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Abstract: We study nonlinear pantograph-type reaction—-diffusion PDEs, which, in addition to the
unknown u = u(x, t), also contain the same functions with dilated or contracted arguments of the
form w = u(px,t), w = u(x,qt), and w = u(px, qt), where p and g are the free scaling parameters
(for equations with proportional delay we have 0 < p < 1,0 < q < 1). A brief review of publications
on pantograph-type ODEs and PDEs and their applications is given. Exact solutions of various types
of such nonlinear partial functional differential equations are described for the first time. We present
examples of nonlinear pantograph-type PDEs with proportional delay, which admit traveling-wave
and self-similar solutions (note that PDEs with constant delay do not have self-similar solutions).
Additive, multiplicative and functional separable solutions, as well as some other exact solutions
are also obtained. Special attention is paid to nonlinear pantograph-type PDEs of a rather general
form, which contain one or two arbitrary functions. In total, more than forty nonlinear pantograph-
type reaction—diffusion PDEs with dilated or contracted arguments, admitting exact solutions, have
been considered. Multi-pantograph nonlinear PDEs are also discussed. The principle of analogy is
formulated, which makes it possible to efficiently construct exact solutions of nonlinear pantograph-
type PDEs. A number of exact solutions of more complex nonlinear functional differential equations
with varying delay, which arbitrarily depends on time or spatial coordinate, are also described. The
presented equations and their exact solutions can be used to formulate test problems designed to
evaluate the accuracy of numerical and approximate analytical methods for solving the corresponding
nonlinear initial-boundary value problems for PDEs with varying delay. The principle of analogy
allows finding solutions to other nonlinear pantograph-type PDEs (including nonlinear wave-type
PDEs and higher-order equations).

Keywords: nonlinear reaction—diffusion equations; pantograph-type differential equations; PDEs
with proportional delay; PDEs with varying delay; partial functional-differential equations; exact
solutions; self-similar solutions; additive and multiplicative separable solutions; functional separable
solutions; generalized separable solutions

Contents

1. Introduction
1.1. Differential Equations with Constant Delay
1.2. Pantograph-Type ODEs and PDEs and Their Applications
1.3. Concept of “Exact Solution” for Nonlinear Pantograph-Type PDEs

2. Solutions of Pantograph-Type PDEs That Contain Unknown Functions u = u(x,t) and
w = u(px, qt)
2.1. Equations Containing Free Parameters
2.2. Equations Linear in Derivatives and Containing One Arbitrary Function
2.3. More Complex Nonlinear Equations Containing One Arbitrary Function
2.4. Nonlinear Equations Containing Two Arbitrary Functions

Mathematics 2021, 9, 511. https://doi.org/10.3390 /math9050511

https://www.mdpi.com/journal /mathematics


https://www.mdpi.com/journal/mathematics
https://www.mdpi.com
https://orcid.org/0000-0002-2610-0590
https://orcid.org/0000-0002-9687-7856
https://doi.org/10.3390/math9050511
https://doi.org/10.3390/math9050511
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/math9050511
https://www.mdpi.com/journal/mathematics
https://www.mdpi.com/2227-7390/9/5/511?type=check_update&version=1

Mathematics 2021, 9, 511

2 0f 23

3. Solutions of Pantograph-Type PDEs That Contain Unknown Functions u = u(x,t) and
w = u(x, qt)
3.1. Equations Containing Free Parameters
3.2. Equations Linear in Derivatives and Containing One Arbitrary Function
3.3. More Complex Nonlinear Equations Containing One Arbitrary Function
3.4. Nonlinear Equations Containing Two Arbitrary Functions

4. Solutions of Pantograph-Type PDEs That Contain Unknown Functions 1 = u(x, t) and
w = u(px,t)
4.1. Equations Linear in Derivatives
4.2. More Complex Nonlinear Equations

5. Some Generalizations
5.1. Nonlinear Multi-Pantograph Type PDEs
5.2. Nonlinear Pantograph-Type PDEs Containing Unknown Functions with Dilation or
Contraction of Arguments in the Derivative
5.3. Principle of Analogy of Solutions

6. Brief conclusions

References

1. Introduction
1.1. Differential Equations with Constant Delay

In natural science, an important role is played by the study of the hereditary properties
of nonlinear systems of different nature, when the rate of change of the unknown depends
not only on the state at a given time, but also on the previous evolution of the process. In a
particular case, the state of the system is determined not by its entire history, but by the
current moment and some moment in the past. Such systems are called delay systems.
In the simplest case, the differential equations modelling such systems, in addition to the
unknown function u(t), also contain the function u(t — 7), where t is the time and 7 > 0 is
the delay [1-3]. The delay is generally assumed constant.

When modeling nonlinear systems with constant delay and two independent variables
x and t, where x is the spatial coordinate, reaction-diffusion equations of the following
form are most often encountered [4]:

up = auxy + F(u,w), w=u(xt—1). 1)

The presence of delay significantly complicates the analysis of equations of the form (1).
Such equations admit traveling-wave solutions u = u(z), where z = x + At (e.g, see [4-7]),
but do not admit self-similar solutions u = tf@(xt!) (recall that many PDEs without delay
have self-similar solutions).

More complex than traveling-wave, exact solutions of nonlinear delay reaction—
diffusion equations are obtained in [8-19]. Exact solutions of nonlinear delay equations
of the Klein—Gordon type and other nonlinear hyperbolic equations are given in [18-24].
Some exact solutions of differential-difference equations of a viscous incompressible fluid
(which generalize the Navier—Stokes equations) are described in [25]. Numerical methods
for solving delay PDEs are discussed, for example, in [26-28].

It is important to note that delay differential equations have a number of specific
qualitative features [4,21,29] that are not inherent in equations without delay.

1.2. Pantograph-Type ODEs and PDEs and Their Applications

In some cases, the delay may be time dependent, i.e., T = T(t), where 7(t) > Oisa
given function [2].

To illustrate this, consider a first-order linear ODE with varying delay proportional to
the independent variable:

up = au+bw, w=u(pt), )
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which for p > 0 (p # 1) is called the pantograph equation.

For 0 < p < 1, the equation describes the dynamics of a current collection system
for an electric locomotive [30] and is a special case of an ODE with varying delay for
T(t) = (1 — p)t. The function u(pt) included in the pantograph Equation (2) differs from
the function u(t) by dilation along the t-axis by 1/p times.

The pantograph equation and more complex related ODEs and PDEs that contain the
unknown functions with dilation (for 0 < p < 1) or contraction (for p > 1) of arguments are
used in mathematical modeling of various processes in biology [31-35], astrophysics [36],
electrodynamics [37], population theory [38], number theory [39], stochastic games [40],
graph theory [41], risk and queue theory [42], and theory of neural networks [43]. Note
that in [31,34-36] the equations are derived for the case p > 1.

Analysis of pantograph-type ODEs and construction of approximate analytical so-
lutions are carried out, for example, in [30,44-55]. Numerical methods for solving such
equations are discussed in [56-81]. Thus, in general, approximate analytical and numerical
methods for solving pantograph-type ODEs can currently be considered fairly well devel-
oped.

Significantly fewer publications are devoted to the analysis and solving of pantograph-
type PDEs. In [34], a linear first-order pantograph-type PDE is used to model the growth
and division of cells structured by size. Its solution is sought in the form of a series,
the terms of which are determined by solving simpler equations without dilated arguments.
In [35], a more complex linear pantograph-type reaction-diffusion equation is investigated
(obtained by adding a diffusion term to the equation that was analyzed in [34]). In [82],
solutions of linear pantograph-type heat and wave equations are obtained using the method
of separation of variables. In [83-85], the problems of unique solvability and smoothness of
linear boundary value problems for elliptic PDEs with dilation or contraction of arguments
in higher derivatives are considered. Analytical methods for solving some linear and
nonlinear PDEs with proportional delays are discussed in [86-88]. In [89], a finite-difference
scheme for the numerical integration of first-order PDEs with constant delay in ¢ and
proportional delay in x is constructed. Papers [90-92] are devoted to numerical methods
for solving pantograph-type PDEs with proportional delay [90,91] and more complex
varying delay [92].

This article describes different classes of exact solutions to nonlinear pantograph-type
reaction—diffusion equations of the form

ue = [g(u)urls + Flu,w), ©)

where u = u(x,t) and w = u(px,qt), p > 0and g > 0 (p and g cannot be equal to 1 at the
same time).

Remark 1. Exact solutions of ‘ordinary’ nonlinear diffusion type equations (without dilated or
contracted arquments) can be found, for example, in [93-117].

In most cases, exact solutions of pantograph-type PDEs of the form (3) are obtained as
follows: a solution to a pantograph-type equation is sought in the same form as a solution
to a simpler equation without delay, which is obtained from (3) for w = u (for details, see
Section 5.3). More complex exact solutions are found using various modifications of the
functional constraints method [10,15]. In addition, to construct some exact solutions of
pantograph-type equations, we use exact solutions of nonlinear PDEs with varying delay
of general form, which were given in [9,11,15].

As a result of the analysis, we have managed to find many nonlinear pantograph-type
reaction—diffusion equations, which admit exact traveling-wave solutions, self-similar
solutions, additive, multiplicative, generalized, and functional separable solutions, as well
as some other exact solutions. Special attention is paid to nonlinear pantograph-type PDEs
of a rather general form that contain arbitrary functions (it is these equations and their
solutions that are of greatest interest for testing numerical and approximate analytical
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methods for solving the corresponding nonlinear initial-boundary value problems for PDEs
with varying delay).

1.3. Concept of "Exact Solution’ for Nonlinear Pantograph-Type PDEs

In this article, the term ‘exact solution” for nonlinear pantograph-type PDEs (with
dilation or contraction of one or several independent variables) and equations with varying
delay will be used in cases where the solution is expressed:

(i) in terms of elementary functions, functions included in the equation (this is neces-
sary when the equation contains arbitrary functions), and indefinite and/or definite
integrals;

(ii) in terms of solutions of ODEs without delay or systems of such equations;

(iii) in terms of solutions of pantograph-type ODEs and ODEs with constant or varying
delay or systems of such equations.

Combinations of solutions from paragraphs (i)—(iii) are allowed. In case (i), an exact
solution can be represented in explicit, implicit or parametric form. This definition gener-
alizes the concept of ‘exact solution’ that is used for nonlinear PDEs with constant delay
in [10,12] and for PDEs without delay in [93].

In what follows, unless otherwise specified, in nonlinear pantograph-type PDEs, it
is assumed that p and g are the free scaling parameters (p and g are positive and cannot
be equal to 1 at the same time), f(z) and g(z) are arbitrary functions, and 4, b, ¢, etc. are
arbitrary real constants. The unknown function is denoted by u, and the unknown function
with dilation or contraction of one or more arguments is denoted by w.

2. Solutions of Pantograph-Type PDEs That Contain Unknown Functions u = u(x, t)
and w = u(px, qt)
2.1. Equations Containing Free Parameters

Equation 1. The equation with power-law nonlinearity
Up = Atyy + b, w= u(px,qt), (4)

for k # 1 admits the self-similar solution

1
u(x, t) = tT-kU(z), z=xt"12, ®)

where the function U = U(z) is described by the nonlinear pantograph-type ODE:

allll, + 1zU, — ﬁu + bqﬁwk =0, W=U(sz), s=pq /2 (6)
Remark 2. It is interesting to note that the ODE with proportional delay (4) for
0 < p,q < 1in the special case p = q'/* has an exact solution expressed in terms of the so-
lution of the ODE without delay (6) with s = 1; for p < q'/2, Equation (4) reduces to the delay
ODE with s < 1; and for p > q'/2, to the ODE with contracted argument with s > 1. Moreover,
a solution of the ODE (4) for p,q > 1 for appropriate values of the parameters p and q can also be
expressed in terms of the solution of the ODE with delay (s < 1), without delay (s = 1), and with
contracted argument (s > 1).
The equations and their solutions given below in Section 2 have similar qualitative features.

Equation 2. The more complex equation with power-law nonlinearity

Up = atyy + bu"w*, w= u(px,qt),
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for k # 1 — m admits the self-similar solution
1 1/2
u(x, t) = tT-m=kU(z), z=xt"12,
where the function U = U(z) is described by the nonlinear pantograph-type ODE:
1 k
ﬂu!z + %Zu‘; — mu + bqlfmfk Uka = 0,
W =U(sz), s=pg V2
Equation 3. The equation with exponential nonlinearity
U = atyy + e, w = u(px,qt),
admits the exact solution
u(x,t) =U(z) — %ln t, z=axt"12
where the function U = U(z) is described by the nonlinear pantograph-type ODE:
1 1 b
all;/z + EZU; + X + §E)\W = 0,
W =U(sz), s=pg V2
Equation 4. The more complex equation with exponential nonlinearity
Up = atlyy + be"" N, w = u(px, qt),
for u # —A admits the exact solution
u(x,t) =U(z) — ! Int, z=uxt"1?
B+ A
where the function U = U(z) is described by the nonlinear pantograph-type ODE:
A+ Ezu’ n 1 n bq—ﬁeyumw —0
zz 2 z ]/l _"_ /\ 4
W=U(sz), s=pq %
Equation 5. The equation with logarithmic nonlinearity
up = auyy +u(blnu+clnw+4d), w=u(px,qt), (7)
admits the multiplicative separable solution
u(x ) = @(x)p(t), ®)

where the functions ¢ = ¢(x) and ¢ = () are described by the nonlinear pantograph-

type ODEs:

agly +o(bng+clng+d) =0, §=¢(px);
i =p(bing+clng), §=¢(qt).

Remark 3. Equation (7) and its solution can be substantially generalized if the pantograph term
w = u(px, gt) is replaced by w = u(&(x), n(t)), where &(x) and n(t) are arbitrary functions (the

solution is sought in the same form (8)).
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2.2. Equations Linear in Derivatives and Containing One Arbitrary Function

Equation 6. The equation containing an arbitrary function
up = auxy +u" f(w/u), w=u(px,qt),

for n # 1 admits the self-similar solution

1
u(x, t) = tT=nl(z), z=xt"12,
where the function U = U(z) satisfies the second-order pantograph-type ODE:

1 1
7ui,
1—n 2

W =U(sz), s=pqg V2

UL = alll, + U f(gmn W/ U),

Equation 7. The equation containing an arbitrary function
up = atlye + M fu—w),  w=u(px,qt),
admits the exact solution
u(x,t) =U(z) — %lnt, z=xt"12,

where the function U = U(z) is described by the nonlinear pantograph-type ODE:

1 1 1
" o7 - AU _ - —
aUZZ+ZZUZ+A+e f(u W+A1nq> 0,
W =U(sz), s=pq /2

2.3. More Complex Nonlinear Equations Containing One Arbitrary Function
Equation 8. The equation with varying transfer coefficient of power-law type

Uy = a(ukux)x +u"f(w/u), w=u(px,qt), 9)

for n # 1 admits the self-similar solution

1
u(x,t) =tT=nl(z), z=xt21-n),
where the function U = U(z) satisfies the second-order pantograph-type ODE:

1 n—k—1
1—nu+ 2(1—mn)

UL = a(UFUL), + UM f(gmn W/ UD),

n—k—1
W =U(sz), s=pq2-n),

Equation 9. The equation containing an arbitrary function
wp = a(eMuy)y + et f(u—w), w=u(px,qt), (10)
for u # 0 admits the exact solution

1 i o
u(x,t) = U(z)—ﬁlnt, z=xt 2,



Mathematics 2021, 9, 511

7 0of 23

where the function U = U(z) is described by the nonlinear pantograph-type ODE:

A—p o 1 Uy, ol 1 _

Wzllz—ﬁ—a(e u,), +e f(U—W+ﬁlnq)—O,
Aop

W=U(sz), s=pq?H.

2.4. Nonlinear Equations Containing Two Arbitrary Functions
Equation 10. The equation with varying transfer coefficient of general form

e = afufl () + ﬂju)[w +ef(w)+d, W= u(pxqt), an

admits the functional separable solution in implicit form
flu) = o(H)x+¢(t), (12)
where the functions ¢ = ¢(t) and ¢ = ¢(t) satisfy the pantograph-type ODEs:
g1 =bp+cpp, 9= 9(qh),
Yr=by+cpdrag’, §=pgh).

Remark 4. More general than Equation (11), the equation in which the pantograph term w =
u(px, qt) is replaced by w = u(p1x + po, g1t + qo) also has the functional separable solution (12).
The more complex functional differential equation in which w = u(pyx + po, n(t)), where n(t) is
an arbitrary function, also has a solution of the same form.

Equation 11. For q = p, a nonlinear pantograph-type reaction—diffusion equation of
the general form

ur = [g(u)ux]x + F(u,w),  w = u(px, pt),
admits the traveling-wave solution
u(x,t) =U(z), z=kx—At,

where k and A are arbitrary constants and the function U = U(z) is described by the
nonlinear pantograph-type ODE:

Flg(U)UlL + AU, + F(U,W) =0, W =U(pz).

3. Solutions of Pantograph-Type PDEs That Contain Unknown Functions u = u(x, t)
and w = u(x, qt)

This section does not include equations and their solutions that can be obtained by
setting p = 1 in the equations and solutions considered in Section 2.

3.1. Equations Containing Free Parameters

Equation 12. The equation with logarithmic nonlinearity
up = auyy +u(blnu+clnw+d), w=u(xqt), (13)
admits the functional separable solution

u(x,t) = explyo(t)x® + 91 ()x + 9o ()],
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where the functions ¢, = ¢, (t) are described by the nonlinear system of pantograph-type
ODEs:

Yh = 4ays + bpa + cy, P = ya(qt),
¥y = 4apry + by + e, Py = Pi(qt),
Yo = alyi + 2o] + b + co +d, o = yo(qt).

Equation 13. The equation with logarithmic nonlinearity
up = atlyy + u(bIn®u+clnu+dnw+s), w=u(x,qt), (14)

depending on the sign of the product ab, admits two functional separable solutions given below.
1°. The solution for ab > 0:

u(x, t) = exp[p1(t)p(x) + ()],
¢(x) = Acos(Ax) + Bsin(Ax), A =+/b/a,

where A and B are arbitrary constants and the functions ¢, = ¥, (t) are described by the
nonlinear system of pantograph-type ODEs:

1 =2bP12 + (c = b)Yy +dipy, 1 = ¢a(qt),
¥y = b(A% + B)YT + b3 + cp +da+5, o = ¢a(gt).
2°. The solution for ab < 0:
u(x,t) = exp[p1(t) p(x) + ¢a(t)],
¢(x) = Acosh(Ax) + Bsinh(Ax), A =+v—b/a,

where A and B are arbitrary constants and the functions ¢, = ¥, (t) are described by the
nonlinear system of pantograph-type ODEs:

P =2bP1o + (c— D) +diPr, 1 = Pi(qt),
Ph = b(A> = BT + b5 + cpp +dr +5, P2 = Pa(gt).

For A = +B, we have ¢(x) = Ae™*. In this case, the second equation of the system
becomes independent and the first one becomes linear in 1.

Remark 5. Equations (13) and (14) and their solutions can be substantially generalized if the
pantograph term w = u(x, qt) is replaced by w = u(x,1(t)), where y(t) is an arbitrary function
(the solutions are sought in the same form, see [9]).

3.2. Equations Linear in Derivatives and Containing One Arbitrary Function

Equation 14. The equation containing an arbitrary function
up =auyy + f(u—w), w=u(x,qt),
admits the additive separable solution
u(x,t) = Cix* + Cox + 9 (t),

where C; and C; are arbitrary real constants and the function ¢ = (t) is described by the
nonlinear first-order pantograph-type ODE:

Yy =2aC1+ f(p =), ¥ =y(qt).
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Equation 15. The equation containing an arbitrary function
up = auyy +bu+ f(u—w), w=u(xqt), (15)

depending on the sign of the product ab, admits two additive separable solutions given below.
1°. The solution for ab < 0:

u(x,t) = Acosh(Ax) + Bsinh(Ax) +9(t), A=+V—b/q,

where A and B are arbitrary constants and the function i = ¢(t) is described by the
nonlinear first-order pantograph-type ODE:

Yr=by+fy—9), ¢ =1yp(qt). (16)
2°. The solution for ab > 0:
u(x,t) = Acos(Ax) + Bsin(Ax) +9(t), A= +Vb/a,

where A and B are arbitrary constants and the function ¢ = (t) is described by the
nonlinear first-order pantograph-type ODE (16).

Note that Equation (15) and its solutions can be substantially generalized if the panto-
graph term w = u(x, qt) is replaced by w = u(x, #(t)), where #(t) is an arbitrary function
(the solutions are sought in the same form, see [9,11]).

Equation 16. The equation containing an arbitrary function

up = auyy +uf(w/u), w=u(x,qt),

admits several multiplicative separable solutions given below.
1°. The solution

u(x,t) = [Acosh(Ax) + Bsinh(Ax)]yp(t),

where A, B, and A are arbitrary constants and the function ¢ = ¢(t) is described by the
nonlinear first-order pantograph-type ODE:

Yi=ar’p+pf(§/9), §=p(qt).
2°. The solution
u(x,t) = [Acos(Ax) + Bsin(Ax)]|y(t),

where A, B, and A are arbitrary constants and the function ¢ = ¢(t) is described by the
nonlinear first-order pantograph-type ODE:

Y= —aA*g+9f(@/y), & =yiat).
3°. The degenerate solution
u(x,t) = (Ax+ B)y(t),

where A, B, and A are arbitrary constants and the function ¢ = ¢(t) is described by the
nonlinear first-order pantograph-type ODE:

Y =9f@/9), § =yl
Equation 17. The equation containing an arbitrary function

U = auxx +bulnu+uf(w/u), w=u(x,qt), (17)
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admits the multiplicative separable solution

u(x,t) = @(x)P(t).

where the functions ¢ = ¢(x) and ¢ = () are described by the nonlinear second-order
ODE and the nonlinear first-order pantograph-type ODE:

agi, = Cip —bplng,
Vi =Ciy+9f(@/y) +bylny, ¢ =y(qt);
C; is an arbitrary constant.

The first equation of Equation (18) is autonomous; its general solution can be obtained
in implicit form. A particular one-parameter solution of this equation has the form

(18)

b C 1
9 =exp| - (x+C)*+ 5+ 5|,

where C; is an arbitrary constant.

Note that Equation (17) and its solution can be substantially generalized if the panto-
graph term w = u(x, qt) is replaced by w = u(x, %(t)), where #(t) is an arbitrary function
(the solution is sought in the same form, see [9,11]).

3.3. More Complex Nonlinear Equations Containing One Arbitrary Function

Equation 18. The equation with varying transfer coefficient of power-law type
up = a(ubuy)y + uf(w/u), w=u(x,qt) (19)
admits the multiplicative separable solution
u(x ) = @(x)p(t),

where the functions ¢ = ¢(x) and ¢ = ¢(t) are determined from the ODE and the
pantograph-type ODE:

a(¢"gL) = b,
W =0y o f(B/9), P =p(qt);

b is an arbitrary constant.
Equation 19. The equation with varying transfer coefficient of power-law type

up = a(ufuy)y +uf(w/u) + b, w=u(x,qt), (20)

admits three multiplicative separable solutions given below.
1°. The solution for b(k +1) > 0:

u(x,t) = [Cy cos(Bx) + Cosin(px) | ®+Dy(r),  p=1/b(k+1)/a,

where C; and C; are arbitrary constants and the function ¢ = ¥(t) is described by the
pantograph-type ODE:
pr=vf@/y).,  ¢=vigh) (21)
2°. The solution for b(k + 1) < 0:

u(x, t) = [Cy exp(—Bx) + Crexp(Bx)]V & Dy(t),  p=/—bk+1)/a,

where C; and C; are arbitrary constants and the function ¢ = ¥(t) is described by the
pantograph-type ODE (21).
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3°. The solution for k = —1:

u(x, t) =C exp(—%x2 + sz)zp(t),

where C; and C; are arbitrary constants and the function ¢ = ¥(t) is described by the
pantograph-type ODE (21).

Remark 6. Equations (19) and (20) and their solutions can be substantially generalized if the
pantograph term w = u(x, gt) is replaced by w = u(x,n(t)), where y(t) is an arbitrary function
(the solutions are sought in the same form, see [15]).
Equation 20. The equation with varying transfer coefficient of power-law type
up = a(uFuy)y + " f(w/u),  w=u(x,qt),
admits the exact solution
u(x,t) =t Vkp(z), z=x+Alnt,

where A is an arbitrary constant and the function ¢ = ¢(z) satisfies the second-order ODE
with constant delay

a(g L)~ g+ 2o+ ¢ (/) =0, § = g(z+ AIng)
Equation 21. The equation with varying transfer coefficient of power-law type
ur = a(uFuy)y + b+ u FFMH — M), w = u(x,qt), (22)
admits the functional separable solution

u(xt) = [p(t) - b(k; Deicxto

}1/(k+1)

4

where C; and C; are arbitrary constants and the function i = ¥(t) is described by the
pantograph-type ODE:

pr=Gk+DfW—9), §=vh).
Equation 22. The equation with varying transfer coefficient of exponential type
up = a(eMuy)y + f(u—w), w=u(xqt), (23)
admits the additive separable solution
u(x, t) = %In(sz + Bx +C) +9(t),

where A, B, and C are arbitrary constants and the function (t) is described by the
pantograph-type ODE:

' =2a(A/ NN + f(p =), §=1p(qh).
Equation 23. The equation with varying transfer coefficient of exponential type
up = a(eMuy)y + f(u—w) +be™, w=u(x,qt), (24)

admits two additive separable solutions.
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1°. The solution for bA > 0:

u(x, t) = %m[cl cos(Bx) + Cosin(Bx)| + ¢(t), B =VbA/a,

where C; and C; are arbitrary constants and the function ¢ = ¥(t) is described by the
pantograph-type ODE:
pr=f—9). &=yl (25)
2°. The solution for bA < 0:

u(x,t) = 1 In[Cr exp(~px) + Crexp(r)] + 9(1), = -bA/a

where C; and C; are arbitrary constants and the function ¢ = (t) is described by the
pantograph-type ODE (25).

Remark 7. Equations (22)—(24) and their solutions can be substantially generalized if the panto-
graph term w = u(x, qt) is replaced by w = u(x, n(t)), where y(t) is an arbitrary function (the
solutions are sought in the same form, see [15]).

Equation 24. The equation with varying transfer coefficient of exponential type
up = a(eMiuy)y +b+e MM — M), w=u(x,qt), (26)

admits the functional separable solution

1 bA
u(x,t) = 1 In [¢(t) — 53+ Cux cz},

where C; and C; are arbitrary constants and the function ¢ = (t) is described by the
pantograph-type ODE:
Yr=AfW—9), P=yph).
Equation 25. The equation with varying transfer coefficient of logarithmic type
up = [(alnu+b)uyly —culnu+uf(w/u), w=u(x,qt), (27)
admits two multiplicative separable solutions

u(x,t) = exp(£ve/ax)p(t),

where the function i = ¢(t) is described by the pantograph-type ODE:
Vi =c(1+b/a)p+of(§/v), & =y(qt).

3.4. Nonlinear Equations Containing Two Arbitrary Functions

Equation 26. The equation with varying transfer coefficient of general form

wr = algl ()] + b+ g{iu)f(g(u) —g(w)), w=ulxqt), (28)

admits the functional separable solution in implicit form

b
g(u) =(t) - ﬂxz +Cix+ Gy,

where the function ¢ = ¥(t) is described by the pantograph-type ODE (25).
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Equation 27. The equation with varying transfer coefficient of general form
_ / b g(u) _
e = algu(uuxlx + b)) + (u)f(g(W) /8(w), w=u(xqt), (29)
u

admits two functional separable solutions in implicit form.
1°. The solution for ab > 0:

g(u) = [Crcos(Ax) + Cosin(Ax)]9(t), A=+b/a,
where C; and C; are arbitrary constants and the function ¢ = ¥(t) is described by the

pantograph-type ODE (21).
2°. The solution for ab < 0:

g(u) = [Crexp(—Ax) + Crexp(Ax)|y(t), A=+—b/a,

where C; and C; are arbitrary constants and the function ¥ = ¥(t) is described by the
pantograph-type ODE (21).

Remark 8. Equations (26)—(29) and their solutions can be substantially generalized if the panto-
graph term w = u(x, qt) is replaced by w = u(x,y(t)), where y(t) is an arbitrary function (the
solutions are sought in the same form, see [15]).

4. Solutions of Pantograph-Type PDEs That Contain Unknown Functions u = u(x,t)
and w = u(px, t)

Preliminary remarks. This section does not include equations and their solutions that
can be obtained by setting g = 1 in the equations and solutions considered in Section 2.

4.1. Equations Linear in Derivatives

Equation 28. The equation containing an arbitrary function
up=auyy + f(u—w), w=u(pxt), (30)
admits the additive separable solution
u(x,t) = Ct+ ¢(x),

where C is an arbitrary constant and the function ¢ = ¢(x) is described by the nonlinear
second-order pantograph-type ODE:

a9y —C+flo—9) =0 9= 9g(p).
Equation 29. The equation containing an arbitrary function
up = auxxy +bu+ f(u —w), w=u(px,t), (31)
admits the additive separable solution
u(x,t) = Ce® + ¢(x),

where C is an arbitrary constant and the function ¢ = ¢(x) is described by the nonlinear
second-order pantograph-type ODE:

agy +bo+fl9—¢) =0, ¢ = @(px).
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Equation 30. The equation containing an arbitrary function
up = auxy +uf(w/u), w=u(pxt), (32)
admits the multiplicative separable solution
At

u(x,t) = eo(x),

where A is an arbitrary constant and the function ¢ = ¢(x) is described by the nonlinear
second-order pantograph-type ODE:

@y + 9lf(9/9) =A1 =0, ¢ = o(px).
Equation 31. The equation containing an arbitrary function
U = ayy +bulnu+uf(w/u), w=u(px,t), (33)
admits the multiplicative separable solution
u(x, ) = exp(Cel") p(x),

where C is an arbitrary constant and the function ¢ = ¢(x) is described by the nonlinear
pantograph-type ODE:

a9 +bplng+of(p/9) =0, ¢ = g(px).
Remark 9. Equations (30)—(33) and their solutions can be substantially generalized if the panto-
graph term w = u(px, t) is replaced by w = u(&(x),t), where {(x) is an arbitrary function (the

solutions are sought in the same form).

4.2. More Complex Nonlinear Equations

Equation 32. The equation with varying transfer coefficient of power-law type
up = a(ubuy)y + uf(w/u), w=u(px,t) (34)
admits the exact solution
u(x, t) = MU(z), z=e "My,

where A is an arbitrary constant and the function U = U(z) is determined from the
pantograph-type ODE:

20U — kAzUL = a(UFUL), + UF(W/U), W = U(pz).
Equation 33. The equation with varying transfer coefficient of power-law type
up = a(uFuy)y + ¥ f(w/u),  w=u(px,t). (35)
admits the multiplicative separable solution
u(x, t) =t kp(x),

where the function ¢ = ¢(x) is described by the pantograph-type ODE:

1
a(¢g )+ co+ @ f(9/9) =0, 9= p(px).
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Equation 34. The equation with varying transfer coefficient of power-law type
up = a(uFuy)y + bu™* + FF — M), w = u(px, ), (36)

admits the functional separable solution

u(x,t) = [bk+1)t+ ¢(x)] ﬁ
where the function ¢ = ¢(x) is described by the pantograph-type ODE:
aghy + (k+1)f(p—9) =0, ¢ = g(px).
Equation 35. The equation with varying transfer coefficient of exponential type
up = a(Muy)y +eMflu—w), w=u(px,t), (37)

admits the additive separable solution
1
u(x,t) = 3 Int+ ¢(x),

where the function ¢ = ¢(x) is described by the pantograph-type ODE:

1 _ _
a(epy)i+ 5+ fl9—9) =0, ¢=0p(px).
Equation 36. The equation with varying transfer coefficient of general form

a

up = [fu(u)ux]x + Frwy TeU W) — fw), w=ulpxt), (38)
admits the generalized traveling wave solution in implicit form
fu) = at + ¢(x),
where the function ¢ = ¢(x) is described by the pantograph-type ODE:
P +8(0 = @) =0, 9= o(px).

Remark 10. Equations (35)—(38) and their solutions can be substantially generalized if the panto-
graph term w = u(px, t) is replaced by w = u(&(x),t), where {(x) is an arbitrary function (the
solutions are sought in the same form).

5. Some Generalizations
5.1. Nonlinear Multi-Pantograph Type PDEs

The equations and their solutions considered above can be generalized to the case of
nonlinear multi-pantograph type PDEs of the form

ur = [g(w)ux]x + F(u,wy, ..., wm), w;=u(pjx,q;t), j=1,...,m.

Two such equations with exact solutions are given below.
Equation 37. Consider the nonlinear multi-pantograph type PDE:

up = a(ufuy) +u f(wy /u, ..., wa /1), wj = u(pjx, qt), (39)
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which generalizes Equation (9). For n # 1, Equation (39) admits a self-similar solution of
the same form as Equation (9):

where the function U = U(z) satisfies the second-order multi-pantograph type ODE:

1 n—k—1 il -
U+ 5T U, = a(UFLL)., + UM f (g1 " Wi /U, .., g " Wi /U,

n—k—1
2(1—n
I/V]» = U(S]'Z), sj = p]q]( )

, j=1,...,m

Equation 38. The nonlinear multi-pantograph type PDE, more general than Equa-
tion (34),

up = a(ufuy) +uf(wi/u, ..., wa/u), wj =u(pjx,t), w;=u(pjx,t),
admits a solution of the same form as Equation (34):
u(x, t) = MU(z), z=e My,

where A is an arbitrary constant and the function U = U(z) is determined from the
multi-pantograph type ODE:

20U — kAzUL = a(UFUL), + Uf (W /U, ..., Wy /U),  W; = U(pjz).

5.2. Nonlinear Pantograph-Type PDEs Containing Unknown Functions with Dilation or
Contraction of Arguments in the Derivative

One can also consider more general than Equation (3) nonlinear pantograph-type
reaction—diffusion equations of the form

ur = [G(u, w)uy]x + F(u, w).

Below are three examples of exact solutions to such equations.
Equation 39. Consider the pantograph-type diffusion equation with varying transfer
coefficient

ur = [G(u, w)uyly, w=u(px,qt). (40)
1°. In the general case, this equation admits the self-similar solution
u(x,t)=U(z), z= xt~ 12,
where the function U = U(z) is described by the nonlinear pantograph-type ODE:
G(U,W)UWLL + izUl =0, W=U(sz), s=pq /%
2°. For q = p, Equation (40) admits the traveling-wave solution
u(x,y) =U(z), z=kx—At,

where k and A are arbitrary constants and the function U = U(z) is described by the
first-order pantograph-type ODE:

KRGUW)UL+AU=C, W =U(pz);

C is an arbitrary constant.
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Equation 40. Consider now the equation
ur = a(uy)y + e f(u—w), w=u(px,qt), (41)

which is obtained from Equation (10) by replacing the function e** with e*®. For u # 0,
this equation, like Equation (10), admits an exact solution of the form

1 Ap
u(x,t) =U(z) — P Int, z=xt?, (42)

where the function U = U(z) is described by the nonlinear pantograph-type ODE:

AZroap L gy eVUf(u —W+ :llnq),

z

2 #
W=U(sz), s=pq 2.
Equation 41. The equation, more general than Equation (41),
up = [eMg(u — )]y + et flu—w), w=u(px,qt),
depending on two arbitrary functions f(y) and g(y) also has a solution of the form (42).

5.3. Principle of Analogy of Solutions

A fairly general method for constructing exact solutions of partial functional differen-
tial pantograph-type equations is based on the use of the following principle.

The principle of analogy of solutions. The structure of exact solutions of functional
differential equations of the form

F(x/ tl U, Uy, Ut, Uxx, Uxt, Utt, ..., W, Wx, Wt, Wxx, Wxt, Wtt, - -« ) - 0/

43
w = u(px,qt), 43
is often (but not always) determined by the structure of solutions of simpler PDEs:
F(x,t, 1, x, p, U, Ut Utt, - -, U, U, Ut U, Ut Ust, - .. ) = 0. (44)

Equation (44) does not contain the unknown function with dilated or contracted
arguments; it is obtained from (43) by formally replacing w with u.

Most of the solutions to nonlinear pantograph-type reaction—diffusion equations
described in this article have been obtained using the principle of analogy. Let us illustrate
what has been said with specific examples.

Example 1. Consider the pantograph-type PDE with power-law nonlinearities
Up = alyy + bu™wk, w= u(px, qt). (45)

Following the principle of analogy of solutions, we set w = u in Equation (45). As a result,
we arrive at the simpler PDE

Up = Aty + bu k. (46)

This equation admits a self-similar solution of the form [94]:

1
u(x, t) = tT=-m=kU(z), z==xt"12, k#1-m.
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Using the principle of analogy, we seek the solution of the pantograph-type PDE (45) also in
the form (46). As a result, for the function U = U(z) we get the nonlinear pantograph-type ODE:

o
1—-m—k
W =U(sz), s=pq /2

1
allZ, + 52U - U + b=t U™ W* = 0,
Example 2. Let us now consider the pantograph-type PDE equation with exponential nonlinearities
WA -y — u(px, qt). (47)

Up = AUy + be

Following the principle of analogy of solutions, we set w = u in Equation (47). As a result,
we arrive at the simpler PDE

Up = Aty + beFTAE, (48)
This equation admits an invariant solution of the form [94]:

u(x,t) = U(z) Int, z=xt""2, u#-A

_y+/\

Using the principle of analogy, we seek the solution of the pantograph-type PDE (47) in the
form (48). As a result, for the function U = U(z) we obtain the nonlinear pantograph-type ODE:

1 1 __A
L AL b g T
W =U(sz), s=pg V2

Note that the principle of analogy of solutions can also be successfully applied to
construct exact solutions of functional differential wave-type PDEs [118] and PDEs of
higher orders that contain unknown functions with dilated or contracted arguments.

6. Brief Conclusions

For the first time, we have described exact solutions of various classes of nonlinear
pantograph-type reaction—diffusion PDEs that, in addition to the unknown function u =
u(x, t), also contain functions with dilated or contracted arguments of the form u(px, ),
u(x,qt), and u(px, qt), where p and g are the free scaling parameters. We have presented
examples of nonlinear pantograph-type PDEs that admit traveling-wave solutions, self-
similar solutions, additive and multiplicative separable solutions, functional separable
solutions, and some other exact solutions. Special attention is paid to nonlinear pantograph-
type PDEs of a rather general form, which contain one or two arbitrary functions. A number
of exact solutions of more complex nonlinear functional differential equations with varying
delay, which arbitrarily depends on time or spatial coordinate, are described. We have
formulated the principle of analogy of solutions that allows effectively constructing exact
solutions of nonlinear pantograph-type PDEs. The presented exact solutions can be used as
test problems to evaluate the accuracy of numerical and approximate analytical methods
for solving the corresponding nonlinear initial-boundary value problems for PDEs with
varying delay of pantograph type.
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