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Abstract. We consider a system of three parabolic partial differential equations of a spe-
cial reaction-diffusion type. In this system, the terms that describe diffusion are identical
and linear with constants coefficients, whereas reactions are described by homogenous
polynomials of degree 3 that depend on three parameters. The desired functions are
considered to be dependent on time and an arbitrary number of spatial variables (a multi-
dimensional case). It has been shown that the reaction-diffusion system under study has
a whole family of exact solutions that can be expressed via a product of the solution to
the Helmholz equations and the solution to a system of ordinary differential equations
with homogenous polynomials, taken from the original system, in the right-hand side.
We give the two first integrals and construct a general solution to the system of three
ordinary differential equations, which is represented by the Jacobi elliptic functions. It
has been revealed that all particular solutions derived from the general solution to the
system of ordinary differential equations are periodic functions of time with periods
depending on the choice of initial conditions. Additionally, it has been shown that this
system of ordinary differential equations has blow-up on time solutions that exist only on
a finite time interval. The corresponding values of the first integrals and initial data are
found through the equality conditions. A special attention is paid to a class of radially
symmetric with respect to spatial variables solutions. In this case, the Helmholz equation
degenerates into an non-autonomous linear second-order ordinary differential equation,
which general solution is found in terms of the power functions and the Bessel functions.
In a particular case of three spatial variables the general solution is expressed using
trigonometric or hyperbolic functions.

Keywords: reaction-diffusion system, exact solutions, reduction to a system of ODEs,
periodic solutions, Jacobi elliptic functions.
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1. Introduction

Mathematical models of the reaction-diffusion type are usually described
by systems of parabolic nonlinear differential equations [2;10-13;15; 16].
Construction of solutions to such a class of equations is quite challenging,
which is why one of the successfully used approaches is based on the re-
duction to a system of ordinary differential equations (ODEs) that can be
performed under certain conditions [6-8]. The survey [9] demonstrated
that, from the viewpoint of applications in chemical technology and the
qualitative theory of differential equations, the existence and construction
of exact periodic solutions are relevant and important issues for models
of reaction-diffusion systems with distributed parameters. The study of
these problems on the basis of various methods and approaches is currently
ongoing and quite successful (see, for example, [14] and the references
therein).

This paper considers a reaction-diffusion system of three parabolic equa-
tions of a special type, where the terms describing diffusion are linear and
identical, whereas the reactions are described by homogenous polynomials
of degree 3. We show that this system has a family of exact solutions that
can be expressed through the solution to the Helmholz equation and the
solution to a system of ODEs with homogenous polynomials in the right-
hand side. A general solution to such a system of ODEs is constructed,
and it can be represented by the special Jacobi functions. It is revealed
that all solutions derived from the general solution to the system of ODEs
are time-periodic functions with the periods depending on the choice of
initial conditions. Additionally, we show the presence of blow-up on time
solutions and single out a class of radially symmetric with respect to spatial
variables solutions.

The results obtained in the present paper are closely connected to the
research that has been carried out by the authors in the area of periodic
solutions to reaction-diffusion systems [3;4]. However, these results are
new, because the current research focuses on a new object, and for the first
time we managed to obtain the representation of dependence of solutions
to the reaction-diffusion system on spatial variables using the solution to
the Helmholz equation.

2. Problem Statement and Auxiliary Results

Consider the following nonlinear reaction-diffusion system of equations

oU
8—751 = KAU; + aU; + a(x) U2 (AU — uUs)
W = KAUQ + alUs + CL(X) U2 (—)\Ul + 0'U3) R (21)
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% = KAUz + aUs + a(x) U3 (uUy — ols).

Here t € R is time, x € R™ are independent spatial variables, U;(t,x) are
the desired functions that we interpret as concentrations of interacting
substances, A is the Laplace operator. K > 0 is a constant diffusion
coefficient, v, \, i, o are real nonzero parameters. The given function a(x)
describes the dependence of reaction rates on spatial coordinates, caused,
for example, by temperature differences or by the presence of physical fields.
This function can be considered as a control, the choice of which allows us
to influence the reactions rates at various points of space.

The main problem is to show that for a certain choice of a(x) the
reaction-diffusion system (2.1) has a whole family of exact solutions that
can be represented through the solutions to the Helmgolz equation and to
a system of ODEs. Another goal is to single out a class of periodic with
respect to time solutions and a class of solutions existing on a finite time
interval (the so-called blow-up solutions).

Before we formulate the main result, we will prove a lemma for an
autonomous system of ODEs of the following form

Xl = X12 ()\XQ — ,uX3) s X2 = X22 (—)\Xl + O'Xg) ,

X3 = X3 (uX1 — 0Xa), (2.2)
which has the following independent first integrals
o 7 A
L=X1X0X5=0C, h=—+4+—F+F=0. 2.3
1 142X3 1, 12 X1+X2+X3 2 (2.3)

Here Cy # 0, Cy # 0 are arbitrary real constants.

Lemma 1. Let parameters of (2.2) satisfy the condition

Apo > 0. (2.4)
Then, in the area X1 XX i—ki—ki > 27T\uo the system (2.2)

) 14243 X, X, X, H Yy :

has a general solution
240 -z

X (4) = 2L s B _
1(t) G G sn” (T, k), (2.5)

Xo(t) = C1C3  2f — (27 — 25)sn? (T, k) + 6 Psn (T, k) en (T, k) dn (T, k)
2 2\ (zF+ 0 — (2F — 23)sn2 (T, k))? ’
(2.6)

Xs(t) = C103  zf — (27 — 235)sn? (T, k) — § Psn (T, k) en (T, k) dn (T, k)
’ 2 (zF 4+ 0 — (2F — 23)sn2 (T, k))? .

(2.7)
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Here C1 # 0, Cy > 0 are arbitrary real constants satisfying C1C3 > 27T\uc;
2] > z5 > z5 are the real roots of the cubic equation

C1C3 — 12X
23— # 22 +30%2+0%=0. (2.8)

The functions sn(T, k), en(T, k), dn(T, k) are the elliptic sine, cosine, and
2] — 25

> = 15 an absolute value
17 %3

Jacobi delta amplitude, correspondingly; k =
of the elliptic function,

Ap
C\C3

Ap

C
021\/zf — 23 (t—C3),

(=1 =%

P=2 —2)\ 24—z, T=-6

0 = £1, C5 is an arbitrary constant.

Proof. Using (2.3), express Xa(t), X3(t) through the function X (¢):

. C1Cs Xl(t) —oCq + (5\/5 (t) . C1Cy Xl(t) —oCq — (5\/5
- 2\ X2(1) R 2 X3(1) '

Xo(1)
(2.9)

For convenience, we employ the following notations
Q=01 (0201 — 20 C1Cy X4 (t) + C1CF X7 (1) — AA\n X7 (), 6 =£L1.

Taking into account (2.9), the system of ODEs (2.2) is reduced to a single
equation with respect to Xi(t): X3 = F'(X1), where F' (X;) has the form

C1 (€2 X1 = o) (€103 Xy = o€y + 6V — Aru XY

F(X,) =
%) C1Cs X1 — aCy + 6v/Q
1
Introduce the change of variables: z = Cy X1 (t) — o or X;(t) = F(Z +o0).
2
Then we have
Q:T§<—z —|—T2 —30'2—0' s (210)

while the function F'(X;) can be rewritten as

dIdCy (z+0)?
Cg Cl z —|— 5\/5

Multiply the nominator and denominator of the last term by C; z — 6v/QQ.

Then, in view of % = 1, we obtain

AAuCy (24 0)3(Cy 2z — 6vV/Q)
C3 C?22-Q

F(Xl):Clz—

F(Xl):Clz—
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4)\,&01
3
defined by (2.10). In this case, the ODE X; = F (X;) for the new variable

z takes the form

5—1
= 26\/)\/551 <—z3 + —01024)\M2)\MU 22 — 302z — 03).

Since C? 22— Q = (z+0)3, we finally get F (X1) = 6v/Q, where Q is

Therefore, the problem of finding the function X;(¢) is reduced to the
calculation of the following integral

dz

/
C C3—12)
\/)\ucl 1 Ho »2

(2.11)

o — 302z — 03)
If the conditions of the theorem are satisfied, then the discriminant of (2.8)
has the form
o3C3CS (C1C3 — 2TApo)
162303
and is positive, which is why the cubic equation (2.8) has three real roots
zf > z3 > z3 and the integral (2.11) is reduced to the quadrature

02 6F(90’k)__(t_c)
)\M Cl /721'< — Z§ — 3)
= arcsin Z*l_i, k= z}k—zz.
21— %9 21 T %3
® dy
Here F (¢, k f —k2 = is an elliptic integral of the first kind.
0 sin® ¢

By inversing this integral, we find the function X (¢), which has the form
(2.5). In turn, using (2.5) and (2.9), we obtain the functions Xa(t), X3(t),
which are expressed by the formulas (2.6), (2.7). The Lemma is proved. O

It can be readily seen that each particular solution obtained from the
general solution (2.5)—(2.7) to the system of ODEs (2.2) is periodic with
the period 7 depending on the parameters A, i, 0 and on the choice of the
constants C, Co. This follows from the periodic behavior of the Jacobi
functions sn(7, k), en(T, k), dn(T, k) and from the fact that T is linearly
dependent on ¢. As well-known [1], for a real argument 7' the functions
sn(T, k) and cn(7, k) have a real period 4/C, and the function dn(7, k) has
a real period 2/C, where K is a complete first kind elliptic integral of the

form _
5 * *
IC—/ dep 2L %
1—kzsin2cp7 2 — 23
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and the periodic relationships are as follows
sn(T + 4K, k) = sn(T, k), cn(T +4K,k) = cn(T, k),
dn(T + 2K, k) = dn(T\, k).

Here the real numbers 27, 23, 23, defining the absolute value of the elliptic
function k and satisfying the chain of inequities 2] > 23 > 23, are the roots
of the cubic equation (2.8), whose coefficients depend on the parameters
A, i, 0 and on the constants C7, C5. Therefore, the value of the complete
elliptic integral IC, the real periods 4/C, 2/C of the obtained elliptic functions
will depend on the parameters and constants given above. The value of the

4K

period 7 with respect to the original time scale ¢ has the formr = TR

)\,u Cl

where 0 = e VA — 2.
2

3. The Main Result: Reduction to a System of ODEs

The main result is represented by the following theorem on reduction
of the original system of reaction-diffusion parabolic equations (2.1) to the
system of ODEs (2.2) with a periodic solution.

Theorem 1. Let in the reaction-diffusion system (2.1) the function a(x)

be written in the form a(x) = , where f(x) is a non-vanishing in the

fA(x
area x € D C R" solution to the Helmholz equation
KAf(x) = —af(x). (3.1)

Then, in the area x € D C R™ the reaction-diffusion system (2.1) x € D C
R™ has an exact periodic with respect to time solution

UZ‘(X7 t) = f(X)Xi(t), 1= 1,—3, (3.2)

where the functions X;(t), i = 1,3 are defined by the formulas (2.5)—(2.7).

Proof.  Substitute the functions (3.2) into (2.1). After some trivial
transformations we will arrive at

F)X1 = [KAF(x) + af (x)] X1(t) + a(x) £ (x) XT (AX2 — pX3),
F0)Xa = [KAf(x) + af (%)) Xa(t) + a(x) £ (x) X35 (-AX1 + 0X3),
F0)X5 = [KAf(x) + af (%)) Xs(t) + a(x) f*(x) X5 (1X1 — 0Xa) .

Here we can see that if the function f(x) satisfies the Helmholz equation
(3.1), then by choosing the function a(x) according to the condition of
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the Theorem, the last equations are reduced to an autonomous system of
ODEs (2.2). Due to Lemma 1, the system (2.2) has a general solution
represented by the periodic Jabobi functions and expressed through the
formulas (2.5)—(2.7). The Theorem is proved. O

In addition to the solution that can be represented via the elliptic Jacobi
functions by the formulas (2.5)—(2.7), the system (2.2) has a particular
solution expressed through the trigonometric functions. Therefore, the
following statement takes place.

State 1. If Auo > 0, then the system of ODEs (2.2) has a particular
solution

o 3(4cos*(T) -3
X1(t)=?2' (46082(%) ),

6 cos(T) [~9cos(T) + 8 cos®(T') — 3v/3 6 sin(T)]

Xo(t) = . 3.3
2(t) Cs 9 — 24 cos?(T) + 16 cos*(T) o (33)
A 6cos(T) [—9cos(T) + 8cos®(T) + 3v/34 sin(T)]
X3(t) =~ 2 4
Cy 9 — 24 cos?(T) + 16 cos*(T)
Here T = 5% - (t — C3), Cs is an arbitrary constant.
2

This particular solution can be derived, if the initial data X7 (¢g), X2 (o),
X3(to) at some initial instant ¢y > 0 are chosen so that for the constants
C1, Cs of the first integrals (2.3) the equality C1C3 — 27\uo = 0 holds. In
this case, the cubic equation (2.8) takes the form

, 15

z° — Zazz+3022+03 =0,

and has the roots z7, = 20, 23 = —%. It should be noted that in this

case the corresponding Cauchy problem for the system (2.2) does not have
a global solution on the interval [ty, +00), i.e. the solutions explode.

4. Radially Symmetric with Respect to Spatial Variables
Solutions

It is convenient to look for the most trivial multidimensional solutions
to the Helmholz equation (3.1) in the class of radially symmetric functions,

n

1/2
ie. f(x) = f(r), r = ||x]| 2 <Z ﬂ:%) is the Euclidean norm in R™.

In this case, the Helmholz equation (3.1) is transformed into the Bessel
equation
&f n—-1df «
- — 4+ —=f=0, €N, > 2.
a? T ar K / " "
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The general solution to this ODE has the form

n

flr)= ri=2 [Clt]g—l (% 7“) + CQY%_l <% T)] . (4.1)

Here J%,l(-) and Yg,l(-) are the Bessel functions, C7, Cy are arbitrary
constants. Thus, in the three-dimensional case n = 3 the solution (4.1) is
expressed either through trigonometric or hyperbolic functions, according
to the sign of the parameter «.

Example 1. Consider a particular case of (2.1) in the three-dimensional
coordinate space of the following form

oUu

8—t1 = KAU; + aUy + a(z1, 29, x3) U2 (AU — uUs)

3U2 2
W :KAU2+aU2+a(x1,x2,x3) U2 (—)\Ul —i—O’Ug), (4.2)
8U3 2

W = KAUsz + aUs + a(ml,wg,xg) U3 (MUl - O'UQ) ,

where A is the Laplace operator in the three-dimensional coordinate space,
a > 0, and the function a(z1, z2,x3) is defined by the formula

_ 23 + 23 + 23 _ \/E 2 .2 .2
a(xy, o, x3) (CreinQ 1 Cy cos Q)27 Q 7Vt + a5+ x5. (4.3)
Here Cy, Cy are arbitrary constants such that C1Cs # 0. In this case,
the reaction-diffusion system (4.2) has an exact solution if considered in
the area where the denominator of the expression that defines the function
a(x1, 9, x3) is non-vanishing. The solution is time-periodic and radially
symmetric with respect to the spatial variables:

Ui(xy, 22, 23,t) = Grsn@ + G COSQX'(t)a (4.4)

(2
\/x% —|—x% —|—x§

where the functions X;(t), i = 1,3 are defined by the formulas (2.5)—(2.7).

Example 2. The reaction-diffusion system (4.2) with the function
a(x1, e, x3) of the form (4.3) and the parameter oz > 0 has an exact solution
(4.4) if considered in the area where the denominator of the expression that
defines the function a(z1, z2, z3) is non-vanishing. The solution (4.4) blows
up and radially symmetric with respect to the spatial variables and the
functions X;(t), i = 1,3 are defined by the formulas (3.3).
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5. Conclusion

This paper studies time-periodic exact solutions to a reaction-diffusion
system of a special type. These solutions have been expressed through
the known solutions to the Helmholz equation with respect to the spatial
variables and through the solutions to the polynomial systems of ODEs
with respect to time. It should be noted that in the paper [5] the authors
showed that the solutions (2.5)—(2.7) to the autonomous system of ODEs
(2.2) satisfy some nonlinear differential equations with a delay (advanced)
argument, which value depends on the choice of initial conditions. Here
it has been revealed that the periodic solutions (2.5)—(2.7) are analytic
functions which can be represented in the neighborhood of every point on
the period by convergent power series and expressed via special Jacobi func-
tions. Therefore, the present paper establishes a deep connection between
the various classes of differential equations (partial differential equations,
ordinary differential equations, equations with a deviating argument). We
have found various interesting properties of the solutions: the presence of
families of periodic solutions, their representations via special functions,
analyticity etc. The approach proposed in this paper can be used to
study other classes of nonlinear reaction-diffusion problems and to analyze
properties of their solutions.
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O nepumoanmYecKux perneHusiX OAHOU HeJIMHEWHOU CUCTEeMBbI
peakiuu-andpy3nn

A. A. Kocos

Huemumym  dunamury — cucmem U MEOPUU  YNPABAEHUA  UM.
B. M. Mampocosa CO PAH, Hpxymcx, Poccutickas Dedepayus

9. . Cemenosn

Huemumym  dunamuky — cucmem U Meopul  YNpasAEHUA — UM.
B. M. Mampocosa CO PAH, Hpxymcx, Poccutickas Pedepayus

Amnnoranusi. PaccmarpuBaercst cucreMa Tpex napabOIndecKnX YPaBHEHUI B 9acT-
HBIX IPOU3BO/IHBIX CIIEIUAJBHOINO BUJA, OTHOCSIIASICS K TUITY YPaBHEHUI peakIuu-aud-
by3un. B aT0it cucreme ciraraembie, onuchBaomme TuMOY3UI0, SIBIAIOTC OJUHAKOBBI-
MU U JIMHEWHBIMHU C MOCTOSTHHBIMEU KO3(M(DUIMEHTaAMU, a8 PEAKIIMH OMMUCHIBAIOTCS OJHO-
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POIHBIMHU TOJUHOMAMHU TPEThEHl CTENEHU, 3aBUCAIMMA OT TpeX mapaMerpos. VIckombre
GYHKIUNA CIUTAIOTCS 3aBUCSIIIMMI OT BPEMEHH U IIPOU3BOJILHOTO KOJTUYIECTBA TPOCTPAH-
CTBEHHBIX IEPEMEHHBIX (MHOMOMEPHBIH ciryvaii). Ilokasano, 94To paccMaTpuBaeMass CHCTE-
Ma peakiuu-auddy3un IMeeT 1eJI0e CEMENCTBO TOYHBIX PEIIEeHU, BhIPAKAEMbIX depe3
MIPOU3BEJIEHNE DEIlleHUs] yPaBHEHUs | eJIbMro/Iblla M pelleHns] CUCTEMbl OOBIKHOBEHHBIX
muddepeHnnaabHbIX YPABHEHHI ¢ OJHOPOIHBIMU IOJMHOMAMU B MPABBIX YaCTSIX, B3sI-
TBIMU U3 UCXOJHON cucTeMbl. [IpuBesieHBI JIBa MMEPBBIX MHTErpaJia W IMOCTPOEHO ObIiee
pelreHne yIoOMSIHYTOM CHCTEMBI TPeX OOBIKHOBEHHBIX TuM@EPEHNNATBHBIX yPABHEHUI,
MIPEJICTABUMOE SJUTHITUIECKUMU PYHKIUsIMUA SIKOOH. YCTaHOBJIEHO, YTO BCE YACTHBIE pe-
[I€HUS, TIOJy9aeMble U3 OOIIEro PEIleHus CUCTEMbI OOBIKHOBEHHBIX I depeHnaTbHbIX
YPaBHEHWUIA, SIBJISIFOTCS TIEPUOIMIECKUMU (DYHKIIUSIMA BPEMEHU C MIEPUOJIAMHU, 3ABUCSIIN-
MH OT BBIOOpa HAYAJIBHBIX ycaoBuit. KpoMe TOro, mokasaHo Tak»Ke HAJIUYNE Y JAHHON
crucTeMbl OOBIKHOBEHHBIX b PEPEHITNATBHBIX YPABHEHUN “B3PBIBAIOIINXCS 110 BPEMEHU
pelennii, CymecTBYIONUX JINIb Ha KOHEYHOM HHTepBasie BpeMmenu. COOTBETCTBYIOIIUE
VM 3HAYEHUs TMEPBbIX WHTETPAJIOB M HAYAJIBHBIE JIAHHBIE BBIJIEJISFOTCS YCJIOBUSIMU THUIIA
pasercTBa. OTAEIBHO PACCMOTPEH KJIACC PAIUABHO CUMMETPUYHBIX IO TPOCTPAHCTBEH-
HBIM TIEPEMEHHBIM perteHuii. B sTom ciaydae ypaBHeHme ['elbMrosibiia BBIPOXKIAETCS B
HEaBTOHOMHOE JINHENHOEe OOBIKHOBEHHOE JbdepeHITnAIBLHOE YpaBHEHNE BTOPOro MOPSII-
Ka, 0DIee peIreHrne KOTOPOrO BBIPAYKAETCS Uepe3 KOMOWMHAIWIO CTEIMeHHBIX (OYyHKITHMA
u pyukiumii Beccessi. B wacTHOM ciiydyae Tpex TPOCTPAHCTBEHHBIX MEPEMEHHBIX 00Iee
peleHne BBIPAXKAeTCs depe3 TPUTOHOMETPUIECKHe JTnO0 runepboandeckne OyHKINN.

KuroueBsble ciioBa: cucrema peakiust — audy3usi, TOUHbIE PEIEHUs], PELYKIUs K
crucTeMe Oy, IEPUOINYIECKNE PEIIeHUs, SJTUITHYecKne QyHKmn Srobu.
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