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In this survey, necessary and sufficient conditions for the oscillation of solutions of retarded, ad-
vanced and neutral differential equations of first and higher order with one or several constant
coefficients and constant arguments, in terms of the characteristic equation, are presented. Ex-
plicit (in terms of the constant coefficient and constant argument only) necessary and sufficient
conditions are also presented in the case of one argument. In the case of nth order equations neces-
sary and sufficient conditions for the oscillation of all solutions are presented when n is odd, while
necessary and sufficient conditions for the oscillation of all bounded solutions are presented when
n is even. In this case explicit sufficient conditions for the oscillation of all solutions are presented
when n is odd, while explicit sufficient conditions for the oscillation of all bounded solutions for
retarded equations and of all unbounded solutions for advanced equations are presented when n
is even. In the case of several arguments explicit but sufficient conditions only are given and the
results are also extended to equations with several variable coefficients.
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B 3r10it crarhe npeicTaBieHbl HEOOXOIUMBIE U JIOCTATOYHBIE YCJIOBUS I KOJIEOAHUIN BCeX PeIleHnin
3ala3/IbIBAIONINX, IPOABUHYTHIX W HEHTPAIbLHBIX A PepeHnnaIbHbIX YpaBHEHUI IIEPBOr0o M
BBICIIIETO MTOPSAJIKA C OJHUM WJIM HECKOJIHLKUMHU IIOCTOSHHBIMU KO3(D@MUIMEHTAMU U IIOCTOAHHBIMU
apryMeHTaMu B TEPMHUHAX XapaKTePUCTHYECKOI'O ypaBHeHUs. ZIBHbIE (TOJBKO 110 IOCTOSTHHOMY
K03bDOUIMEHTY U TIOCTOSTHHOMY apryMeHTY) HeOOXOIMMBIE M JOCTATOYHBIE YCJIOBHs TaKKe
IIPEJICTABJIEHBl B CJIydae OJHOTO apryMeHTa. B cilyyae ypaBHEHHS N-T'O MOPsiIKa HEOOXOIUMbIE U
JIOCTATOYHBIE YCJIOBUS I KOJeOaHMiT BCeX PEIeHUIT IIPeICTaBIeHbI KOTIA 1 SBJISI€TCS HEIeTHBIM,
a HeOOXOIMMBIE U IOCTATOYHBIE YCJIOBHS It KOJIeOaHUT BCeX TPaHNIHBIX PEIIeHHH peICTaBICHbI
KOIJIa 1 SABJISIETCI YETHBIM. B 9TOM cilydae siBHbIE JIOCTATOYHBbIE YCJIOBHSA JJIsi KOJebaHUil Bcex
pellleHnii IPeJCTABIEHbl KOIJa 7 sIBJIA€TCS HEYETHBIM, & sIBHbIE JOCTATOYHBIE YCJIOBUS JIJIs
KoJIeDaHUil BCeX I'PAHUYHBIX PEIIeHUii JjIs ypaBHEHUIl C 3ala3bIBAHUEM M BCEX HErpaHUIHBIX
pellieHnit Jjis TPOJBUHYTHBIX yDPABHEHUU IPEJCTABIEHBI KOIJA 7. SIBJISeTCd HEYeTHBIM. B
clIydae HEeCKOJBKAX apryMEHTBHI SBHBIE, HO JOCTATOYHDLIE YCIOBUS JTAIOTCSI, W PE3YIbTATHI TAKKe
PAaCIPOCTPAHAETC Ha YPaBHEHUs C HECKOJIBKUMHU IIEPEMEHHBIMEU KO3 puIineHTamu.

KuaroueBbie cioBa: Kosebanume; 3amasnpiBanne, HEOOXOINMbBbIE U JOCTATOYHBIE YCJIOBUA,
XapaKTePUCTUIECKOE YPABHEHNE, PA3HOCTHBIE YPABHEHUS.

1 Introduction

Consider the first-order linear functional differential equations with several deviating argu-
ments of the retarded

z'(t) + Zpix(t —7)=0 (1)
i=1
and the advanced type .
?(t) =Y pia(t+7)=0. (1)
i=1
In the special case that n = 1 the above equations reduce to the following retarded
) +pr(t—71)=0 (2)
and advanced differential equation
Z'(t) — px(t+71) = 0. (2)

Equations of higher order and equations with variable coefficients are also studied. Sev-
eral sufficient and necessary and sufficient conditions under which all solutions oscillate are
presented.

As it is customary, a solution is said to be oscillatory if it has arbitrarily large zeros.
Otherwise it is called non-oscillatory and in this case it is eventually positive or eventually
negative. Solutions are assumed to be defined for all t > 0.

The oscillation theory of differential equations was initiated by Sturm [26] in 1836. Since
then many papers have been published on the subject. See, for example, the references [1-26]
and the papers cited therein. For the general theory of delay equations the reader is referred
to the monographs [8,9,6,4].
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2 Literature review

The oscillation theory of Ordinary Differential Equations (ODEs) was originated by Sturm
in 1836. Since then hundreds of papers have been published studying the oscillation theory
of ODEs.

The oscillation theory of Delay Differential Equations (DDEs) was mainly developed
after the 2nd world war. It was during the war that the admirals and officers in Navy (Fleet)
observed that the ships were vibrating and asked the engineers and the scientists to solve the
problem. Investigating the problem of vibrations (oscillations) the scientists found out that
the equation which was to be taken into consideration was not an ODE (a usual equation
without delays) but it was a differential equation with delays.

In the decade of 1970 a great number of papers were written extending known results from
ODEs to DDEs. Of particular importance, however, has been the study of oscillations which
are caused by the delay and which do not appear in the corresponding ODE. In recent years
there has been a great deal of interest in the study of oscillatory behavior of the solutions to
DDEs and also the discrete analogue Delay Difference Equations (DAESs). See, for example,
[1-26] and the references cited therein.

The problem of establishing sufficient conditions for the oscillation of all solutions to the
differential equation

() + p(t)x(r(t)) =0, t > to, (1)

where the functions p, 7 € C([to,00),RT) (here RT = [0, 00)), 7(t) is non-decreasing, 7(t) < ¢
for t > to, and lim;_,, 7(f) = oo, has been the subject of many investigations. See, for
example, [4-6, 8-12, 14-17, 19, 21, 22, 24| and the references cited therein.

By a solution of Eq. (1) we understand a continuously differentiable function defined on
[7(Tp), 00) for some T > t, and such that (1) is satisfied for ¢ > Tj. Such a solution is called
oscillatory if it has arbitrarily large zeros, and otherwise it is called nonoscillatory.

The oscillation theory of the (discrete analogue) delay difference equation

Azx(n) +p(n)x(r(n)) =0, n=0,1,2,..., (1)

where p(n) is a sequence of nonnegative real numbers and 7(n) is a sequence of integers such
that 7(n) <n — 1 for n > 0 and lim,,_,~, 7(n) = 00, has also attracted growing attention in
the recent few years. The reader is referred to [1-3, 7, 13, 18, 20, 23, 25| and the references
cited therein.

By a solution of Eq. (1)’ we mean a sequence x(n) which satisfies (1)’ for n > 0. A solution
z(n) of (1) is said to be oscillatory if the terms of the solution are not eventually positive
or eventually negative. Otherwise the solution is called nonoscillatory.

3 Materials and methods

3.1 Necessary and sufficient conditions

In this section we present necessary and sufficient conditions under which all solutions of the
equations under consideration oscillate.
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3.1.1 First-order Equations

Consider the first-order linear retarded differential equation (1) with constant coeflicients. In
the following theorem a necessary and sufficient condition for the oscillation of all solutions
of (1) in terms of the characteristic equation associated with (1) is given.

Theorem 1. ([15])Consider the equation

o' (t) + Zpix(t —7;)=0 (1)

where the coefficients p; are real numbers and the delays 7; are non-negative real numbers.
Then all solutions of (1) oscillate if and only if its characteristic equation

D e =0 (3)
i=1

has no real roots.

In the special case of Eq. (2) and (2)’, we have the following theorem.

Theorem 2. (|17,8])Consider the equation with one constant coefficient and one constant
delay

() +px(t—7)=0, (2)

where p, 7 are real numbers. Then all solutions of (2) oscillate if and only if its characteristic
equation
A pe ™ =0 (4)

has no real roots.

Consider now the first-order neutral differential equation

d
E[a:(t) +px(t — 1) 4+ qx(t — o) = 0. (5)
The following theorem holds.

Theorem 3. (|24,8]) Consider Eq.(5), where p,q, 7 and o are real numbers. Then all
solutions of Eq. (5) oscillate if and only if its characteristic equation

Apre™ +ge M =0 (6)

has no real roots.

In the general case of the first-order neutral differential equation with several coefficients
we have the following.

Theorem 4. ([7]) Consider the neutral differential equation

%[:E(t) + Zpix(t - 7))+ Z gix(t — 0;) = 0. (7)
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where p;, ¢;, 7; and o; are real numbers. Then all solutions of Eq.(7) oscillate if and only if
the characteristic equation associated with (7)

AHAY pie M+ ) e =0 (8)
i=1 i=1
has no real roots.
3.1.2 Higher-order Equations

Consider now the nth-order delay equation
c™W(t) + (=) pa(t — 1) =0, p,7>0; n>1. (9)
In this case the characteristic equation of Eq. (9) is
A" (—1)"pe™ = 0. (10)
We have the following theorem.
Theorem 5. ([16]) For n odd [n even| the following statements are equivalent.

(a) All solutions of Eq.(9) oscillate [All bounded solutions of Eq.(9) oscillate].
(b) The characteristic equation (10) has no real roots [Eq.(10) has no real roots in (-0, 0]].

In the general case of the nth-order differential equation with several coefficients of the
form

M () + (=1)"H Zpix(t —7)=0, pj,7; >0and n > 1 (11)
i=1
the characteristic equation of Eq.(11) is
)\n _|_ (_1)n+1 Zpief)\ﬂ — 0 (12>
i=1

and we have the following.

Theorem 6. ([16]) For n odd [n even| the following statements are equivalent.
(a) All solutions of Eq.(11) oscillate [All bounded solutions of Eq.(11) oscillate].
(b) The characteristic equation (12) has no real roots [Eq.(12) has no real roots in (-o00, 0]].

Consider now the general case of the nth-order neutral differential equation with several

coefficients .
%[:p(t) + %:pix(t — 7))+ XK: gx(t —or) =0, n>1 (13)

where J, KC are initial segments of natural numbers and p;, 7, qx, 0, € R fori € J and k € K.

Theorem 7. (|2])A necessary and sufficient condition for the oscillation of all solutions
of Eq.(13) is that the characteristic equation associated with (13)

A" 4\ Zpief)\n + Z qief/\o'k -0 (14>
J K
has no real roots.
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3.2 Explicit Oscillation Conditions

In this section we present explicit (in terms of the coefficients and the arguments only)
oscillation conditions. In the case of equations with one delay an explicit necessary and
sufficient condition is also derived.

3.2.1 First-order Equations

Theorem 8. ([19,1,10])Consider the differential equation with several constant retarded
arguments

2 (t) + Zpix(t —7)=0 (1)

and the differential equation with several constant advanced arguments
n
?(t) =) p(t+7) =0 (1)
i=1
where p; and 7;, 7 = 1, 2, ..., n are positive constants. Then each one of the following conditions
(i) pi 7> % for some i, i =1,2,...,n,
i) OClyp)T > %, where 7 = min{r, 7o, ..., Tn },
(iil) i, pim > g,
(iv) [TTy ] oy ) > 4,

(v) E(Zmpm)?)’ > 1
implies that all solutions of (1) and (1) oscil-
late.

Remark 1. ([17,19]) It is noteworthy to observe that when n = 1, that is, in the case of
a differential equation with one deviating argument, each one of the conditions (i), (ii), (iii),

(iv), (v) reduces to

1
> — 15
pT > - (15)

which is a necessary and sufficient condition for all solutions of the retarded

() +pr(t—7)=0, p,7>0, (2)
and the advanced differential equation

Z'(t) —px(t+7)=0, p,7>0. (2)
to be oscillatory.
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We present the proof of this fact in the case of Eq.(2). [The proof in the case of Eq.(2)’
is similar|.
Proof. The characteristic equation associated with Eq.(2) is

F(A) =X+ pe ™ =0.

It is easy to compute the critical points of F'(A) and evaluate the extreme values. The first
derivative F'(A\) = 1 — pre™*" and therefore the critical point is Ag = £ In(pr). The second
derivative F”(\) = pr?e™*™ > 0. Therefore at the critical point \¢ the function F(\) has
a minimum value F'(\g) = w. The minimum value would be positive if and only if

In(pr) + 1 > 0, that is, if and only if p7 > %, which completes the proof.
Next we consider neutral differential equations of the retarded and advanced type as well
as neutral equations of the mixed type and present explicit sufficient oscillation conditions.

Theorem 9. ([25]) Consider the neutral differential equation with several constant re-

tarded arguments
k

%[m(t) +cx(t —r)] + Zpﬂf(t —7;) = 0. (16)

i=1

and the neutral equation with several constant advanced arguments

%[m(t) +ea(t+)] =D palt+m) =0. (16)°

and the neutral equations of mixed type

k ¢
%[m(t) +cx(t—r)| + Zpix(t —7)+ Z gx(t+0;) =0, (17)

and . ,
%[m) ()] = Y plt+m) = 3 gt —05) =0, (17)

where c€ R, r € (0,00), p;, ¢j € (0,00) and 73, 0; € [0,00) fori=1,2,.. k; j=1,2,..¢
Then in any of the following cases all solutions of the equations (16), (16)’,(17) and (17)’
oscillate:

(i) ec=-1

(i) —1<e¢,r<morc<—1,r>m and furthermore

1 1
1+c;pi(ﬂ r)> e
or
T I R 1
11ec sz] (Zpi(ﬂ—?")) > -
i=1 i=1
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is satisfied;
(ili) —1<e¢<0 and

i 1
;pm > -

] (2)-

is satisfied.

or

3.2.2 Higher-order equations and inequalities

Consider the n-th order delay differential inequalities
2(t) + (=1)"pta(t — nr) <0, (D)

and
™ (t) 4+ (=1)"Tp a(t — nr) > 0, (II)

and the delay differential equation
M (t) 4+ (=1)"p a(t — nr) = 0, (I11)

where p,7 > 0 and n > 1. A necessary and sufficient condition for the behavior of the
solutions to the above inequalities and equation is given in the following theorem.

Theorem 10. ([18]) The condition

1

is necessary and sufficient so that:

(i) When n is odd: (I) has no eventually positive solutions, (II) has no eventually negative
solutions, and (III) has only oscillatory solutions.

(ii) When n is even: (I) has no eventually negative bounded solutions, (II) has no even-
tually positive bounded solutions, and every bounded solution of (III) is oscillatory.

In the general case of the nth-order (n > 1) differential equation with several retarded
arguments

() + (=)™ pra(t —nm) =0, (18)

i=1

and the nth-order differential equation with several advanced arguments

#(t) =3 " pra(t +nr) =0, (18

i=1
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where p;,7; > 0,1 =1,2,.... k, we present the following sufficient oscillation conditions,
Theorem 11. (|20]) Each one of the following conditions

(i) pi 7> % for some i, 71 =1,2,..., k,

1/n
(ii) (Zle pf) 7> 1, where 7 = min{m, 7, ..., 7},

implies:
(a) For n odd, every solution of (18) and (18)" oscillates.
(b) For n even every bounded solution of (18) and every unbounded solution of (18)" oscillates.

3.2.3 First-order equations with variable coefficients

In this section we present a generalization of the results of Theorem 8 to differential equations
with several variable coefficients of the retarded

) + sz (t—7) =0 (19)
and the advanced type
sz (t+7)=0 (19

where 7;, ¢ = 1,2, ..., n are positive constants and p;(t), i = 1,2, ...,n are positive and contin-
uous functions.
Theorem 12. ([19]) Consider the differential equations (19) [(19)'] and assume that

t—o00 t—o00

t t+(7:/2)
liminf/ p(s)ds > 0, liminf/ p(s)ds >0, i=1,2,...n.
(7i/2) t

Then each one of the following conditions

t—o00 t—o00

t 1 t+7; 1
liminf/ pi(s)ds > —, {liminf/ pi(s)ds > —} , for some i, i =1,2,...,n,
t—; e t €

t+r 1 1
lim inf ’ d>— lim inf i(s)ds > —| ,wh = min|7my, ..., T, },
imin /TZp s llmln /t Zp(s) s e] where 7 = min[my, ..., 7, }

t—o00
i=1

or

1 e (hm inf,_, oo ft ds)
1/2
%Z:;j,i,j:l [(lim inf, oo ij pi(s)ds) X (hm inf, oo ftiT pj(s)ds)} > %
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D (hm inf; o0 ftJm )ds)
i [(hmmft_m [ pi(s )ds> (hmmft_,OO [T -(s)ds)]1/2 > 1

implies that every solution of (19) [(19)'] oscillates.

Next we present a further extension to the following differential equation with variable
delay of the form

+sz z(t —7i(t)) = 0 (20)

where 7; are continuous and positive valued on [0, 00).
Theorem 13. ([10]) If there is a uniform upper bound 7y on the 7; s and

o 1
h{gg}f ‘ pi(t)T(t) > -

then all solutions of Eq.(20) oscillate.

4 Results and Discussion

In this survey paper we present necessary and sufficient conditions for the oscillation of
solutions of retarded, advanced and neutral differential equations of first and higher order
with one or several constant coefficients and constant arguments, in terms of the characteristic
equation. Explicit (in terms of the constant coefficient and constant argument only) necessary
and sufficient conditions are also presented in the case of one argument only. In the case of
nth order equations necessary and sufficient conditions for the oscillation of all solutions
are presented when n is odd, while necessary and sufficient conditions for the oscillation
of all bounded solutions only are presented when n is even. In this case explicit sufficient
conditions for the oscillation of all solutions are presented when n is odd, while explicit
sufficient conditions for the oscillation of all bounded solutions for retarded equations and
of all unbounded solutions for advanced equations are presented when n is even. It is to
be pointed out that in the case of several arguments explicit but sufficient conditions only
are given. The results are also extended to equations with several variable coefficients where
sufficient conditions only are given.

5 Conclusion

We conclude that necessary and sufficient conditions for oscillation of all solutions have
been given in the case of differential equations with several constant coefficients and constant
arguments in terms of the characteristic equation only. While explicit (in terms of the constant
coefficient and constant argument only) necessary and sufficient conditions have been given in
the case of one argument only. It is to be pointed out that in the case of nth order equations
necessary and sufficient conditions for the oscillation of all solutions are presented when n
is odd, while necessary and sufficient conditions for the oscillation of all bounded solutions
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only are presented when n is even. In this case of nth order equations explicit sufficient
conditions for the oscillation of all solutions are presented when n is odd, while explicit
sufficient conditions for the oscillation of all bounded solutions for retarded equations and of
all unbounded solutions for advanced equations are presented when n is even. Furthermore,
in the case of several arguments explicit but sufficient conditions only are given.
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