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The Cauchy problem for singularly perturbed linear differential equation the second order with
piecewise-constant argument is considered in the article. The definition of singularly perturbed
linear harmonic oscillator with piecewise-constant argument is given in the paper. The system of
fundamental solutions of homogeneous singularly perturbed differential equation with piecewise-
constant argument are constructed according to the nonhomogeneous singularly perturbed differ-
ential equation with piecewise-constant argument. With the help of the system of fundamental
solutions, the initial functions are constructed and their asymptotic representation are obtained.
By using the reduction method, the analytical formula of the solution of singularly perturbed the
initial value problem with piecewise-constant argument is obtained. In addition, the unperturbed
Cauchy problem is constructed according to the singularly perturbed Cauchy problem. The so-
lution of the unperturbed Cauchy problem is obtained. When the small parameter tends to the
zero, the solution of singularly perturbed the Cauchy problem with piecewise-constant argument
approaches the solution of the unperturbed Cauchy problem with piecewise-constant argument.
The theorem on the passage to the limit is proved.

Key words: piecewise-constant argument of generalized type, small parameter, singular pertur-
bation.
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B cratbe paccmarpuBaercs 3amada  Komwm  [jg  CHHIYISPHO BO3MYIIEHHOIO —JIMHEHHOIO
uddepeHuaIbHOr0 ypaBHEHHsT BTOPOrO IOPsJKa C KYCOYHO-IIOCTOSHHBIM apryMeHToM. B
CTaTbhe JIAHO OIIPEeJIeJIEHNe CUHTYJISIPHO BO3MYIIIEHHOI'O JIMHEHHOIO T'apMOHUYECKOI'0 OCITULISATOPA
C KYCOYHO-TIOCTOSTHHBIM aprymeHToM. llocrpoena cucrema GdyHIAMEHTAJIBHBIX — PEIIEHUN
OJIHOPOJIHOTO ~ CHHIYJISPHO BO3MYIIEHHOTO JIuddEPeHINAIbHOIO YPABHEHUS C  KYCOYHO-
MMOCTOSTHHBIM  apryMeHTOM. C MOMOIIBIO CHCTEMBI (DYHIAMEHTAJIBHBIX DEIIeHni, HadaIbHbIE
GYHKIINM T[IOCTPOEHBI W MX ACHMITOTHYECKUX IIPEJICTaBJIEHUil IoIy4deHbl. llcmonb3yst meTon
PEAYKINHU, TOIyUYeHa aHAJUTUYECKas (POpPMysa PeIeHnus] CUHTYISPHO BO3MYIINEHHONW HaYaJIbHOM
3aJla9i C KYCOYHO-TIOCTOSIHHBIM aprymMeHTOM. Kpome Toro, HeBo3MmyIeHHAs 3ajada Kormm
IIOCTPOEHa B COOTBETCTBUHU C CHHTYJISIPHO BO3MyIeHHO#N 3asmaunm Komm. Ilomydeno perenmne
meso3mytnennoit 3amaun  Komm. Korma wmaneiii mapamerp crpemurcs K HYJIIO, JIOKA3aHA
CXOJIMMOCTb ~DeIeHUs] CHUHTYJISAPHO BO3MYINEHHON 3amadn Komm ¢ KyCOYHO-TIOCTOSHHBIM
apryMeHTOM K PeIeHUI0 HEBO3MYIIEeHHOU 3aja4un Komm ¢ KyCOYHO-IIOCTOSHHBIM apryMEHTOM.
JlokazaHa TeopeMa O IPEeIeIbHOM IIEPEXO]IE.

KitroueBble cJji0Ba: KyCOYHO-IIOCTOSIHHBIN aprymMeHT OOODIIEHHOTO THIla, MAJIBI IapamMerp,
CHUHTYJIADHOE BO3MYIIICHHE.
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Maxkamama Kypak-TYpPaKTbl apryMEHTTI €KIiHIN PeTTi CHHTYIAPIbl  ayBITKBIFAH CHI3LIKTHI
muddepennmanaplk  Tegmey  ymin  Komm  ecebi  KapacteipbuiraH. ZKyMmbIcTa  Kypak-
TYPAKTBl apryMEHTTI CHHTYJISIPJbl aybITKBIFAH CBHI3BIKTHI TapMOHUKAJIBIK, —OCIHJISTOPIBIH,
aHBIKTAMAChl KeaTipiami. Kypak-TypakTbl apryMeHTTI CHHIYJSDPJIbI  aybITKBIFAH —OipTeKTi
emec mudEPEHITHANIBIK TEHIEYre COWKec OIPTEKTI KYpaK-TYPAKThl apryMEHTTi CHHIYJISPJIBI
aybITKbIFaH arnddepeHma bk, TeHICYIiH iprei memnriMaep Kyieci Kypbuiabl. [premi menrimMaep
KyiteciHig keMerimeH 6acTankbl MYHKIUAIAPHI KYPBUIBII, OJIapbIH ACUMITOTUKAJIBIK, CUIIATTAPBI
aJbiHFaH. PeyKius TOCITIH KOJIIAHBIN, KOWBLIFAH KYPaK-TYPaKThl apryMEHTTI CHHTYJISIPJIBI
ayBbITKbIFAH OacTanKkbl eceOiHIH MENnMiHIH aHAJIUTUKAJIBIK, (QOopMyIackl aJyblHIbl. COHBIMEH
KOCa, CHUHIYJISpPJbl aybiTKbiFaH Komu ecebine coifikec aybITkbiMaraH Komm ecebi KypbLIIbL.
Aypbitkpivaran Komm ecebinin menrimi aabigabl. Kimi mapaMerp HeJre yMTBUIFAHIA, Kypak-
TYPAKTbHI apTYMEHTTi CHHTY/ISIPJIbI Y BITKBIFaH Kormm ecebiHin 1mrenrimi Kypak-TypakThl apryMeHTTi
aybITKbIMaran Kot ecebinif tmrenriMine yMTBIIATHIHBL KopceTinmi. IIlekTik Kerry Teopemacs
JIQJICJIACH 1.

Tvyiiin ce3aep: KaJmbLTaHFAH TYPJErl KYPAaK-TYPAKTHI apryMeHT, Killli mapaMeTp, CHHTYJISPJIbI
ayBITKY.

1 Introduction and review of literature

Singularly perturbed equations are often used as mathematical models describing processes in
physics, chemical kinetics and mathematical biology and they often arise during investigation
of applied problems of technology and engineering (Damiano, 1996: 333-372), (Gondal, 1988:
1080-1085), (Hek, 2010: 347-386), (Kokotovic, 1984: 501-550), (Owen, 2001: 655-684). The
first who emphasis application significance of singular problems and the necessity of their
appearance as mathematical models was Prandtl. He attracted attention to them, when he
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developed the theory of the boundary layer in hydrodynamics in 1904. Several scientists such
as S. Haykin, L. I. Gutenmakher, I. S. Gradstein, K. Friedrichs, W. Wazow, Levinson and
others were interested in singularly perturbed equations. Systematic investigation of singu-
larly perturbed equation by many mathematicians began after the proof by A. N. Tikhonov
fundamental and well-known limit theorems for nonlinear systems of ordinary differential
equations in (Tikhonov, 1952: 575-586). Note that other mathematical school of singularly
perturbed equations in Kazakhstan and abroad investigate only boundary value problems,
which does not have an initial jump. In works (Dauylbaev, 2017: 214-225), (Dauylbaev, 2016:
147-154), (Dauylbaev, 2015: 747-761), the initial and boundary value problems were consid-
ered that are equivalent to the Cauchy problem with the initial jump for differential and
integro-differential equations in the stable case.

Systematic study of theoretical and practical problems involving piecewise constant argu-
ments was initiated in the early 80’s. Since then, differential equations with piecewise constant
arguments have attracted great attention from the researches in mathematics, biology, engi-
neering and other fields. A mathematical model including piecewise constant argument was
first considered by Busenberg and Cooke (Busenberg, 1982: 179-187) in 1982. They con-
structed a first-order linear equation to investigate vertically transmitted diseases. Following
this work, using the method of reduction to discrete equations, many authors have analyzed
various types of differential equations with piecewise constant argument.

In (Akhmet, 2005: 11-20), (Akhmet,2011), (Akhmet, 2007: 367-383), (Akhmet, 2007: 646-
663), (Akhmet, 2015: 2483-2495), (Akhmet, 2012: 337-352) M. Akhmet first proposed to
investigate differential equations with piecewise constant argument of generalized type. Cur-
rently, these equations are widely used and the foundations of the theory are constructed.
There are many works that are written in the framework of the theory created by M. Akhmet.
Theoretically, this concerns theorems on the existence of bounded solutions, periodic, almost
periodic solutions, exponential dichotomies, integral surfaces, differential equations of math-
ematical physics, and many others.

The movement of the weights on the spring, the pendulum, the charge in the electrical
circuit and also the evolution of many systems in physics, chemistry, biology and other
sciences in time under certain assumptions can be described by the same differential equations
that in the theory of oscillations serves as the basic model. This model is called a linear
harmonic oscillator.

The equation for the free oscillations of singularly perturbed linear harmonic oscillator
with piecewise-constant argument has the form

ey (t) + 1y (t) + ky(B(t)) = 0,

where y(t) is a variable describing the state of the system (weight shift, capacitor charge, etc.),
[ is a parameter characterizing the energy loss (friction in the mechanical system, resistance
in the circuit), k is a natural frequency of oscillation, t is a time.

2 Material and methods
2.1 Consider the following Cauchy problem for singularly perturbed differential equation
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with piecewise-constant argument
ey (t) + 1y’ (t) + ky(B(1)) = F(t) (1)

y(07 8) = Yo, y/(()? 5) = Y1, (2>
where € > 0 is a small parameter, [, k, 39,y are known constants. The piecewise-constant
argument is determined with the function 8(t) = 6;, if t € [0;,0;41), i =1,p, 0 < ) < by <

<0, <T.
The following conditions are hold:
(C1)F(t) is a continuously differentiable function in the segment 0 <t < T.
(C2) >0, 0<t<T.
If t € [0,6,), then the Cauchy problem (1),(2) has a form:

ey’ (t) + 1y (t) = F(t) — kyo, (3)

y(0,¢) = w0, ¥'(0,8) = 1. (4)

The system of fundamental solutions of the homogeneous equation according to the equa-
tion (3) is determined the following type:

yi(t,e) =1+ 0(e), yalt,e) =e I(1+0(e)). (5)

Definition. Let the functions K;(t,s,¢), i =1,2, 0 <s <t <#6; be a solution for the
following problem

Kz(]) (57 S, E) = 52‘71,]’7 .] = 07 17 (7>

the functions K;(t, s,e), i = 1,2 are called the initial functions and can be represented as

Wz(t7 S, 8)

Ki(t,s,e) = m

i=1,2, (8)

where §;_;; is the Kronecker symbol, W (s, ) is the Wronskian of the fundamental set of
solutions (s, €),y2(s,€), Wi(t,s,e) are the second order determinant obtained from the
Wronskian W (s, ) by replacing the i—th row with the system of fundamental solutions (5).

By the formula (5),(8), we obtain the asymptotic representation of the initial
K;(t,s,e), i=1,2 functions as ¢ — 0 :

Ki(t,s,e) =14 0(e), Ks(t,s,e)=

~| (n

(1 et O(e)) . 9)

The solution of the Cauchy problem (3),(4) is as follows:

t
k kyo . 1
y(t,e) =1yo + = (R 4y (1 —e—ét) _ oy -/ (1 _e—é@—S)) F(s)ds.  (10)
I\ LT
0
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We get the unperturbed problem according to the Cauchy problem (3),(4) ase =0:

1y (t) + kyo = F(t), 5(0) = yo. (11)
The solution of unperturbed initial problem is as follows:

t

() = o — Wiy 5 / F(s)ds. (12)
0
Thus, if ¢ € [6;,6:1), i = T,p, then the Cauchy problem (1),(2) has a form:
ey”(t) + 1y (t) = F(t) — ky(6:), (13)
y(0i,e) = y(0:), v'(0i,€) = y'(0:)- (14)

The system of fundamental solutions of the homogeneous equation according to the equa-
tion (13) is determined the following type:

yi1(t,e) =14+ 0(e), yalt,e) =e —£(t=02) (14 0(e)). (15)

By the formula (8),(15), we obtain the asymptotic representation of the initial
K;(t,s,e), i=1,2 functions as € — 0 :

Kilt,s,€) = 1+ 0(e), Ka(t,s,0) = = (1= e £79 +0(e)). (16)
Let us try to define the solution of the Cauchy problem (1),(2) in the interval t €

[0;,0:11), ¢ = 1,p, we make the change of variable s = t — 6;, t = 0, = s = 0, we
obtain

g Tl = F(t) —ky(6:), y(0.e) =y(0:), y'(0.e) =y'(8:). (17)

The problem (17) is similar to (3),(4), the solution of the problem (17) is as follows
S € [0, 01):

y(s,e) :y(ez-){ (kyge") +y'(9i)) <l—e_£s>—ky§9i)s+% / (1_e—£<t—p>) F(p)dp. (18)

As a result, the solution of the problem (13),(14) is as follows:

y(t,e) = y(6:) + % (% + y’(@i)) <1 — e—é@—ei)) _
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1
—l—% (1 — e_é(e”l_ei)) y'(6;) + 7 / (1 — €_£(9”1_8)> F(s)ds, (20)
0;
0it1
Y (Oir1,6) = — (1 — el 01)) y(0) + e~ =00/ (0,) + — / e~ 0= F(s)ds
0;

We get the unperturbed problem according to the Cauchy problem (13),(14) as e =0 :
[(t) + ky(0:) = F(t), Yleg, = 7(0:)- (21)

The solution of the unperturbed initial problem (21) is as follows:

7() = 5(6:) — @t + % / F(s)ds. (22)

Theorem. If the conditions (C1),(C2) are true, then the Cauchy problem (1),(2) has a
unique solution on the interval ¢ € [6;,60;11), i = 0,p and expressed by the formula (19),
such that the following limiting equalities hold:

hmy(ta 5) = y<t)7 02 <t< 9i+1a
e—0

lim y/(ta 6) = y/(t)a Qz S < 0i+1-
e—0

Proof. Consider first the interval ¢ € [0,6;). With the help of the solution (10) of sin-
gularly perturbed initial problem (3),(4) and the solution (12) of the unperturbed problem
(11), when € — 0, as a result

t

k 1
hH(l) y(t,e) = yo — L / F(s)ds
e—

I ] y(t), 0§t<61,

0

limy'(t,e) = _ Ko =7(t), 0<t<b.
e—0 l

Continue in this way to prove the limiting equalities of the Theorem in the interval
t € [0;,0;41), i =1,p. Theorem is proved.

ISSN 1563-0277 Journal of Mathematics, Mechanics, Computer Science Ne 1(97)2018



Singularly perturbed linear oscillator ... 9

2.2 Example. Consider the following initial value problem:

ey’ (t) +y'(t) — y(t]) = 0, (23)
y(0,e) =1, y'(0,e) = 3, (24)

where [-] denotes the greatest integer function.
If t € [0, 1), then the Cauchy problem (23),(24) has a form:

ey'(t) +y/(t) =1, y(0,e) =1, ¥ (0,¢) =3. (25)

The solution of the initial value problem (25) is as follows:
y(t,e) =1+ 2 (1 - e—ﬁ) +t, te(0,1).

Let us try to define the solution of the Cauchy problem (23),(24) in the interval t €
[n,n + 1), we make the change of variable s =t —n, t =n = s = 0, we obtain the solution
of the Cauchy problem (23),(24)

t—n

y(t,e) = <1 —€ (1 - e_t_?n> +t— n) y(n)+e¢ (1 - e‘T> y'(n), t€n,n+1). (26)

y(n)

For determining vector y(n) :< ,

y'(n)
y(n+1) = A(e)y(n), (27)

) , we obtain system of difference equation:

where

Ale) = 2—8(1—6_%> 8(1—€_é> . (28)

(1 — e’%> e’é

Vector y(n) has a form

y(n) = A™(e)y(0), (29)

where

A6 = TEIETE, 70 = (3), (30)

Ja(e) = ()\156) 3 (25)) is a matrix Jordan, 7T'(¢) is a transforming matrix.
2

We construct the characteristic equation respectively system (27):
)\2—(6_%4—2—8(1—6_%)))\4—26_%—8(1—6_%>:0. (31)
Roots of the characteristic equation (31) is defined by the formula
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ei+2_€(1_6;)i\/(e;+2_5<1_ei>)2—4(2ei—g<1—ei>>'

/\172(5) = 9

(32)

Eigenvectors according to the found eigenvalues is determined by linear algebraic system

(2—6(1—6_%> —)\1,2)514-6(1—6_%)52:0

(1 - 67%) &+ <67% - )\1,2> &2 =0. (33)

The solution of linear algebraic system (33) is as follows

oo (tme ) wy (et ea e (1-et)) (ot e (1-e))
2 (et —1)

By the found eigenvectors according to eigenvalues are defined the elements of matrix

i(e) =

&a(e).

(34)

(35)

toape (et oy (et rame (1m0 t)) (ot 2 (1- )
2 (et — 1) ’

To1(e) =1, Ty(e)=1.

The elements of the inverse matrix T!(g) are as follow:

T12(€) =

: (36)
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Jale) = (X?ég) &28)) | (37)

Considering the formulas (30),(32),(35)-(37), we obtain the limiting equalities for the
elements of the matrix A"(¢) :

: n __on : n _ . n _ on—1 . n _
ll_ﬂ% ayy(e) =2, ll_{% agy(e) =0, ll_% ag(e) = 2", }:1_12% ag(e) = 0. (38)

The solution of the initial value problem (23),(24) on the interval [n,n + 1) is as follows:

y(t,e) = Alt,e) - A"(e) - y(0), (39)

where

Alt,c) = 1—¢ (E — etatn2>—i— t—n € (1 —tej_sn> | (40)

1—e" =

and A"(e), y(0) are expressed by the formula (30).
Consider unperturbed initial value problem:

{ ?’(t)O)ZZ@(ED? (41)

y(

If t € [0,1), then the problem (41) has a form

70 -1
{ %(0) _1. (42)

The solution of unperturbed problem (42) is as follows
y(t)=t+1. (43)

As shown in the above, the solution of the unperturbed problem (41) in the interval
t € [n,n + 1) is defined by the formula

y(t) = (t =n+1)y(n). (44)
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The unknown value g(n) is determined by the following difference equation:

y(n+1) =2y(n). (45)

By solving the equation (45), we obtain 7(n) = 2".
The results can be seen to perform the following limiting equalities:

lin%y(t,e) =t+1=75yt), 0<t<l,
E—

limy/(t,e)=1=7(t), 0<t<1,

limy(t,e) =2"(t—n+1)=75y(t), n<t<n+l,

3 Conclusion

The Cauchy problem for a singularly perturbed linear differential equation with piecewise-
constant is considered in the article. A solution of a singularly perturbed Cauchy problem
is obtained using the reduction method. A solution of the unperturbed problem is obtained.
The theorem on the passage to the limit is proved.
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