The solutions (145) are then explicitly given by
u(t,r) =e"U(r) — 2 (157)
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with

n—1 —n 14+(1—n
) = 7‘5 )/p(rl+(1 ) _ 7’0+( )/17)7 pEn—1 (158)
In(r/ro), p=n—1
The constant term in (¢, r) describes a static, uniform equilibrium solution equi = —% of

the radial diffusion-reaction equation (155). The non-constant term has a separable form
with respect to t and r. It can be viewed as a kind of Green’s function a(t,r) = e**U(r) for
the radial diffusion-reaction equation

iy — kit + &V - ([VaP~1Va) = ¢(t)d(x) (159)

on R", where 7 = |z|. In particular, we have ¢ (t) = r{ *eP* while by the same argument

used for the previous solutions (146), we see that U(r) satisfies the p-Laplacian equation on
R™,

KV - ([VUPIVU) = cod () (160)
where ¢y = vol(0B(ry)) is a constant, and B(R) denotes a ball of radius R > 0 in R™.
However, the total mass of a(t,r) = e"U(r) given by M(t) = vol(S"1) [* €M U(r) dr is
infinite, since the integral fooo U(r)r™dr does not converge for U(r) given by expression
(158). (We remark that a standard Green’s function would have finite mass and would
satisfy equation (159) with ¥(t) = o(t).)

Next, we consider the case u # 0 and 7 = 0. The solutions (145) are now explicitly given
by

u(t,r) = ektU(r) + O(t) — % (161)
with
O(t) = Lre™ (162)
—p\1/ 1+1/
vy = L G TR0 =T, p (163)
77,% 111(7'/7“0), p= —1

Since r; = 0, there is no longer any singularity in u(¢,r) that comes from a Dirac delta term
at r = 0 in the radial diffusion-reaction equation (155). One way to see this is from the mass
conservation law (108), with u = u(t, |x|) viewed as an n-dimensional radial function on R".
If we integrate this conservation law over a ball B(R) with radius R > 0 in R™, and use the
divergence theorem combined with the relation r™*(u,)? = e?*r"=1(U')? = —Lr" then we
find that the mass flux is given by —vol(0B(R))X|,—g = vol(B(R))(be ¥ + pie®=D¥) where
X = rkexp(—kt)r"*((u,)? + (b/n)r) is the radial flux in the mass conservation law (108).
Since the mass flux consists only of volume terms, we conclude that the radial diffusion-
reaction equation (155) does not have a Dirac delta term at r = 0.

We can directly evaluate the total mass M (t; B(R)) = vol(S™™1) fOR u(t, r)r"~'dr by using

expressions (161)—(163). First we observe that the integral fOR U(r)r"=tdr converges at r = 0
ifp=—lorifp+# —1and —1/p <n — 1. In these cases, we then have

M (t; B(R)) = vol(B(R))®(t) + " My(B(R)) (164)

where

—uN\1/ n 141
(2) " 2vol(B(R)) (e RHY2 = g ™7, p# -1

%WVOI(B(R))(IH(R/TQ) — %) p=-—1
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However, the mass My(B(R)) is unbounded for R — oo in both cases, and so on RT the
solutions (161)—(163) describe the superposition of an infinite mass distribution e* U (r) and
a time-dependent, uniform background ().

We will now show that U(r) can be modified by the introduction of moving boundary
r = R(t) at which u(t, R(t)) + b/k = 0, with the solutions (¢, r) being given by

o MUY+ @(t), 0<r<R(t)
u(t,r) = —7 + {07 "> R(1) (166)

in terms of expressions (162)—(163). These piecewise solutions will physically represent a
moving interface front in a constant background.

Radial moving interfaces in R™ can be generally described by [36] a Stephan con-
dition o(t)R(t)" 'R'(t) = [X|re, where X is the radial mass flux and [X]gq) is its

jump at the interface r = R(t). From the mass conservation law (108), we have X =
rexp(—kt) (r"=*((u,)? + (b/n)r))|r=r@) which yields
R(t)=6(tR(t), &(t) = Lo(t)er DM (167)
We will determine o (t) from the boundary condition u(¢, R(t)) +b/k = 0. Using expressions
(161)—(163) with 1o = 0, we find U(R(t)) = —e ¥ ®(t) = —(p_“l)ke(pfl)kt and hence
R(t) = Roe™, g =120 Ry = (o)?/ WD (sm) /o) (168)

This gives &(t) = gk and so we obtain
o(t) = Lkelmpkt (169)
As a result, we have solutions (166) that describe a radial moving interface (168) on a

constant background. These solutions will be regular (4) at » = 0 If 0 < p < 1, in which
they also will have finite mass

R(t)
M(t) = vol(S“)/O (ult,r) +b/k)r"" dr (170)

= VOI(B(R(t)))L(l _ (—_ﬂ)l/p pn )epkt

(p—1)k K 1+p(n+1)

Last, we consider the case p # 0 and m # 0. The solutions (145) again have the form
(161), with ®(¢) being unchanged while U(r) is given by the quadrature

Ur) = / (rptet — ﬁz)l/p dz (171)
)

Compared with the solutions in previous case, here U(r) is less singular. An asymptotic
expansion of the integral (171) shows that U(r) is regular on R* if 0 < —p < 1 and that its
total radial mass MY = [ U(r)r" ! dr is finite if 0 < —p < 1/(n + 1). Moreover, similarly
to the case p = 0, we find that U(r) satisfies a p-Laplacian equation on R™ with a Dirac
delta source term

KV - (IVUPIVU) + p = cod(z) (172)
where ¢y = vol(0B(ry)) is a constant, and B(R) denotes a ball of radius R > 0 in R™.
Thus, U(r) is the fundamental solution of this one-parameter (u # 0) family of p-Laplacian
equations (172).
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Consequently, if we subtract the constant background term from w(t,r), we obtain solu-
tions a(t,r) = MU (r)+®(t) to a radial diffusion-reaction equation (159) on R™ with a source
term (t)d(z), where r = |z| and () = r?~'e*. These solutions will be regular and have
finite mass M (t) = vol(S™" 1) MYe* when the diffusivity power satisfies 0 < —p < 1/(n+1).

For positive diffusivity powers, u(t,r) = €U (r)+ ®(t) will be a singular solution, as U(r)
will be unbounded for large r when p > 0 and also will be singular at » = 0 if p < m. To
obtain a solution with better regularity, we can seek a piecewise solution in which U(r) has
a cutoff at some radius r = R:

U(r) = Uy = const. forr > R, U'(R)=0, U"(R)=0 (173)

These conditions will ensure that U(r) is still a classical solution of the p-Laplacian equation

(172) on R™ for r > 0. From expression (171), we have U'(r) = (r{~'2'™" — L2)¥/? and

U'(r)=p Y(1—n)(r{ 'zt — Lz)A=/p(pptzn — m), where we are assuming p > 0.
Imposing U’'(R) = 0, we get

kn,mn—1\1/n

R=("tr17) (174)

Then we find U"(R) = I%(O)(l_p)/p , which will vanish if 1 > p. Thus, under the condition

0 < p < 1 on the diffusivity power, we obtain a piecewise classical solution for U(r), with

a cutoff (173)-(174). (Note we will also need x/p > 0 when n is even.) This solution will

have a finite radial mass MY = fo r"tdritUy=U(R)=0andif p> (n—1)/(n+1).

As a result, for positive dlﬁu81v1ty powers 0 < p < 1, we have classical piecewise solutions

of the form

u(t,r) = MU (r) + d(t) — b (175)

O(t) = imri 'R ’W (176)
rin /”f —~R")YPdz, 0<r<R

U(r) { (n—1) /pf _R,nz)l/p dZ, r> R (177)

where the cutoff radius R > 0 is arbitrary. If we put rp = R, then these solutions describe
the superposition of a mass distribution e* U (r) with finite support and a time-dependent,
uniform background <I>( ) —b/k on R*. The mass distribution will have a finite total mass
MY = vol(S"1) fo r)dr when the diffusivity power satisfies 1 > p > (n —1)/(n + 1).
To conclude our dlscuss10n of the group-invariant solutions (175)—(177) for 0 < p < 1 and
(175), (171), (162) for 0 < —p < 1, we remark that the integrals for U(r) can be evaluated
in terms of elementary functions when n = 2 and hypergeometric functions when n # 2:

p(n— 2)( )1/17( 1+1/pF(;1 p(n—2) , p(n—1)+1, nk,.1-n n72)

pt1 poptn-1 pn-2) *p'l T

1+1/ 2). pn—1)+1, nk,1— 2 n72
1 n n nk n,n—
U(r) = - pF(p B P e ), (178)
p+1r 1/;0(1 . W’ I{—l)l/p( 1+1/p _ (1)+1/p)’ n=2p#-—1
rik(k — Spr) " n(r/ro), n=2p=-1

6. CONCLUDING REMARKS

The generalized p-Laplacian evolution equations studied in the present work describe an

interesting class of radial nonlinear diffusion-reaction equations in n > 1 dimensions with
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many physical applications. The analysis of the initial-value problem for these equations
is also interesting as solutions are known to exhibit several kinds of behaviour, such as
finite-time blow up or finite-time extinction and moving interfaces.

In future work, we plan to use of all the admitted Lie symmetries systematically to look for
explicit solutions that display these different features. We also plan to extend our complete
classification of low-order conservation laws and Lie symmetries to the non-radial case in
n > 1 dimensions.

APPENDIX

Here we summarize the main steps that have been used in solving the determining systems
(21)—(56) for multipliers and symmetries. Because in the literature there are many papers
that miss solutions and give wrong results for classification problems, this discussion may be
helpful in a wider context.

(1) Split the determining system by Maple “rifsimp”, which yields a tree of all solution
cases consisting of ODEs for h and f, and a system of PDEs for @ or (1, 7,¢&).

(2) Solve the resulting ODEs and PDE system in each case by Maple “dsolve” and “pd-
solve”. (In particular, for every case, check that all solutions representing special branches
of the general solution of the ODEs and PDEs are obtained.) Each solution case will consist
of a linear set of {Q} or {(n, 7,&)}, along with a corresponding set of {h, f,m}.

(3) Merge the solution sets in different cases by total inclusion. The resulting solution
cases may still have some (partial) overlap.

(4) Sort the solution cases into a case tree arranged by, firstly, the dimension of the linear
sets of {Q} or {(n,7,£)}, and secondly, by inclusion or generality of h, f,m. (If there is a
case where h, f,m are arbitrary, then this is the top of the case tree. Otherwise, the tree
starts from the case, or cases, of greatest generality.)

(5) The case tree provides a full classification of all linear spaces of conservation laws or
point symmetry algebras, arranged by dimensionality. An equivalent classification can be
obtained by rearranging the solution cases strictly by generality of h, f,m. Any overlapping
cases in the tree can be separated if a set of mutually exclusive solution cases is being sought.

A more concise presentation of the classification can be obtained by listing a basis for
all of the linear spaces of {@Q} or {(n,7,£)} in the case tree. These linear spaces should be
maximal (namely, they cannot be enlarged) in each case.

(6) Choose a basis for the maximal linear space(s) of smallest dimension at the top of
the case tree. For each subsequent case in the tree, choose a basis for the maximal linear
space by extending the basis inherited from previous overlapping case(s). Wherever the
extension is more than one-dimensional, a choice for the extended basis is most usefully
made by considering the physical/geometrical meaning of the conservation laws or the point
symmetries represented by the basis, as well as their properties under any scaling (or other
important) transformations.

(7) Any cases that involve a free function should be handled separately, since they will cor-
respond to the existence of a linearizing (or partially linearizing) transformation, depending
on the number of variables in the free function(s).

(8) Arrange the full basis into a table ordered by extension followed by generality of h, f, m

(or other important properties). This provides a complete set of generators for all of the
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admitted maximal Lie algebras of symmetries or the admitted maximal vector spaces of
conservation laws.

We remark that these steps are applicable in general to classification problems that do not
involve the question of equivalence transformations. For equivalence classification problems,
additional preliminary steps are necessary, which are fully discussed in Ref.[37].

[
(2]
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