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POLYNOMIAL QUASISOLUTIONS OF LINEAR
DIFFERENTIAL-DIFFERENCE EQUATIONS

Abstract. The paper discusses a linear differential-difference equation of neutral type with
linear coefficients, when at the initial time moment ¢t = 0 the value of the desired function
z(t) is known. The authors are not familiar with any results which would state the solvability
conditions for the given problem in the class of analytical functions. A polynomial of some
degree N is introduced into the investigation. Then the term “polynomial quasisolution”
(PQ-solution) is understood in the sense of appearance of the residual A(t) = O(t"), when
this polynomial is substituted into the initial problem. The paper is devoted to finding
PQ-solutions for the initial-value problem under analysis.
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1. INTRODUCTION

Application of mathematical modeling methods in investigation of various processes
often leads to investigation of differential equations of diverse structure. Unlike ordi-
nary differential equations, functional differential equations admit taking account of
the process prehistory. Linear differential-difference equations (LDDEs) with constant
delay are among the most studied functional differential equations. In the first turn,
it is reasonable to note the fundamental works of A.A. Myshkis [1], E. Pinni [2], R.
Bellman and K.L. Cooke [3], N.V. Azbelev, V.P. Maksimov and L.F. Rakhmatullina
[4]. In numerous works, the problem in which the initial function was given for the
initial set one way or anther was considered as the main one. As far as LDDEs are
concerned, it was shown that assigning the initial function guarantees the existence
of the unique solution in both the positive direction of the axis of the independent
variable and the negative one. But, as a rule, these solutions were not analytical
on an interval whose length exceeded the delay. Some LDDEs, like those where the
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problem’s parameters are constant or have some special representation, form an ex-
ception. In this case, it is possible to apply Euler’s classical method, which represents
the desired solution in the form of an exponential function and presumes finding
the roots of the characteristic quasi-polynomial generated by the initial problem. In
this case, it is possible to find the particular solutions having analytical structure on
the total domain of the independent variable. In the more general case, when the
problem’s parameters are time-dependent, no results concerning the existence of an-
alytical solutions of LDDEs are known. The paper considers a method of polynomial
quasisolutions for the investigation of neutral type LDDEs.

2. STATEMENT OF THE PROBLEM

Consider the following initial problem for a neutral type LDDE

dz(t)/dt + p(t)dz(t — 1)/dt = a(t)z(t — 1) + (1), (2.1)
teJ=(-00,0), £(0) = xg.
Here

P
a(t) = ao +art, p(t) = po + pit, f(t) = Z fut™. (2:2)
n=0

Let
B(t) =) Tpt" (2.3)
n=0

be a formal solution of problem (2.1). In this case, it is not possible to apply the

classical method of undetermined coefficients, since it is impossible to construct

the recurrent formula for defining the undetermined coefficients Z,, in (2.3). The

infinite-dimensional linear system of equations expressed in terms of Z,, obtained in

this case cannot nowadays be analyzed in the aspect of obtaining the coefficients z,,.
Introduce the polynomial

N
2(t) =D ant". (2.4)
n=0

In this case,

N N N
z(t) = Z net" "t a(t—1) = Z za(t—1)" = Z Tnt", (2.5)
n=0 n=0 n=0
where
N—n |
~ i Amo_ n
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Write out the relations
N41

N
a(t)z(t — 1) = (ag + art) Y &Ent™ = Y ant", (2.6)
n=0 n=0

N N
p()i(t —1) = (po +pit) Y ndnt" ' = pat", (2.7)
n=0 n=0
where
aoﬂz'o, n = 0’
Ay = Ty + a1Zp—1, 1<n < N, (28)
a1Tn, n = N+1.
Pol1, n = 0,
=19 (n+1poeZn+1)+npiZ,, 1<n < N-1, (2.9)
NIy, n = N.

Let us conduct the dimension analysis of the polynomials obtained as a as a result
of substitution of polynomial (2.4) into equation (2.1). The derivative derivative i(t)
is represented as a polynomial of degree F'. Hence, to ensure that — after substitution
of (2.4)—(2.7) into (2.1) and comparison of the degrees for the similar powers of ¢ — the
last coefficient 2y in (2.4) is defined by the given coefficient fr in (2.2) it is necessary
that N = F' + 1. In this case, the degree of the polynomial in (2.6) is equal to F + 2.
Define a function f(t) of the form

F+2

F&) =" fat™, (2.10)
n=0

where f; = f;, i =0,F, frys, i = 1,2, are some unknown coefficients.
Definition 2.1. The problem

z(t) + p(t)x(t — 1)/dt = a(t)z(t — 1) + f(¢),t € J, z(0) = Z(0) = xo. (2.11)
is said to be coordinated with respect to degrees of the polynomials for problem (2.1).

Assuming in (2.4)—(2.7) that N = F 4 1 and substituting these expressions (as
well as (2.10)) into (2.11), we obtain

F+1 F+1 F+2 F+2
YDUTTNS I SN Sy
n=0 n=0 n=0 n=0

By equating coefficients for equal powers of ¢, we obtain
nr, = C_lnfl_ﬁnfl""fnflv ]_STLSF—F].,

0 = apy1 —prt1+ fr, n=F+2
0 = apy2+ frye, n=F+3.
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Remark 2.1. According to formula (2.10), the first I coefficients of the polynomial
f(t) are determined by the coefficients of the polynomial f(t) of problem (2.1). Hence,
the cases are admitted when some leading or even all coefficients f,, in (3.2) are zero.

Since the degree of the polynomial x(t) is F + 1, by virtue of this remark it is
possible to choose a degree of the polynomial f(¢) depending on the desired degree of
the polynomial z(¢) by adding the corresponding number of zero terms to f(t), i.e., to
find solutions of the given problem in the form of polynomials (2.4) of diverse degrees.

Definition 2.2. If there exists a polynomial of degree F' + 1

F+1
2(t) =Y ant", teJ, (2.12)
n=0

which identically satisfies problem (2.11), then this polynomial will be called a poly-
nomial quasisolution (PQ-solution) of problem (2.1).

3. MAIN RESULTS

Rewrite problem (2.11), which has been coordinated with respect to the degree of
polynomials, in the form

#(t) + p(t)i(t — 1)/dt = a(t)x(t — 1) + f(£),t € J, 2(0) = . (3.1)

Let us find the PQ-solution of form (2.4)

N
2(t) =Y apt", te ] (3.2)
n=0

Then, according to (2.10) and Remark 2.1, for the function f(t) there is
F
&)=Y fat™ + A@t), (N> F +1), (3.3)
n=0

where f; = f;, i = 0, F are known coefficients; A(t) = fotV + fyoitVtL, fv and
fn41 are unknown coefficients.

Substituting (3.2) and (3.3) into (3.1) and taking account of (2.8) and (2.9), with
the use of the method of undetermined coefficients we obtain

1 = apZo — poZ1 + fo,

229 = apZ1 + a1Zo — (2poT2 + p121) + f1, (3.4)

NLyp = a1Tp—2 + [ag — (0 — 1)p1]Zn—1 — pon&n + fn_1, 3 <n < N.
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Let us transform the coefficient Z,, in (2.5) as follows

N-—n N
Bn= Y (-1)'Chytnpi=an+ » Clay,n=0,N-1 iy =z, (3.5)
=0 i=n+1

where Cf ,, = Cm, . = (=1)'CE ;.
Substituting (3.5) into (3.4) forn =N +2—k, k=0,1,... we have:
—forn=N+2,

0=azNn + fyy1;
—forn=N+1,
0=azn_1+ (a1Cx + [ao — Np1])zn + fn;
—forn=N,
0=azn_2+ (a1Cx 1 +[ao — (N = D)p1])an 1+

+ (a1C% + [ao — (N — 1)p1]CN — N(po + 1))xn + fn;

0=a1ry_s2+ (@1CN_s_1 +[ao— (N —s—1D)pilon_s_1+
+ (alc_vJQ\/'fs + [ao - (N —S5—= 1)]71]0]1\{75_
— (N = 8)(po+1))rNn_s+

+ Z(alcjzv-i__is.s_i +lao — (N —s— 1)1’1]0]2-\—7’__154-1' - (V- 5)19067\/—5-5-1')55N—s+iJr
i=1

+ fN-s-1-
Rewrite these equalities in the form

annTN + fny1 =0,
AN_1,N-1ZN—1+ an_1NZN + fn =0,
AN—2,N—2TN—2 + GN—2 N—1ZN-1 + an—2 NZN + fn—1 =0, (3.6)

ON—sN—sTN—s + ON—s N—s+1TN—s+1 + --- +ON_sNTN + fn—s—1 =0,
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where
aNN = a1;
aN—1,N-1 = a1,
an—1.n = a1C% + [ap — Np1;
aGN—-2 N-2 = a1,
an—2,N—1=a1Cx_; + [ao — (N — 1)p1],

aAN—2 N = alc_'JQ\, + [(l() — (N — 1)p1]é]1\] — N(po + 1);

an-—sN-st1=a1Cx_ 1y +[ao — (N = s+ 1)pi],

an—s,N—s+2 = 01C%_gyo + a0 — (N = s + 1)p1]Cx_ g0 — (N — s+ 2)(po + 1),

AN—s N—stk = a10§75+k +[ag— (N —s+ 1)p1]6'1@115+k —(N—-s+ 2)p06’§,__2s,
k > 3.

(3.7)
The analysis of equalities (3.7) renders the following lemma true.
Lemma 3.1. The general term of the sequence {x,}Y_;, generated by system
(3.6), is defined by the formula

s
IN—-s = § KN—S,N—s+1'fN—s+i+1a (38)
1=0
where
1
KN—s,N—s = - ’
AN—s,N—s
1 s—r
KN _sNepg=——— E AN—s,N—s+i KX N—sti,N—r, § > T
AN—s,N—s i1

Proof. Express the unknown coefficients x,, of PQ-solution (3.2) in terms of the un-
known coefficients fy and fy1 of polynomial (3.3).

1

)
aANN

annTN = —fnt1 = on = Knn vy, Ky = —

an—1,N—1 Fan—1,nZN = —fN = on—1 = Kn_iNv—1fv + KEn_i N v
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Here 1
GN—-1,N
Kyin-1=——————, Knoin=——"""—Knn;
GN—-1,N—1 aAN—-1,N—1
aN—2,N—2 +aN—2 N—1TN—1 +aN_2 NTN = —fN-1 =
ZN—2=Kn_on_2fn-1+Kn_onN_1fn +Kn_2N[N+1,
where .
aN—2,N—1
Ky onyo=————, Kn_gn-1= ——Kpy_1n-1,
AN—-2 N—2 AN—-2 N—2
AN—-2,N—1 aN—2,N
Ky oyn=—"—Ky_ 1 n+ ———KnnN.
aAN—-2,N—-2 aAN -2 N—2

Finally, by the mathematical induction method we obtain the formula

S
TN—s = E KN s N—stifN—stit1,

i=0
where
1
KN-sN-s=—"""
AN—s,N—s
1 S—r
KNy sNop=——— E AN—s,N—s+i K N—sti,N—r, § > T,
AN —s,N—s “—
i=1
which proves the statement of the lemma. O

Return to formula (3.4). Taking into account (3.5), rewrite the first equality in
the form
T1 = apTo — po1 + fo =

=ag(ro—z1+T2— ...+ (—l)NxN) —po(x1 — 229+ 33— ... +N(—1)N+1xN) + fo-

From that there follows:
aoro = (ag+po+1)x1 — (ao+2po)r2 + (ao +3po)xs — . . .+ (= 1)V (ag+ Npo)zn — fo
or

po+1

zo=(1+ ag

Yz — (1 +2@)x2 +...—(=D)N*a +Np—°)xN - @.
ag ago ao

Introduce the notations:

1
oty 2 v = (4R,
ao ap ap

Vi=1+
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Then

1‘0:V1$1+V2(E2+...+VN1‘N—&. (39)

ag
Taking into account (3.8), express the coefficients x,, in terms of the coefficients
fi, 1= 1, N + 1:

N

Ty = ZKO,ifi-H = Koof1 + Ko1fo + Koafs + ... + Kon-1/nv + KonfNi1 =
i=0
N
fns1-Ko,N—k,
—0

b

N—1
T = Kiipifiro=Kufo+Kifs+...+ Kin_1fn + KiNfve =
i=0
N-1
= fvs1-1K1, Nk,
k=0
N—2
2= Kyiafivs =Koafs+...+ Koy 1fn + Konfnsr =
i=0
N-2
= fns1-1Ko, Nk,
k=0
N—m
Ty = Ko itmfiem+1 = Kmmfm+1 + ...+ Kpovo1fn + K v v+ =
i=0
N—m

fni1—kKm Nk,

>
Il
=)

Ny = Knnfnst

Substitute the coefficients z,, thus obtained into (3.9)

N-1 N-2
20=V1i > fyi-sKine+V2 Y fpiwnKon ok + ...
k=0 k=0
N—m f
0
+Vm Z fN+17ka,N7k + VNKNNfN+1 - —. (3.10)
k=0 o

Transform this formula, groupping the terms with the same coefficients fyy1_4, ¢ =
1, N —2.
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— For fni1,
ViKihn+VoKon+ ...+ Vi Ky + ... + VN KN
— for fn,
ViKin-1+VoKon a4+ .+ Vo Ky o1+ ..+ Vo Ko Nv—1;
— for fn-1,

ViKin—2a+VoKon o+ ...+ VK n—o+ ...+ VN_oKN_o N_2;

— for foma

ViKiN—m+1 +VoKoN—m—1+ ...+ Ve 1 KN—m— 1, N—m—1;

VlKll-

These transformations lead to the formula

N—1 N—k
Z Z ViKi N—k) [N+1-k — fo, (3.11)
k=0 i=1 @0
Denote
N—k
Kon—r = Z ViKi N—k
i=1
and rewrite (3.11) as follows:
N-1 F
- 0
2o= > Kon_kfvi1-k — P
0
k=0

Theorem 3.1. For the initial value problem

dz(t —1)
dt

+ p(t) =a(t)x(t—1)+ f(t), t € J = (—00,00), z(0) = zo, (3.12)

let the following conditions hold:

a(t) = ag + art, p(t) = po +pit, f(t) ant"
n=0
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N
Then this problem has the unique PQ-solution of the form x(t) = > x,t™ (N > F+1)
n=0
with the residual A(t) = fyt™ + fyo1tVN T if the determinant
‘ Kon Kon-1

Kon Kon-1

D =

18 MONZEro.
Proof. Consider formula (3.8) when s = N

N
o = Z Ko N—kfN+1—k- (3.13)
k=0
Write equalities (3) and (3.13) separating the terms with the unknown coefficients f
and fni1

N
zo =Ko nfny1 + Kon-1fn+ > Kon—kfN+1—ks
k=2
(3.14)

_ _ N—-1 _
ro = Konfni1+ En_infn+ Y Konv—kfnti—k — {%
=2

Rewrite these relations in the form of a linear system with respect to coefficients fy
and fy1

N
Konfns1 +EKon-1fn =20 — > KoN—kfNt+1-k)
=2
(3.15)
N-1

Konfni1+Kon-1fn =x0— Y Kon-rfniik+ L2
k=2
Denote

N
xo— > Kon—kfnti—x  Kon-1
=2

D, = )
N-1 _ ; -
zo— > Kon—p+ 32 Ko n-1
k=2
N
Kon  x0— > KoN-kfNn+1-k
k=2
Dy =

~ N-1
Kon ®o— Y, Kon—kfny1—k+ fl%
=2

Since the determinant of system (3.15) is nonzero by assumption, we find the solution
using Cramer’s rule
Do Dy
fN - 67 fN+1 = 3
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Then from the chain of equalities (3.6) we obtain all the coefficients x,, the
PQ-solution in form (3.2) and the residual

D D
A(t) = fN + fN+1tN+1 = ﬁtN + ﬁtN+1«

This proves the theorem. O

Let F' < N — 1. Introduce a coefficient fy_; and consider it as a free parameter.
Rewrite linear system (3.15) in the form

{ Konfnvi1 +Kon-1fnv +Kon—2fn—1 =W, (316)
) ] ) 3.16
Konfvi1 +Kon-1fnv + Kon—2fn—1=Wa,
where
N N-1 s
Wi =20— Y Kon-kfvti-r Wo=20— Y Kon—kfnsik+ .
k=3 k=3 do
Transform (3.16) as follows:
{ Konfny1 +Kon-1fn =W1—Kon_2fN-1, (317)
_ _ B 3.1
Konfvi1 +Kon-1fn =Wao— Kon—2fn-1.
This system has a solution if the determinant
Kon Kon-1
p=| 7" (3.18)
Kon Kon-1

is nonzero.

Let D # 0. Hence (3.17) is an underdetermined linear system, and it has an
infinite number of solutions.

Denote

Kon Wi —Kon_2

D Wi — Kon-1 Kon-1
1= _ _
Kon Wo—Kon—2

Wy — Kon—2 Ko,n-1

and Dy = ‘

Since the determinant of system (3.17) is nonzero, using Cramer’s rule we find the
coefficients fn and fy41 as functions of fy_i:

D D
In= 32 =p1(fn-1), [y = 61 = pa(fn-1)-
Then for the residual A(t) we derive
At) = fN_ltN71 + (pl(fN_l)tN + QOQ(fN_l)tNJrl. (3.19)

These results prove the following theorem.
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Theorem 3.2. For initial value problem (3.12), let the conditions of Theorem 3.1
hold.

N
Then this problem has an infinite set of PQ-solutions of the form x(t) = 5 x,t"
n=0

with the residuals A(t) = fy_ 1tV =1+ o1 (Ffv_)tY + oo (fv_1)tV T, if

(3.20)

Kon Kon-1
Kon Kon-1

1S Monzero.

Since some of the coefficients fy_;, ¢ = 1,2... may be chosen as free parameters,
from Theorems 3.1 and 3.2, we may derive the following result.

Corollary 3.1. There exist PQ-solutions of degree N for problem (3.1), having dif-
ferent residuals A(t) with estimates O(tN %), k=1,2,....

Some numerical results on PQ-solutions for LDDEs of delay type have been pub-
lished in [6].
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