symmetry

Article

Symmetries and Solutions for Some Classes of Advective
Reaction-Diffusion Systems

Mariano Torrisi **

check for
updates

Citation: Torrisi, M.; Tracina, R.
Symmetries and Solutions for Some
Classes of Advective Reaction—
Diffusion Systems. Symmetry 2022, 14,
2009. https://doi.org/10.3390/
sym14102009

Academic Editor: Abraham A.
Ungar

Received: 5 September 2022
Accepted: 23 September 2022
Published: 25 September 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Rita Tracina

t

Dipartimento di Matematica e Informatica, Universita Degli Studi di Catania, Viale Andrea Doria, 6,
95125 Catania, Italy

* Correspondence: torrisi@dmi.unict.it

t These authors contributed equally to this work.

Abstract: In this paper, we consider some reaction—advection—diffusion systems in order to obtain
exact solutions via a symmetry approach. We write the determining system of a general class. Then,
for particular subclasses, we obtain special forms of the arbitrary constitutive parameters that allow
us to extend the principal Lie algebra. In some cases, we write the corresponding reduced system
and we find special exact solutions.
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1. Introduction

In several of our previous papers, we analysed, in the framework of symmetry meth-
ods, systems belonging to some subclasses of the following pde systems

ur = Dy(f(u,0)ux) + g(u,0,uy),
1)

vy = h(u,v)

with them in mind, generally, regarding models of population dynamics. With D,, we
denote the total differentiation with respect to x, while, usually, the subscripts denote the
partial differentiations with respect to the indicated variables. Finally, in the following, the
prime will denote the differentiation of functions with respect to their single argument.

The first equation, an advection-reaction—diffusion equation, is obtained by introduc-
ing a Fick—-Fourier flux in the balance equation for the species of density u; the diffusion
coefficient f could depend not only on u but also on density v [1,2], of a second species
interacting with u. The function ¢ may not always depend on the advection u, if the
species u does not detect external stimuli (usually water currents or wind); this occurs in
the swarming cells in the Proteus mirabilis colonies.

The second equation is concerned with the species of density v that is assumed to
be subject to neither diffusion nor advection, as, for instance, Proteus mirabilis [2-5] or
mosquito models (Aedes Aegypt [6-9], Anopheles [10,11]), respectively, for swinging cells or
the so-called aquatic populations.

Here, we restrict ourselves to the subclass of phenomena modelled by the following
partial differential equation system:

up = Dy(f(u)ux) + g(u, v, ux),
@

vy = h(u,v),

where, in general, there is a population of mosquitos of density u interacting in more or
less a weak manner with an aquatic population of density v. Moreover, analogous systems
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could be found in several other fields, for instance, in the framework of the models dealing
with chemotaxis [12,13]. The motivation of the Lie symmetry analysis approach is twofold.
The first one, well known, is that the Lie symmetries offer a methodological way to derive
exact solutions by reducing the number of dependent variables. The second one, not
negligible, is that the discussion of the equation determining the symmetries could bring
about requests for special forms of some constitutive functions in order to admit additional
symmetries. This request, sometimes, creates an interesting feedback between the different
constitutive parameters of the model and its sensitivity.

In (2), the arbitrary functions f(u), g(u,v,uy), and h(u,v) appear. Once we have
obtained the so-called determining system, we will obtain some restrictions for the coordi-
nates of the symmetry generator, and three classifying equations involving the unknown
coordinates and the arbitrary elements of the system. One equation involves only the
function f and another one only the function /. The last condition is more complex, because
it involves both f and g, having each different functional dependence. Therefore, we must
introduce some simplifying constitutive assumptions. In the following, we consider some
systems of the subclass (2) where, for the sake of simplicity, we assume

f(u) € {fo, fou},

and
g = A(u)uy +11(u) + T (0v),
with
A(u) € {Ao, Aou},
I(u) € {mu(y2 —u), y1u(y2 —Inu)},

while the constitutive functions I'(v) and h(u, v) remain free to perform a suitable classifi-
cation with respect to them, which allows us to obtain additional symmetries. Once known,
the classifying equations of (2) are obtained with arbitrary f, g, and k; by introducing some
specializations of them, it is possible to ascertain the existence of extensions with respect to
the principal Lie algebra £p [14] for some special form of the functions I'(v) and h(u, v).

In this work, we analyse three systems of the type (2) and several classes of exact
solutions are found. To the best of our knowledge, the literature regarding group analysis
applications to similar systems is quite poor, so we believe that our results are new. The
outline of the paper is the following. In Section 2, we write the determining system for
the class (2) and we establish the principal Lie algebra. Systems with linear advection are
studied in Section 3, while, in Section 4, we consider a system with diffusion and advection
coefficients linear in u. Some remarks about the constitutive functions I and & are given in
Section 5. Finally, in the last section, the conclusions are shown.

2. Symmetries: Classifying Equations

We look for a symmetry generator of the form
X = &Y (x, t,u,0)0 + E(x, t,u,0)0; + 171(x, t,1,0)0y + 1% (x,t,1,0)dy, ©))
that leaves the system (2) invariant. Then, we require that

X (—uy + Dy (f (u)ux) + g(u,v,uy)) lo) =0,
4)
X (—v; +h(u,v)) loy =0,

where the operator X(2) is

X(z) = X+ Ctl aut + g}caux + g}(xa”xx + gtzavt' (5)
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As usual, the expressions of the coordinates C}, Q}C, g}cx, 5% are (see, e.g., [15-22])

Zt = Di(m) —wDi(&1) — uxDi(&2), (6)

galc = Dx(m) — utDx (1) — uxDx(82), ()

gzlcx = DX(galc) — uxtDx(81) — uxxDx(G2), 8)

Gt = Di(m2) — viDi(G1) — vxDe(82), )

where the operators Dy, and D; are the total derivatives with respect to x and ¢, respectively.
The conditions (4) give us the system of determining equations for the unknown coordinates
¢1, €2, 11, and 772. By solving only the equations that do not depend on the form of the
arbitrary elements f, g, and h, we obtain the following restrictions about the coordinates ¢,

¢2, 11, and 1p:
Gi=ax), G=Bt), m=9¢xtu), mn=1pxto). (10)

The generator (3) with the coordinates (10) will be a symmetry generator for the system (2)
if the functions «, B, ¢, and ¢ satisfy the following remaining determining equations, where
the arbitrary elements f, g, and h appear:

(20 =B )f —¢fu =0,

(f's +uif)p — [Puuuz — (& = 2¢ru )itz + Prx] f2 — Yo f — Pguf+
(¢ —20")gf — Puf — puzf"f — (29 + pux)ucf'f+ (11)
(& = Ppu)ux — ¢x)qu. f =0,

(4’0 - ﬁ/)h — ¢phy — le + ¢ =0.

It is a simple matter to derive that, for f, g, and h arbitrary, we obtain
a'=0,=0¢=09p=0. (12)

Then, we can affirm that the principal Lie algebra Lp is spanned by the time translations
and space translations
X1 = 0y, Xp = 0.

3. Symmetries and Solutions for Systems with Linear Advection

Here, we assume f = fpand g = Auy + [1(u) + T'(v), with fo # 0and I # 0, so the
system (2) becomes

up = fotlxx + Aty + I1(u) +I(0),
(13)
vy = H(u,0).
Remark 1. We recall that the following change in independent and dependent variables
T=t, z=x+ At, u=u(t,z) v =19(T,2) (14)
brings the system (13) in the following form
ur = fouz +11(u) +T(v),
(15)
vr = —Av; + H(u,v).

We can find the symmetry generator for the class (13) by solving (11) after having input the
special forms of the functions f, g, and h. Taking into account that, for the system (13),

{ f=fo
g = Auy +1I(u) + I'(v), (16)
h = H(u,v),
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the conditions (11) become

(2a' = B")fo =0,

- {%u”i — (@ — 2 ) ux + 4’xx}fg — oI fo — ¢TT fo +
(py —2a") (Auy +T1(u) +T(0)) fo + Ptfo +
((“, — Pu)ux — <Px)Af0 =0,

(lpv — ﬁ/)H —¢H, —¢yH, + ¢y = 0.

From (17), we have
a(x) =co+crx, PB(f) =2c1t+cy,

while, taking into account that no function depends on uy, from (18), we obtain

Gbuu - O/ ClA +2¢xuf0 - 0/
Pxxfo+ 9T + ¢IT + (2c1 — ¢y ) (TT+T) — ¢ + p2 A = 0.

From conditions (21), it follows that

o(x, ) = u(¢1<t> - 2;‘0) T gl ).

In the condition (22), the arbitrary elements I'1(1) and I'(v) appear.
We study (13) by specializing IT(u) in these two special forms

[(u) = yu(y2 —u), (u) = ru(y2 —Inu).

3.1. Logistic u- Production
A typical choice for the function IT(u) is given by the logistic form

IT(u) = yu(y2 —u),

(17)

(18)
(19)

(20)

(21)
(22)

(23)

(24)

but taking into account (23) and this form of IT(u), from the condition (22), we obtain

c1=0, $1(t) =0, ¢o(x,t) =0, Y(x,t,v) =0,

i.e., extensions of the principal Lie algebra do not exist.
Thus, we look for invariant solutions of the system

ur = fOuxx + Auy + 71”(72 - Ll) + r(v)r
vy = H(u,0).

By using the generator
X =01X1+ Xy,
the solutions are
u="U(o), v="V(o),

where 0 = cpx — c1t, and with U and V solutions of the following reduced system
all’ + fol" + ca AU’ + 1 U(y2 — U) +T(V) =0,
cV'=H(U,V).

If we specialize
120 =73 (

I'(v) = 790, h(u,v) =
Y2

u—27),

(25)

(26)

(27)

(28)
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the previous reduced system becomes

ad’ + foU” + AU’ + 1U(r2 — U) — 12V =0,
(29)
V! = (V= 1)U - 270).
If U = 27, V must be constant too and we obtain V = 2yy7 (')/2 - %)
Instead, if V = %, then U must satisfy the following autonomous equation:
2
fol” + (c1 + 2 A)U" + 11U (72 — U) + 73 = 0. (30)

After having performed the substitution Z(U) = U’, equation (30) becomes the following
Abel equation of the second kind in the canonical form [23,24]:

foZZ' + (c1 + c2A)Z +yU(y2 — U) 4+ v3 = 0. (31)

From this, after a suitable choice of arbitrary constants c; and c;, we obtain the following
separable variable equation:

foZZ' + nU(y2 —U) 4+ 93 = 0. (32)

3.2. Log-Logistic u- Production

If we want to obtain some extensions of the principal Lie algebra but at the same time
a form of I'T(u) with the characteristics of the logistic form, we can choose

I(u) = yu(y2 — Inu). (33)

Then, we consider

Uur = fO”xx + Auy + 71”(72 - lnu) + r(‘U),
(34)
v = H(u,v).
We recall that for the system (13), we have already obtained
c1Ax
a(x) =co+c1x, P(t) =201t +c2, ¢(x,t,u) =ul¢1(t) — 2h +¢a(x,t), (35)
0
and the following conditions
(Acyx +4c1 fo — 2fod1) (TT+T) + (2¢2 fo + 21 fo — Aucyx)IT +
2A¢2,fo — (A%c1 + 29! fo)u + p2, f§ + 29T fo — 22, f0 = 0, (36)
c1Ax
(vaﬁ’)H(”<¢1 ;fo )+¢2>Hu¢Hv+¢t:O- (37)
Substituting (33), the condition (36) reads
(Acimx + 4ery172fo — A%er — 2foridr — 294 fo)U — 4ey foyruInu +
—=2¢afor1 Inu + AcyxT + 242 foy172 + 2A¢0, fo + 292, f5 +
=22 fov1 — 21T fo + 29T fo + 4cq fol — 2¢2,fo = 0. (38)

Taking into account that in the condition (38), no function depends on u, we obtain

1 =0, i1 —¢1 =0, 2 =0, p1Tfo — ¢TI fo + ¢o, fo = 0, 39)
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ie.,
-nr
1 =cze M, P = c3- T (40)
Finally, by substituting these results into the condition (37), it becomes
cze Mt [(Huu — H)T? + (Hy + y1)TT + hI’I’”} =0. (41)
We obtain the following extension of Lp
X3 = et (udy + -a 42
3=e€ udy + A (42)
only when
r
H(u,v) = (P(w) — y1In F)F (43)
u
ithw = —.
withw = &
Remark 2. We obtain the same result even if A = 0, i.e., without advection.
If we use the generator
X =01Xp + 2 X1 +c3X3, (44)
with ¢; # 0, the invariant solutions are
_ B mt
u(t,x) =e an’ " U(o),
(45)
B mt
I(v(t,x))) =e am V(o),
where 0 = c1x — cpt. The functions U and V are solutions of the reduced system
—oU' = C%fouﬂ +c AU + 7 U(y, —InU) +V,
(46)
eV = (cb(%) —y1ln v) V.
In order to have a reduced system of the first order, we use the generator
X =2X1 4+ c3X3, 47)
with ¢y # 0. In this case, the invariant solutions are
[
u(t,x) = e2™ " U(t),
(48)
[
T(o(tx))) =e2™ V(1)
The functions U and V are solutions of the reduced system
2
U = Ze M fl + 2e AU+ 1 U(72 —InU) 4V,
2
(49)

v = (cb(%) —yIn v) V.
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In this case, if we consider

u 1%4 VvV u
q’(v> —P0+P1U+P2\/U+P3ln(v>/ (50)

we can look for solutions of type

U(t) = upe® and  V(t) = vge 211N (), (51)
If we take
fougps
A3
P33 = —71,
by choosing
A
Vv (o)p2
we obtain
=2 - Vi oyt AP+ fopBug o
Ai0) = 2= nfio) + <\/%p2t ke A2y1ugvg ‘ ’ (54)

with k arbitrary constant. Once we have obtained U(t) and V(t), from (48), we obtain
directly u(t, x). To find v(t,x), we must invert the assigned function I' (numerically or
analytically).

4. Symmetries and Solutions for Systems with Non-Linear Advection

We consider here the following class A-RD systems

up = (foutty)x + Auriy + y1u(y2 — u) +I'(v),
(55)
vy = H(u,v),
with fy # 0and I’ # 0. In this case, we have
f=fou,
g = Auuty + y1u(ys —u) +I'(v), (56)
h = H(u,v).

As in the previous case, we can find the symmetry generator for the class (55) by solving (11)
after having input the special forms of the functions f, g, and &, i.e.,

(20" — ) fou — ¢fo =0, (57)
(fog +u3f3)¢ — {‘Puu”i — (@ = 2@ )ux + ‘PXX} ou® — YT’ fou +
—¢(Autx + 7172 = 27172) fort — i fou — (2x + Puitx)ux fou +
(pu — 20") (Auriy + y1u(y2 — u) + T) fou +
(&' = pu)ux — ¢X)Af0u2 =0, (58)
(lpv - ﬁ/)H - (,bHu - l/JHv + lpt =0. (59)
For arbitrary H(u,v), we obtain only the principal Lie algebra

X; = 0, Xp = Ox. (60)
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For
r
H(u,0) = (21172 +VI®(W) ) (61)
with w = L, we obtain also the following generator
vy
—172t T
X3 = e M 0+ 11 72u0u + 2717259 |- (62)
By using the generator
X =01X3+ 2 Xp, (63)
the invariant solutions are
u(t,x) = eM"U(0), T(v(t,x))) = 172V (o) (64)
where o = %6“72t — c1x. The functions U and V are solutions of the reduced system
172

QU = Ef(U? +Ul”) — g AUU — U2 +V,

(65)
oV = V%<D<%>.
If we choose
all

O(w) =2 (A2 +4fom ) (1 - ymw)? (66)

we find the following particular solutions for system (65)
U(o) = zci(z'yzlo—_clA), 67)

Cl (A + 4f0')/1)
32,2

V(o) = 161127 (68)

c} (A% +4fom)?

From (64), we obtain directly u(t, x). To find v(¢, x), we must invert the function I' (numeri-
cally or analytically).

5. Some Remarks about the Constitutive Functions I' and H

We stress that, in all systems that we have considered, the extension of Lp does not
imply a constraint on I' form, while it influences the functional dependence of H that
must be

H=H(T,®(w)),

where ® is an arbitrary function of w = w(u, T'), being w a specific function of its arguments.
After having recalled that I'(v) # 0, we consider the following equivalence transformation:

w =T(v). (69)
The system (34) with H given by (43), after (69), reads as follows:
Up = fouxx + Atiy + T1u(y2 —Inu) +w,
(70)
wy = (P(%) — 11 Inw)w.
A symmetry generator for the system (70) has the form

X = &9y + 29 + 710, + 170w, (71)
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where the infinitesimal 7* is linked to the infinitesimal 72 by the relation
=T (72)

obtained by requiring the invariance of the transformation (69) with respect to the generator
(see, e.g., [25])
X* =19y + %0 + 19y + 11790 + 110w (73)

and then its extension of Lp is
X3 = e " (udy, + wdy). (74)
The system (55) with H(u, v) given by (61) can be written in the following equivalent form:

ur = (fouuty)x + Aty + y1u(y2 —u) + w

" (75)
wy = (27172 +Vwd (ﬁ) ) w.
Analogously, for the system (75), the extension of Lp assumes the following form:
X3 = e M728(9) 4 y172udy + 2172wy (76)

Actually, the new forms (70), (75) of the systems (34) and (55) could be more useful in the
search for additional exact solutions, once we have fixed the form of arbitrary constitutive
function ®(w), or they could suggest new ways to solve the systems. However, we must
not forget that when we return to the original biological variable v, we must fix the form of
the still arbitrary function I'(v).

6. Conclusions

In this paper, we continue our studies dealing with the extension of the principal Lie
algebra and with our search for solutions of some subclasses of systems (2), begun in [7]
and recently continued in [26,27]. In all the cases analysed here, a priori, we have considered
the two constitutive functions of production I'(v) and h(u, v) arbitrary in order to obtain a
classification with respect to each of them.

In the case of linear advection, we obtain, for I1(#) = Y u(y2 — Inu), the extension
by one of Lp that leaves I'(v) arbitrary while / is, as expected as a solution of a PDE, an

u
arbitrary function depending on w = T For special forms of h, wide classes of exact

solutions are derived. We remark that, in this case, the function I1(#) has the same
numerical features, at least in a suitable interval, of the classical logistic form IT(u) =
y1u(y2 — u) for which we do not obtain extensions. For this form of IT(u), however,
looking for travelling wave solutions, in some cases, we bring the reduced system, with
appropriate transformations, to an Abel equation. For the same system without advection,
we obtained additional extensions in [27].

In the system analysed in Section 4, we assumed diffusion and advection coefficients
both linear in u. Additionally, in this case, we obtain extensions with I' arbitrary, while H is

still dependent on an arbitrary function ®(w) with w = % For an appropriate choice of

®(w), classes of exact solutions are derived.
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