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Abstract: The diffusive Lotka—Volterra system arising in an enormous number of mathematical
models in biology, physics, ecology, chemistry and society is under study. New Q-conditional
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published earlier as well.
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1. Introduction

About 100 years ago, A.]. Lotka [1] and V. Volterra [2] independently developed a
mathematical model, which nowadays serves as the mathematical background for pop-
ulation dynamics, ecology, chemical reactions, etc. Their model is based on a system
of ordinary differential equations (ODEs) with quadratic nonlinearities (typically two
equations). The natural generalization of this model in 1D space reads as follows:

U = dluxx + u(a1 + blu + C1U)/
v = doUyy + v(az + bou + co0),

)

where the lower subscripts t and x mean differentiation with respect to (w.r.t.) these
variables, u = u(t, x) and v = v(t, x) are two unknown functions, which usually represent
densities, a;, b; and c; are arbitrary constants (some of them can vanish and different
types of interactions arise depending on signs of nonvanish constants ), and d; and d, are
diffusion coefficients. System (1) is called the diffusive Lotka—Volterra (DLV) system and is
the main object of this work. If the diffusivities are such that d; = d = 0, then (1) reduces
to the classical Lotka—Volterra system.

In contrast to the classical Lotka—Volterra system, the DLV system attracted the at-
tention of scholars much later. Its rigorous study started in the 1970s (see the pioneering
works [3-6]). At the present time, there are many recent works devoted to qualitative anal-
ysis of the DLV system (1) and its multi-component analogs (see [7,8] and the works cited
therein). However, the number of the papers devoted to construction of exact solutions of
the nonlinear system (1) is relatively small. Exact solutions in the form of traveling waves
were constructed in [9-12]. In the case of the three-component DLV system, some traveling
waves were found in [13,14]. The existence of traveling wave solutions were examined
in [7,8,15,16]. To the best of our knowledge, exact solutions with more complicated struc-
ture were derived only in papers [17,18] for the two- and three-component DLV systems,
respectively. In [19], nontrivial exact solutions were derived for a natural generalization
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of system (1) involving additional linear and/or quadratic terms. We also point out that
systems of nonlinear ODEs for finding exact solutions of (1) in the very special case when
a1 = ap, by = by, c1 = cp, di = dj are presented in the handbook [20]. However, those
systems are not solved therein.

Thus, the problem of the construction of exact solutions of the DLV system (1) and
its multi-dimensional analogs, especially those with a biological, physical or chemical
interpretation, is a hot topic.

From the very beginning, we point out that the DLV system (1) is nonlinear; hence, it
cannot be integrated in a straightforward way. Here, we examine this system assuming
that both equations involve diffusion, are nonlinear and are not autonomous, i.e.,

didy #0, b3 +c5 #0, b5 +c5 #0, ¢34 b3 #0. )

The most powerful methods for the construction of exact solutions for non-integrable
nonlinear partial differential equations (PDEs) are symmetry-based methods. These meth-
ods originate from the Lie method, which was created by the prominent Norwegian
mathematician Sophus Lie in the 1880s. The Lie method (the terminology ‘the Lie symme-
try analysis” and ‘the group-theoretical analysis” are also used) still attracts the attention
of many researchers, and new results are published on a regular basis (see the recent
monographs [21,22] and the papers cited therein). However, it is well known that some
nonlinear PDEs and systems of PDEs arising in applications have poor Lie symmetry. The
Lie method is not efficient for such equations since it enables only those exact solutions
to be constructed, which can be easily obtained without using this method. The DLV
system (1) belongs to such systems because one possesses a nontrivial Lie symmetry only
under unrealistic restrictions on parameters (see more details in [10]). As a result, Lie
symmetries allow us to construct only traveling wave solutions for (1).

During recent decades, other symmetry-based methods were developed in order
to solve nonlinear PDEs with poor Lie symmetry. The best known among them is the
method of nonclassical symmetries proposed by G. Bluman and J. Cole in 1969 [23]. Notably,
following Fushchych’s proposal dating back to the 1980s [24,25], we use the terminology ‘Q-
conditional symmetry’ instead of ‘nonclassical symmetry’ (see also a discussion concerning
terminology in Chapter 3 of [22]). Although this method was suggested 50 years ago,
its successful applications for solving nonlinear systems of PDEs were accomplished only
in the 2000s, and the majority of such papers were published during the last 10 years
(see [17,18,26-30]). This occurred because application of the nonclassical method (such a
terminology was used in [23] instead of nonclassical symmetries) leads to very complicated
nonlinear equations to-be-solved. As a result, one needs to solve a much more complicated
PDE system (the so-called system of determining equations (DEs)), comparing with the
system in question. In paper [27], a simpler algorithm was proposed in order to make
essential progress in solving systems of DEs and to construct Q-conditional symmetry. The
algorithm is based on the notion of Q-conditional symmetry of the first type. In paper [17],
we successfully applied the new algorithm for finding new exact solutions of the DLV
system (1).

In this work, using a modification of the algorithm for finding Q-conditional symmetry
of the first type, we make further progress in the construction of new symmetries and exact
solutions of the DLV system (1). Moreover, we demonstrate that some solutions can be
useful in population dynamics.

The paper is organized as follows. In Section 2, we present some definitions and
provide a complete description of Q-conditional symmetries of the first type of the DLV
system (1) in the so-called no-go case. In Section 3, the symmetries obtained are applied
to reduce the DLV system to the systems of ODEs and to construct exact solutions. In
Section 4, the properties of particular exact solutions are examined with the aim to provide
their biological interpretation. Finally, we present some conclusions in the last section.
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2. Q-Conditional Symmetries of the DLV System

Let us consider the general form of the Q-conditional symmetry operator of system (1),
namely the first-order operator:

Q =&t x,u,0)0 + &1 (t, x,u,0)0x + ' (t,x,u,0)0y + 1%(t, x,1,0)0y, (Co)z + (@’1)2 £0, 3)

where & (t, x,u,v) and nk(t, x,u,v) are smooth functions that can be found, using the well
known criterion. Given (3), one can calculate the second prolongation of the operator Q:

g = Q+ pf0u, + prduy, + P10, + P3O0, + 0H0uyy + 01 Ouy, + TaxOuyy + Ohid0y, + Ohuy + T Doy,

where the coefficients p and o with relevant subscripts are expressed via the functions ¢
and 17k by the well-known formulae (see [21,31]).

Definition 1. Operator (3) is called the Q-conditional symmetry for the DLV system (1) if the
following invariance conditions are satisfied:

Q(dluxx_ut+u(a1—O—blu—i-clv))’ =0,
i . @)
Qg — o1 + 0(a + byt + ¢20)) ‘M —0,

where the manifold

M ={81=0,5=0,Q(u)=0,0(v) =0,2 Q(u) =0,2 Q(u) =0,2 Q(v) =0, & Q(v) =0},

while

51 dyuyy — ur +u(ay + byu + c1v), Sy = dovyy — v +v(az + bou + cpv),
Qu) = &Our + §lux — 7, Q(v) = &vs + &lox — 72

Since the expressions S; and S; contain only the derivatives u;, v, tyy and vyy, one
needs to consider the following coefficients:

pr =11 = &pux + (1 — & — Clux)ur + (115 — Eguax)vr — Couyvy — Spuf,

o7 =17 = Gox + (115 — Suvx ) ur + (15 — &) — Cyvx) 0r — Curvr — CQo7,

U;x = 7731cx + (znalcu - ‘:chx)ux —+ ZUchva + (77L1m - 2‘:31514 - gtltuux - Zg}wvx)uyzc
+ (90 — Captix) V% + 2(Mhp — Cxo) UxVx + (1l — 283 — 3Chtty — 2830y ) U

+ (1711J - é’zl)ux)vxx - (gg)cx + 2§9cu”x + Zggvvx + ggu”% + Cgvv)zc + 2§gv“xvx)“t
_2(‘:2 + (:gux + ggvx)utx - Cgutuxx - ggutvxx/

O'J%X = 7792cx + zﬂazcuux + (27792&; - galcx)vx + (U%u - gllmvx)”gc

+(7722;v - 2(:}(0 - 2§}tvux - ‘:}wvx)vi + 2(’757} - galfu)uxvx + (77% - g}ﬂ)x)uxx
+(’77% - 2€ch - 2§3,ux - 36111036)0363( - ( gx =+ Zgguux + 2621;036 + gguuyzc
80,02 4 280, ux0x) v — 2(80 + EQux + E0x) Vix — £Vt Uxy — EV1 V.

Q)

System (1) is the system of evolution equations. Therefore, the problem of constructing
its Q-conditional symmetries of the form (3) essentially depends on the value of the function
&0. Thus, one should consider two different cases :

1. &@#o.
2. =0 & +#£0.

In Case 1, one can set ¢ = 1 without loss of generality using the well known property
stating that the Q-conditional symmetry operator can be multiplied by an arbitrary smooth
function (see the proof in [31]). Moreover, in this case, the differential consequences of
equations Q(u) = 0 and Q(v) = 0 (see the manifold M) w.r.t. the variables t and x lead to
the second-order PDEs, namely, the following:
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% Q(u) = nf + s + nyor — Gux — Syupuy — Gyosuy — &y — uy =0,
? Qu) = 77;1c + Wplaux + Wzlzvx - gylc”x - gi”x”x - gzlzvx”x — gy —upe =0,
a Q(v) = 7 + naue + 150 — §ox — GLuevx — §vi0x — § 0t — oy = 0,
o Qv) = 77924 + 775”9( + Uzzzvx - galcvx - giuxvx - ‘:zlzvxvx — &loxy — v = 0.

We notethat the above equations involve the time derivatives uy, vy and the mixed
derivatives uyy, vsx, which do not occur in the invariance conditions (4). As a result, the
manifold M can be rewritten as {S; = 0,5, = 0, Q(u) = 0, Q(v) = 0}, i.e., the first-order
differential consequences can be omitted. Case 1 for the DLV system (1) was investigated
in the work [17] (see also Chapter 3 in [31]).

Here, we examine Case 2, for which the terminology ‘n0-go case” is often used. Thus,
we are looking for operators of the following form:

Q=2¢(tx,u,v)0y + 171(t, X,u,0)0, + 172(t, X,U,0)0y, ¢ # 0. (6)

In this case, formulae (5) are essentially simplified and take the following forms:

of = i} — Grux + (1 — Guttx )t + (13 — Gottx) vy,
0 =} — Gox + (72 — Euvx)ur + (73 — Eovx) vy,
Ua%x = U;l(x + (2’791m - gxx)ux + 277)150036 + 2(’71110 - éxv)uxvx + (77%0 - éwux)v% @)

+ (’7;1”4 — 28 —

Cuullx — Zguvvx)u%g + (7713 — 28y — 3Cuux — zgvvx)uxx + (77% - Cvux)vxx/

Ua%x = Tlaztx + 277%11“95 + (27732w - gxx)vx + 2(771242) - éxu)”xvx + (’7514 - Cuuvx)ui
+(7722w — 28x0 — 28uvtly — gvvvx)vgzc + (77,% - (:uvx)uxx + (7712; —28x — 28Uy — 3vax)vxx-

First of all, we note that the task of constructing the Q-conditional symmetries with
&0 = 0 for scalar evolution equations is equivalent to solving the equation in question [32].
For this reason, one can obtain only some particular results finding the Q-conditional
symmetry operators of the form (6) for system (1).

Our aim is to construct Q-conditional symmetries of the first type for the DLV system
(1) in Case2. The notion of Q-conditional symmetry of the first type was introduced
in the paper [27] as a special case of Q-conditional symmetry for systems of PDEs. Each
Q-conditional symmetry of the first type is automatically a Q-conditional symmetry (non-
classical symmetry) but not vice versa.

Definition 2. Operator (6) is called the Q-conditional symmetry of the first type for the DLV
system (1) if the following invariance conditions are satisfied :

9(51) =0, 9(52) "= 0, 8)

1 1

where the manifold M is either given by M} = {S1 = 0,5, = 0,Q(u) = O,% Qu) =
0,2 Q(u) =0} or M = {S1 = 0,5, =0,Q(v) =0, % Q(v) = 0, % Q(v) = 0},

We point out that the definition was given in [27] for an arbitrary multi-component sys-
tem of evolution PDEs, and differential consequences (see above % Q(u) =0,.., % Qv) =
0 ) were not used therein. In fact, such equations do not play any role if one looks for
operators of the form (3) with ¢% # 0. It was only indicated (see conclusions in [27]) that
differential consequences should be taken into account in the case of arbitrary systems
(e.g., involving hyperbolic equations). However, it was not noted in [27] that one may use
differential consequences for searching operators (3) with & = 0 occurring in Case 2. Here,
we show that such an approach leads to new results.

The problem of finding Q-conditional symmetries of the first type for some reaction—
diffusion systems (in particular, two- and three-component DLV systems) are considered in
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monograph [31] (see Chapters 3 and 4). In paper [29], such symmetries were constructed in
the no-go case for a wide class of reaction-diffusion systems with nonconstant diffusivities.

Let us apply Definition 2 to construct the system of DEs for finding the Q-conditional
symmetry operators of the form (6). Firstly, we note that the DLV system (1) has a symmetric
structure and admits the discrete transformation u — v, v — u. Thus, to obtain all Q-
conditional symmetries of the first type for the DLV system (1), it is enough to examine
only one manifold from Definition 2, say M. Solving the corresponding system of DEs,
the list of inequivalent (up to same specified local transformations) DLV systems and
corresponding operators will be derived. In order to obtain a complete classification,
the DLV systems from the list derived will be checked to confirm whether they admit
additional conditional symmetries satisfying Definition 2 with the manifold M.

Thus, the invariance conditions (8) corresponding to the manifold M} take the forms:

(dyol, — pt + (a1 + 2byu + c10) 4t + crun?) ’M” =0,
! )
(d20%x — pF +b2v ' + (a2 + bau +2¢20) 11?) ‘Mu =0,
1
where p and ¢ with indices are calculated by the Formula (7).
Using the equations generating the manifold MY, one can exclude the derivatives
Uy, U, O and Uyy :
1 1_x
Uy = %/ Uxx = To—golix guux Ux + %(7791( + mltux — Cxlly — Cuuazc)/ (10)
up = dytiyy + u(ay + byu + c1v), vr = davyy + v(az + bou + c20).

Note that the derivative us, (which can be defined from the equation % Q(u) = 0) is not
presented in conditions (9). Thus, to construct the system of DEs, one needs to substitute
(10) into (9) and to split the equations obtained w.r.t. vyy, UxUxy, UJZC and vy. Omitting
straightforward calculations, we present only the following result:

& =0, 1y =0, 115, = 0, (d1 —dp)1y = 0, (11)
Evo+ 1" = 0, 7' &+ 88 =0, (12)
2dy12%, + u(ay + byu + c0) &y + &

1 1
+5 (dlguﬂ}c + 2do1 g7y + (d — dl)ﬂ%’?i) + dlgj &ty =0, (13)

digl, —nt — u(ay + byu + 1)yl — v(ay + byu + c20)y} + cyun® + (ay + 2byu + 1)y}

’71 1 ’71 1,1 1 (’71)2 1
+? (2d177xu + u(al + blu —+ Cﬂ))Cu + Ct) + dl? (77 Nyu + Cu’h) + dl 63 guﬂu =0, (14)
dgiy,zcx — 17t2 —u(a; +biu + clv)iylzl —ov(ay + byu + czv)iﬁ, + bzvnl + (az + bou + 2C2ZJ)172

1 1
3 (2o + (o = dn)pin) + Ty (o' + (2 = i) =0, (15)

Note that Equations (13)-(15) were simplified (using equation nlé‘u 4+ ¢¢y = 0 and its
differential consequences w.r.t. x and u) by excluding the derivatives ¢y, ¢xx and Gxy.-
The result of integrating the system of DEs (11)—(15) can be formulated as follows.

Theorem 1. The DLV system (1) is invariant under the Q-conditional symmetry operator(s) of
the first type (6) if and only if the system and the corresponding operator(s) have the forms listed in
Table 1. Any other DLV system (1) admitting a nontrivial Q-conditional symmetry of the first type
and the relevant operator(s) are reduced to those listed in Table 1 by local transformations from the
following set:

=t +ty, x* =e"(x+x), u* = Brie"u+Bpo, v* = Ppe?v+ fruu, (16)
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where to, xo, Bij and vy; are some correctly-specified constants.

Table 1. Q-conditional symmetries of the first type of the DLV system (1).

DVL Systems Restrictions and Operators

1. = dyttey + uag +u+0) d # do, Qﬁ‘zax+§—’1{u(au—av),
vy = doUsy + v(ay + u + 0) Qy:ax+§év(av—au)

2. Up = Uy +u(a+u+20) QY = G(x,v)(9x + F(x,v)(0y — 9v))

vy = dvyy + v(ad + dv)

3. Up = Uyy + UD axcr #0, Q% = 0x +r(t, x) udy,
v = doxyx + v(az + c0) Qf = (hY(w) — 2th*(w))ox + ((K(w)x + 13 (w))u + p(t,x,v)) 0y
b =ty v e #0, QL QY = (h'(6) — 2th2())d,

V¢ = dvyy + 0%

+((W(0)x +13(0))u + p(t,x,0)) du

5. Ut = Uyy + UD
v =V +0(a2+ %)

QZ#Or Qg/ Qg lUlthCz:l/Z,
Q¢ =0, + e"tyg, + (zx u— e_zazt 2 — aze’”2t0> oy

6. U = Uyy + UD
Ut = vxx+ %Uz

Qf, Q) withc, =1/2,
QY = (a1t 4+ a0)0x + (a1t + o) ud, + ((az — L ox)u— a2 rxlv)au

7. U = Uyy + UD
Ut = Uxx +0(a2 +0)

ap #0, af +a3 #0, Q% QY wita;;cz =1,

Qf =it (“gu+ o+ (2 + 3 )v)o

8. Ut = Uyy + UD
Ut = vxx + '02

ayt
zx% —i—oc% #0, Q%, Qf withcy =1,
Qf =0y + (—Fu+ 3+ (% +a1)v)oy

The proof of the theorem is presented in Appendix A.

Remark 1. In Table 1, the upper indexes u and v mean that the relevant Q-conditional symmetry
operators satisfy Definition 2 for the manifolds M and M7, respectively.

Remark 2. InTable1, w = ”ﬁ% et §=t+4 c%v" WY, W2 and h3 are arbitrary smooth functions

of the corresponding variables, the function p(t, x,v) is the general solution of the linear ODE
pr = prx — (820 + c20%) po + 0,
the functions F and G are the general solution of the system
FE, — Fx+av+1v*> =0, G, = FG,, (17)

and the function r(t, x) is the general solution of the Burgers equation ry = ¥yy + 2rry, while

o exp(dix®t) + ag sin(k x) + ap cos(k x), if i >0,
§'(tx) ={ agexp(—dix’t) +are™ +aze™, if P2 <0, (18)
wo + a1 X + apx? + 2d;a0t, if a1 =ay,

a1 —az

wherei =1,2,x = i—d

, &, aq and ay are arbitrary constants.
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Remark 3. The general solution of the quasilinear first-order system (17) can be constructed in an
implicit form using of computation program, say Maple. In order to avoid cumbersome formulae,
here we present its solution in the case Fy = 0:

2 1
F:i\/a—avz—gvc”, G = Go(w), w:xi/—dv,
\/a — av? — 303

where w is an arbitrary constant, while Gy is an arbitrary smooth function. The above integral is
expressed in the terms of elliptic functions, which degenerate to elementary functions in particular

cases. For example, w = \/—a x &£ 2arctanh,/1 + %—Z ifa=0,a<0.

Remark 4. All the systems arising in Table 1, excepting that in Case 1, are semi-coupled because
the second equation is autonomous. Interestingly, the equation in Cases 2, 3, 5 and 7 is nothing else
but the Fisher equation [33].

The most interesting system from applicability point of view occurs in Case 1. Using
the transformations (see (16))

u — ﬁllu, 0 — IBZZU,
the system can be generalized to the following form:

up = ditiyy +u(ay + Brau + Bv),

19
vt = dyvxy + v(ap + Br1u + P2o0). 19)

Thus, we conclude that the DLV system (1) admits exactly two Q-conditional symmetries
of the first type provided, by = by = B11 # 0 and c; = cp = B2 # 0, i.e,, has the form (19).
Depending on signs of the parameters, the DLV system (19) can describe competition or
mutualism of two populations of species (cells). However, this system cannot describe
the prey—predator interaction because the quadratic terms have the same signs in both
equations (see [34] for the classification of interaction types).

Finally, the following observation should be highlighted. Because each Q-conditional
symmetry of the first type is automatically a usual Q-conditional (nonclassical) symmetry,
all operators listed in Table 1 are nonclassical symmetries. On the other hand, it can be
noted that Cases 7 and 8 of Table 1 do not present new nonclassical symmetries because the
operators Q7 and Qg are particular cases of those Qf and Qj arising in Cases 3 and 4. In fact,
setting h! = h® =0, h2 =c; = land p = —2a; — 2(ap + a1t)v in Qj, one obtains exactly
the operator —2tQg. Similarly, —2tQ% is a particular case of Q3. We remind the reader that
any Q-conditional symmetry can be multiplied by an arbitrary smooth function in contrast
to the Lie symmetry and Q-conditional symmetry of the first type. Thus, Cases 7 and 8 of
Table 1 can be skipped if one considers the Q-conditional (nonclassical) symmetries.

3. Reduction and Exact Solutions

In this section, we present examples of reductions of the DLV system to ODE systems,
using the Q-conditional symmetry from Theorem 1, and solve the ODE systems obtained in
order to construct exact solutions of the DLV system. Our aim is to find such exact solutions
of the DLV system (1) that are bounded, nonnegative and satisfy the zero Neumann
boundary conditions in some correctly-specified domain (interval).

Consider the DLV system from Case 1 of Table 1, namely the following :

ut = d]uxx + u(ﬂl + u + U)/

2
vy = doUxy +0(ap + 1+ ), di # do, (20)

which is the most interesting from the applicability point of view. Since the Q-conditional
symmetry operators Qf and Qf of system (20) lead to the equivalent solutions (up to
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discrete transformation u — v, v — u), we use only one of them, namely QY. According to
the standard procedure, in order to construct the ansatz corresponding to the operator Q%,
one needs to solve the first-order PDE system (see Q(u) = 0 and Q(v) = 0 in Definition 1):

Uy = 22U, Uy = — 5 1. (21)

Integrating system (21) for each form of the function ¢' from (18), one constructs the
ansatz as follows:

u = ¢(t)(ao + a1 exp(—dyx?t) sin(xx) + ap exp(—dqxt) cos(kx)),

v =1(t) — @(t) (a0 + ag exp(—dix*t) sin(xx) + ap exp(—dix*t) cos(xx)), 22)
if ?11:2 > 0; the ansatz
u = ¢(t)(ao + a exp(dix>t + kx) + az exp(dix>t — xx)), 23)
v =9(t) — ¢(t) (ao + a exp(dix>t + kx) + az exp(dix>t — xx)),
if Zi:;ﬁ < 0; and the ansatz is as follows:
u= (p(t) (DCQ +ax + Dczxz + 2d1042t), (24)

0 =1(t) — (t) (w0 + a1x + ax? + 2d1ast),

if a) = ap = a. It can be noted that each ansatz derived above satisfies the simple functional
relation u + v = (t).

Now three reductions of the PDE system in question to the ODE systems can be
provided. Substituting the above ansatz into the DLV system (20), we arrive at the ODE
system as follows:

% = (a1 + ), iTlf = (a2 +¢) +ao(ar —a2) 9, (25)

in the case of (22) and (23), while the system

9 — paty), =gty + 20 -b) g (26)

is obtained in the case of (24). Here, ¢(t) and () are new unknown functions.

It turns out that each of the ODE systems (25) and (26) can be integrated by reducing
to a single second-order ODE. As a result, the general solution of system (25) is derived in
the following form:

t ant
age! ~ aoa1e"1' = Coape®' 4
e Gt i maz # 0, O T ot a2 70,
q): T if[llzo 17[): M ifai =0 (27)
C1—ag t+Cre2!” 4 C1—ag t+Czell2t/ 1 ’

Déoﬂlealt*Cz

apef! .
ifa, =0 —_—
1t 2 ’ C1+C2 t*lXoEalt,

C1+Cy t—ape if a2 = 0’

where C; and C; are arbitrary constants. Substituting the functions ¢ and ¥ from (27)
into formulae (22) and (23), one obtains the exact solutions of the DLV system (20) with

ajay # 0:

apt .
u(t, x) = Ww (o + ay exp(—dqx>t) sin(kx) + ap exp(—dyx2t) cos(xx)), -
ot x) = Wme G =

- leaoe"llJrCze”Zt o u(t’ x)’



Mathematics 2021, 9, 1984

9of 17

if 31:2 > 0, and

- azet! 2 2
u(t,x) = RPNy (o + a1 exp(dyx®t + kx) + ap exp(dix*t — kx)), 29)

_ apaget—Coape2t
U(t, x) - leageﬂlUrCze“Zt - u(t’ x)’

a;—an
di—d>

Similarly, solving the ODE system (26), we arrive at the exact solutions

if ;i::é < 0, where x =

2 2
_ a ag+aq x+apx=+2dyapt
u(t,x) = 2d—d2)  Ci—mpat+Coe 7

—Cy+ayat
o(t,x) = % —u(t, x)

and .
_agtagxtapx +2dqant
u(t, x) = C1+Cot—(dy—dp)ant?’

_ _2di—dy)art—Cp
U(t,x) - C1+C2f—(d1—d2)ﬂczt2 u(t’x)

of system (20) with ay = ap = afor a # 0 and a = 0, respectively.

To the best of our knowledge, all the exact solutions obtained above are new, although
several papers are devoted to finding exact solutions of the two-component DLV system. In
fact, a majority of these papers [9-11] present the plane wave solutions (traveling waves),
which have the following structure:

u=U(x—ct), v=V(x—ct), (30)

where c is the speed of the wave. The solutions derived herein possess a more complicated
structure than traveling waves and cannot be presented in the form (30). So, we compare
our results only with paper [17] (see also Chapter 3 in [31]), where also nontrivial solutions
were constructed for the DLV system as follows:

My = tyy + u(a; + u+0),
A20r = Uy +0(ag +u +0), Ay # Ay

It can be easily noted that this system is reduced to the form

up = dylyy + u({flik +diu + dlv)/ (31)

vt = dyvxyx +v(ay +dou +dav), di # da,
by the introduction diffusivities d; = A Land d, = Ay ! (here ay = Ay Lay and ay = A, La,).
Now, one realizes that two nonlinear systems (20) and (31) are inequivalent, provided
dy # dy. It means that any solution derived in [17] cannot be transformed into a solution
of the DLV system (20). We only point out that the exact solutions (28) and (29) with
C; = C, = 0 have the same structure as those of (117)—(118) [17]. It means that these
solutions could be used for description of similar processes. A possible application is
presented in the next section.

4. Interpretation of the Solution Obtained

In this section, we present an example that demonstrates remarkable properties of
some solutions constructed in the previous section. Obviously, using the transformation
u — —bu, v — —cv (see Formula (16)) and introducing the notation &g — —bag, a1 —
—bwq, one reduces the DLV system (20) to the following form:

up = dqtlyy +u(a; —bu — cv),

v = doUyy +0(ap —bu —c o). (32)
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The nonlinear system (32) with positive parameters a;, a5, b and ¢ is widely used for describ-

ing the competition of two population of species (or cells) (see, e.g., [34,35]). Solution (28)

(we set ap = 0 just for simplicity) after the above transformation takes the following form:
— ! di(a—a1) 4\ o =

u(t,x) = C1+a0l’:elz§1f+cze“2f [zxo + o exP< ldlidzl t) sm( ;iffé x)},

_ 1 aparbe 4+ Compe™t

(33)

In order to provide a biological interpretation, the components u# and v must be
bounded and nonnegative in some domain because they describe densities of species. If
we consider the domain Q) = {(t,x) € [0, +00) X (—o0, +00)}, then it can be easily shown
that both components are bounded and nonnegative, provided the coefficient restrictions

baq |«
ag > |agf, Co > max{—zxob —C, 2|1|}
2

hold. Moreover, solution (33) possesses the asymptotical behavior as follows:
(u, ) = (F,0), if a1 > ay,
(u, v) — (0, %2), if a1 < ap, as { = +oo. (34)
Now, one realizes that (9, 0) and (% 0) are steady state points of the competition
model (32) and the asymptotical behavior (34) is in agreement with the qualitative theory
of this model (see [8] and the papers cited therein).
In real-world applications, the competition takes place in some bounded domain, say,
Q. ={(t,x) € [0,+) x (A,B)}, —c0o < A < B < +oco0. Typically, the zero flux conditions
are assumed at the boundary of (),:

(35)

Such boundary conditions reflect a natural assumption that the competing species
cannot cross the boundaries (for example, the wide river is a natural obstacle). It can be
easily checked that the exact solution (33) satisfies the boundary conditions only under the
following requirement:

A= n<1—|—m1>, B= n<1+m2), my < my,

K\ 2 K \2
a;—a
d1—d;
that our solution with correctly-specified parameters describe the competition of two
population of species in the bounded domain. An example is presented in Figure 1.

It should be pointed out that traveling wave solutions, which are widely studied for
any nonlinear model and play an important role in qualitative analysis, usually cannot
be used for solving the relevant models involving the zero flux boundary conditions in
the bounded domains. Let us consider the traveling wave of the DLV system (32) with
dy = dy = 1, which was firstly constructed in [10] (see also Section 3.2.3 in [31]) and much
later rediscovered in [12] (see formulae (18) and (24) therein)

u(t,x) =g (1 — tanh (\/@x — 5(“11;“2) t))z, i )
o(t,x) =2 -2 (1 — tanh (\/ A2 x— 5(’“1;“2) t)) .

Clearly, the components u and v are bounded and nonnegative, provided that a; > a; and
the asymptotical behavior is the same as in (34). However, solution (36) does not satisfy the

where my and m; are arbitrary integer parameters and x = . Thus, we conclude
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boundary condition (35) for any finite values of A and B. It can be done only for A — —oo
and B — +o00. An example of solution (36) is presented in Figure 2.

0,15

o
i

0,05

<
IR EEENEN RN N ENARNRAANN]

12 32

Figure 1. Surfaces representing the components # and v of solution (33) withag =1, a; =1/2, C; =
—4, Cp = 4 (left surfaces) and ag = 1, a1 = 1/2, C; = 2, C; = 7 (right surfaces) of the DLV
system (32) with the parameters dy =3/2, dy =1, a1 =2, a =1, b = 3, ¢ = 5. The functions u and
v are defined in the domain Q. with mqy = —2 and m, = 2.

Figure 2. Surfaces representing the components 1 and v of the traveling wave solution (36) of the
DLV system (32) with the parametersd; =1, dy =1, a1 =2, ap =1, b =3, c =5.
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5. Conclusions

In this paper, the two-component DLV system (1) was examined in order to find Q-
conditional symmetries in the so-called no-go case (see (6)) and to construct exact solutions
and provide their biological meaning.

From the very beginning, we modified the definition of Q-conditional symmetries of
the first type [27] in the no-go case (see Definition 2). In contrast to the standard definition
(see Definition 1), Definition 2 allows us to obtain the integrable system of DEs (11)—(15).
Solving the system of DEs, the main theoretical result in the form of Theorem 1 was derived.
The theorem presents an exhaustive list of Q-conditional symmetries of the first type, which
the DLV system (1) admits depending on the parameters d;, a;, b; and ¢; (i = 1,2). All
other cases, which are not listed in Table 1, are reducible to those in Table 1 by appropriate
point transformations of the form (16).

We used the coefficient restrictions (2), which are motivated from the mathematical
and applied point of view. For example, we excluded from the examination the systems of
the form (1) involving a linear equation, i.e., the following:

Ut = dythr + aytt, O = dyves + (a2 + bt + c0). (37)

It is not plausible that such a system can model any interaction between species (cells,
chemicals) because the first equation is linear and autonomous. Interestingly, system (37)
is reduced to the following:

uf = diuy,, vf =dyvi, + cze‘w(v*)2 + bye"rty*o*, (38)

by the local transformation

t —apt

u* =e iy, v* =e M2y,

In the case ¢; = 0, all solutions of system (38) can be easily derived by substitution
of the relevant solutions of the linear diffusion equation into the second equation, which
becomes the form of a standard diffusion equation with a linear source (sink), i.e., it is
again solvable via classical methods for linear PDEs. In the case ¢, # 0, the situation is
more complicated because the second equation is nonlinear w.r.t. v*.

The conditional symmetries from Table 1 allow us to construct exact solutions of
the relevant systems. As a result, a variety of new exact solutions of the nonlinear DLV
system (20), which is the most interesting from applicability point of view, were derived.
Moreover, it was shown that all the solutions obtained are new.

Finally, we examined a model describing the competition of two populations of
species. It was shown that the exact solution (33) with correctly-specified parameters are
bounded, nonnegative and satisfies the zero Neumann boundary conditions at bounded
space domains. Moreover, the solution possesses a realistic asymptotic behavior. Thus, we
conclude that our solution with correctly-specified parameters describes the competition
of two species. Interestingly, the solution is periodical in space (see Figure 1) in contrast to
the known traveling wave (see Figure 2).

In conclusion, we want to highlight an unsolved problem. The nonlinear system (32)
with positive parameters a1, 4, and negative b and c is the model describing mutualism or
cooperation (see [34,36]). Obviously, the solutions constructed in this work can be used
for these types of interaction in a quite similar way as that in Section 4. However, these
solutions are not applicable for the third most common type of interactions between species
(cells), prey—predator models. In the prey—predator model, the parameters should satisfy
the conditions a1a; < 0, ¢1b, < 0, by < 0and cp < 0 (see the DLV system (1)). It can be
seen that Table 1 does not contain such a type of systems; therefore, the relevant exact
solutions cannot be found. Moreover, we noted that all the exact solutions derived in other
papers [9-14,17,18] are not applicable for description of the prey-predator interaction as
well. Thus, the problem of constructing exact solutions for the DLV system (1) modeling
the interaction between the prey and predator is a hot topic.
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Appendix A. Proof of Theorem 1

In order to prove the theorem, one needs to solve the system of DEs (11)—(15) and to
identify all inequivalent solutions depending on the parameters a;, b;, c;and d; (i = 1,2).
First of all, we note that two essentially different cases occur (see (11)), namely: (i)
173 = 0 and diffusion coefficients di and d, are arbitrary constants; (ii) 7} # 0 = dy =
dz =d.
Examination of Case (i). In this case, the functions &, 7' and 72 have the following
form:
E=&(tx,u), nt =rl(t,x,u), n* = r*(t,x,u) +g*(t,x, u) v, (A1)

where ¢, 7!, 2 and ¢? are to-be-determined functions. Substituting the functions ¢, 7!
and 72 from (A1) into Equations (12)—(15) and splitting the equations obtained w.r.t. the
variable v, we arrive at the equation c1§,, = 0 (see Equation (13)). So, two different subcases
should be examined: (i1) c; # 0 = ¢ = ¢(t) (see the second equation in (12)); (i2) c; = 0.

Subcase (i1). Since ¢ # 0, we can set ¢; = 1 (using the transformation v* = c1v). Thus,
the system of DEs (11)—(15) is transformed to the following form:

ug> —cq®> =0, url —r' —ug* =0, (A2)

217 +82) 420 =0, (A3

dirk, —rh+ i (gzl)zriu + E(Zdlr}m + Zi’:) —u(ay + byu)rk + (a4 2byu)rt + ur? =0, (A4)

dor?, —r? + ;(dzrlrfm + (dp — dl)rglrf,) — u(ay + byu)r?

+% (Zdzrlr,zm +(dy — dl)r}crﬁ) + (a2 + bou)r® = 0, (A5)
A

dagl, — g7 +

2 (dzrlﬂﬁm + (d2 — dl)ﬂlmﬁ) — u(ay + byu)qy

—l—% (Zdzrlq}zm + (dy — dl)r}cqf,) - urﬁ + byr! 4+ 20,7% = 0. (A6)

Integrating Equation (A2), we have the following:

2
g { Lt x)u+ %Z,X)MCZ'F% if ¢ #0, = F2(t, x)u, (A7)
fUtx)u+ f2(tx)ulnu, if ¢ =0,
where f! and f? are to-be-determined functions. Substituting (A7) into Equation (A3), we
arrive at the conditions f2 = 0 and ¢ = const. Therefore, one can set { = 1 without loss
of generality.
Now we can find the function 7> from Equation (A4):

r* = —byuf' = 2dif fi + f —difie, f1 #0. (A8)
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Substituting the functions r! and r? into Equations (A5) and (A6) and splitting the
equations obtained w.r.t. the exponents of u, we arrive at the following system:

bi(by — by) =0, bi=by=b,
{ 22162 — bi — bz = 0, { b1(62 —21) = O, (A9)
o (dfly = f1 +2auf' fL) =0, (A10)
(e + o) fie +2f] — (dh +3da) f £ + (= ) (F)° + (@ — @) ) = 0. (A11)

Note that the case ¢, = 0 leads to the restrictions by = b, = 0 (see (A9)). Thus, one
obtains the following system:

up = ditiyy +u(ay +0), vp = dovyy + 20,

that is excluded from consideration (the second equation is linear).

In the case b = 0, we immediately obtain the DLV system from Case 3 of Table 1
and the operator Qf. To complete the examination of subcase (i1) one needs to solve
the overdetermined nonlinear system of PDEs (A10) and (A11) with b # 0 (one can set
b = 1 using the transformation u* = bu) and ¢, = 1. Taking into account the Burgers
Equation (A10), Equation (A11) can be rewritten as follows:

(dr —d2) (fir +3f fi + (f1)°) + (a1 —a2) /1 = 0. (Al2)
Ifdy = dy =d, then a; = ap = a4, and the DLV system
Uy = diyy +u(a+u+0v), vy = doyy +v(a+ u+0) (A13)
is obtained. Applying the transformation

* 1 * —
X=—4x,u"=e
Vd
system (A13) is reduced to the DLV system from Case 3 of Table 1 (withd =1, a, =4, ¢, = 1)
admitting the operator Qf.
It is well known (see [37]) that Equation (A12) with dq # dj is reducible to the
following linear equation:

at

u, v*=u-+o, (A14)

a1 —a
S+ —2gl=0, (A15)
d—dy

by the nonlocal substitution

1
fl=g2 (Al6)
8
(here g(t, x) is a new smooth function). Integrating Equation (A15) and taking into account
(A8), (A10) and (A16), we arrive at the operator Qf from Case 1 of Table 1. Since the DLV
system from Case 1 of Table 1 has a symmetric structure, it admits additional operator QY,
which satisfy Definition 2 on the manifold M7. Thus, subcase (i1) is completely examined.
Subcase (i2) is investigated in a quite similar way so that operators Q3, Qf and Qf are
derived (up to discreet transformation u — v, v — u).
Thus, Case (i) is completely examined and Cases 1-4 of Table 1 are obtained.
Examination of Case (ii). In this case, one can set d = 1 using the transformation

x* = ﬁ x. Since 7} # 0, Equations (12) and (13) lead to 77}, = 7}, = 0, &, = & = 0 and

12, = 0, respectively. Integrating (11) and (13), one finds the functions ¢, %! and #? in the
following form:

E= ), o' = )+ 00, P = A+ (PO -3 F o @)
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where &, 71, 12, ql # 0 and q2 are smooth functions, which should be determined from
Equations (14) and (15).

Substituting (A17) into (14) and (15) and splitting the equations obtained w.r.t. the
exponents of v, we arrive at the overdetermined system as follows:

2 cox d
g = (2 —e)@ (7') 7 = (édf —bag' - Czqz) & (A18)
29'r'ry, | 4" (dg ) xdE
et () ven(r 55 )
1 1 dgq'
+e1r + (ag — ap + 2bju — byu)q' — o= 0, (A19)
2112 ogly2 v 2 d
17 2 Tuu qu” — cqur? + bort 4 2001 + EdTg — % =0, (A20)
1 1 <r1)2 1o o dg 1 1 2
Ty — 11 + ?ruu + H (21’xu + dt) —u(ay + byu)r, + (a1 +2bju)r' + cyur- =0, (A21)
2

2 2 (71) 2 ﬁ 2 2 2 _
Tex — 17 + 2 rou + 7 oy — u(ay + byu)ry, + (a2 + bou)r= = 0. (A22)

Integrating Equation (A18) as two ODEs for r! and 12, we find the following:
= 4 ptu+ p?u?, P =00 4 vtu R, (A23)
where 4, u!, v° and v! are arbitrary smooth functions of variables t and x, while

2_027C . o2 ¢ Cxdé 1 o
=28 —2(q1)2<2 g — ). (A24)

Formula (A23) allows us to reduce Equations (A19)—(A22) to those without variable
u. First of all, substituting the function r! from (A23) into Equation (A21), one imme-
diately obtains 4> = 0 = ¢; = ¢ = c. Thus, taking into account (A23) and splitting
Equations (A19)-(A22) w.r.t. the exponents of u, we arrive at the system as follows:

c & _ =0, c? =0, (2by —by)v? =0, (2b; — Iaz)q1 + ch =0, blyl +at =0, (A25)

dt
and
(.;2 (Cv +;4 v3) + ot + v =0,
% = (2.”x + dg) + (a1 —a2)q" +cp’,
dg? 4!71;1 v 29l xdg

= ‘

= g C + 2 dtz + bzl,{o +2CV
Hax — 17+ (ZVX %) +mu =0,

V9, — 1) + <0)2 —i—ZVVY—i—av =0,
xx t &2 gj 2
Leo— b+ B (2ud + %) 4 2bip + e =,
Pxx — M T Vx dt Lu C1V
2 2
vl —vi+ 4”! =+ 22 V’%ﬂ‘ ) + b10 + (ay — ap)v! =0,
2() | ale? 1 2
2 +T"+(b2—b1)v +(ﬂ2—2111)1/ = 0.

Taking into account (A25), two different subcases should be examined : (ii1) ¢ # 0 =
c=1;{i2)c=0.
Subcase (ii1). Formulas (A24) and (A25) lead to the conditions

(A26)

—vtz +

¢ = const, 2 =0, by =b, =, bql + q2 =0, byl +vl=o0. (A27)
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It turns out that the assumption L = vl = 0 leads only to Lie symmetries, which is

completely described in [10]. So, we assume (V}C)z - (1/,15)2 # 0 in what follows.

The detailed analysis of system (A26) with conditions (A27) leads to the restriction
a1 = b = 0. In fact, assuming b # 0 = b = 1, we additionally obtain a1 = a; = 4. Asa
result, system (A13) with d = 1 is obtained, which is reduced to the DLV system (up to
the notations)

Ut = Uyy + UV, U = Uy +0(ap + 0) (A28)

by the transformation (A14). In the case b = 0, a1 # 0, using the transformation u* =
e~ "'y, we again arrive at the DLV system (A28).

Thus, to complete the examination of subcase (ii1) one needs to identify only Q-
conditional symmetries of the form

Q= Oy + (H0+}llu+l]lv>altr ql 7& 0, V}c 7& 0

of the DLV system (A28), where the functions 1, u! and g' satisfy the PDE system
as follows: .
2q iy — L% —aq' + =0, (A29)
e = My 20t = 0, e — ) 4+ 205 = 0.

System (A29) consists of three nonlinear PDEs; however, the function ¢! depends only
on t and it allows us to treat the first equation as a linear first-order ODE. As a result, a
relation between u° and ! is established; therefore, the 2nd and 3rd equations are solved.
Finally, operators Q7 and Qg arising in Cases 7 and 8 of Table 1 are identified.

Note that the DLV system from Case 7 is the subsystem of one from Case 3, i.e., one
additionally admits the operators Q% and Qf provided c; = 1. A similar situation occurs
for the DLV system from Case 8 of Table 1.

Thus, subcase (i1) is completely examined.

Subcase (ii2) is investigated in a quite similar way. In this case, the DLV system has the
following form (see the fourth equation in (A25)):

Up = Uy + u(ag + byu), v = vyx + v(az +2byu), by # 0. (A30)
Using the transformation

ast

u* = bu, v* =e "'y, (A31)

one can set ap = 0 and b; = 1 in system (A30). Solving system of DEs (A26) with

2
by =1, b, = %, ap =c¢c =0, yo = yl =0, 12 = —g—l and using the transformation
u* = v, v* = 2u, the operators Qf and Qf arising in Cases 6 and 7 of Table 1 were

identified.

Thus, Case (ii) is completely examined and Cases 5-8 of Table 1 are obtained.

Finally, it should be noted that several point transformations ((A14), (A31) and
u* = v, v* = 2u are examples) are used to simplify structures of the relevant DLV sys-
tems. These transformations can be united and presented in the form (16).

The proof is now complete.
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