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We propose method of studying implicit singular differential equations based on the results
of the covering mapping theory. The article consists of three sections. In the first section
we give the necessary designations and definitions and formulate the theorem on Lipcshitz
perturbations of covering mappings. In the second section we introduce special spaces of
measurable functions making it possible to study singular equations by methods of functional
analysis and formulate the results about the Nemytskii operator in those spaces. In the last
section we provide conditions for the resolubility of the Cauchy problem for implicit singular
differential equations.
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Some problems of physics, aerodynamics, and technological processes can be reduced to singular
differential equations with non-summable coefficients [1], [2]. The images of corresponding mappings,
used to model such cases, do not belong to Lebesgue’s spaces, which result in certain difficulties in
studying such processes. The paper [3] proposed a space of summable functions, in which singular
mappings become regular ones. This makes it possible to apply methods of classical analysis to
differential equations with non-summable singularities. In studying the nonholonomous mechanical
systems (see, for example, [4]) it is necessity to deal with the implicit singular equations. The
standard method to study implicit differential equations is to use theorems on implicit functions.
However, such theorems cannot be applied if the function generating the differential equation is not
smooth enough or it has degenerated derivative. Additional difficulties appear in the case of singular
equations. In literature we could not find methods to study such equations.

Recent rapid developments of the theory of covering mappings povides new opportunities in
studying singular implicit differential equations. The authors in [5] proved a theorem on non-linear
Lipcshitz perturbations of covering mappings and a proposed a new approach to study the implicit
equations based on this theorem. Those studies have been further developed in [6], [7].

In this article, we build on [3], [5]-|7] and propose a formalization of implicit singular differential
equation in a form of an equation with covering mapping in a special space of measurable functions.
As a result, new conditions for existence of solutions of the Cauchy problem for such equations and
its estimations have been found.
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1. Covering mappings of metric spaces

We will use the following definitions.

Let (X,px), (Y,py) be metric spaces. Denote the closed ball in space X with center in z
and radius r >0 by Bx(z,r).

Definition 1|8]. The mapping ¥:X —Y is an «a-covering (covering with constant
a>0), if for any >0 and v € X there holds the inclusion

U (Bx(u,r)) D By (¥(u), ar). (1)
The mapping ¥: X =Y is a-covering if and only if

VueX VyeY dJxeX V(z)=vy, px(z,u)< a_lpy(y, U(u)). (2)

Note that the covering mapping is surjective. This follows from the inclusion (1), as any point
y €Y belongs to the ball By (\Il(u),ar) for sufficiently big r. In the problems that follow, it is
sufficient to consider the estimation (2) only for y € U(X) and not for any y €Y. This allows to
ease the definition of covering mapping in our case.

Definition 2[5]. The mapping ¥:X —Y is called conditionally «-covering (conditionally
covering with constant «>0), if for any r >0 and u € X there holds the

¥ (Bx(u,r)) D By (¥(u),ar) N ¥(X).
The mapping V:X —Y is conditionally «-covering if and only if
Vue X Vye¥(X) JzeX Y(z)=y, px(z,u)< oz_lpy(y,\I’(u)). (3)

The following proposition, proved in [8], is generalization of A.A.Milyuting’s well-known theorem
on Lipschit’s perturbations of covering mappings. We will formulate this result for a particular case
in order not to complicate reading with the unnecessary details, which do not effect our results.

Let ®: X2 =Y be a mapping and y €Y. Consider equation

Flz) = ®(z,2) = y. (1)
Theorem 1[5]. Let metric space X be complete and let the following conditions hold:
o forall x€ X the mapping (-, z): X =Y is conditionally o -covering, closed and

y € (X, z); (5)

o forall x€X the mapping ®(x,-): X =Y is [ -Lipschitz;
Then, if B<a, the equation (4) has a solution and for any u® € X then there exists solution
x=£€ X of this equation, which satisfy the inequality

1
a—p

pX(fauo) < Y (yv(b(uoauo))' (6)

N ot e 1. If the mapping ®(-,z): X =Y is a covering one, then the inclusion (5) is trivial, and
should be excluded from conditions of Theorem 1. In this case the equation (4) has a solution for
any righthand part y € Y. Moreover, as the solution satisfying the condition (6) exists, that means
that the mapping F: X —Y, F(x)=®(z,z) is (a— f)-covering. Thus the theorem 1 gives the
conditions of stability of the covering property in respect of Lipschitz perturbations.
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2. Conditions of covering for the Nemytskii singular operator

Let zp,v:[a,b] =R, v(t) >0 for almost all ¢ € [a,b] be two measurable functions. Following [3],
we define the metric space Lo ([a,b], R, z0,v) of all measurable functions z:[a,b] — R, for which

the function t € [a, b] — % is essentially bounded, with the distance

o z(t) = 21 (1)]
pL.. (22,21) = vrai sup ——————".
( ) tefa,b) v(t)

The metric space Lo ([a,b], R, 2p,v) is complete. In its definition we will drop the symbol z, if
20(t) =0, and the symbol v, if v(t)=1. In particular, Lo ([a,b],R) is a "standard"Banach space
of essentially bounded functions.

In order to apply the Theorem 1 to the implicit singular differential equations we will need
covering conditions for the Nemytsky operator in the spaces Loo([a,b], R, zg,v). Let us formulate
the corresponding proposition.

Let zp,v:[a,b] = R be measurable functions and the function ¢:[a,b] x R — R satisfy the
Caratheodory conditions, i.e. measurable on the first and continuous on the second variable. Let
Yo(t) =g(t, 20(t)). We assume that for any r>0 there exists such R >0, such that for almost all
t€la,b] and for each w€ [20(t) —rv(t), 20(t) +rv(t)] we have |g(t,u) —yo(t)| < R.

Let function ¢ generate the Nemytskii operator

(Ng2)(t) = g(t, z(t)), t € la,b]. (7)

Under the above conditions, this is a closed from Lo ([a, b], R, z0,v) to Loo([a,b], R, y0).
Define G, :[a,b] x R—R as

Go(t,u) = g(t, u(t)v).

T heorem 2. Suppose there exists >0, such that for almost all t € [a,b] the mapping
Gy(t,"):R—R is an a-covering. Then Nemytskii operator (7) defined by Ng: Loo([a,b], R, 20, v) =
— Loo([a,b],R,y0) is also an o -covering. If the mapping G,(t,-) for almost all t € la,b] is
conditionally an o -covering, then the operator (7) is also conditionally an « -covering.

Let us illustrate the use Theorem 2 to study the Nemytskii operator generated by the following
simple function.
Example 1. Let
g:[0,1]] xR—=R, g(t,z) =t(1—1t)z.

Let v(t)=t(1—1t), zo(t)=0, yo(t)=0. For such a function g the operator acts from the space
Lo ([a,b],R,v) into space Loo([a,b],R). As for any t€[0,1] function G,(t,u)=wu is 1-covering
by variable u, the operator Ny : Ly ([a,b],R,v) = Loo([a,b],R) is also 1-covering.

3. The Cauchy problem for the implicit singular differential equation

Now we will use Theorems 1,2 to study the resolubility of the Cauchy problem for the implicit
singular differential equation.

Suppose zp,v:[a,b] — R are summable functions, with v(¢) >0 for almost all ¢ € [a,b] . Suppose
a summable function f:[a,b] x R? — R, satisfies Caratheodory conditions, and y:[a,b] =R is a
measurable function and v €R.

Consider the Cauchy problem

Fltz(t),2'(t) = y(t), t€[ab], x(a)=1r. (8)
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The solution of the Cauchy problem does not have to be defined on all the [a,b], but must satisfy
the given equation on [a, c|, for some c€ (a,b]. We will look for the solution of the Cauchy problem
(8) in the class of AC([a,c],R, z0,v), absolutely continuous functions z:[a,c] — R such that
2’ € Loo([a, ¢], R, 29, v). We call the solution xz€ ACw([a, ], R, 29, v) the continuation of the solution
z. € ACx([a, ], R, z0,v), if ¢>c and zz(t) =x.(t) for t € [a,c|]. If there exists the continuation
of the solution z. then we call z. continuable. We will call function z:[a,d) — R, maximally
continued solution if the restriction of = onto [a,c] for any c€ (a,d)is a solution of (8) and

"(t) — 20(t
lim vrai sup M =00

c—+d—0 t€la,c] ’U(t)

We now give conditions that imply the resolubility of the Cauchy problem (8). We define function

yo(t) = f(t,7+/ 20(s) ds, zo(t)).

We assume that for any r >0 there exists R >0, such that for almost all ¢ € [a,b] for every
z€[-r 1], ue [20(t) —rv(t), 20(t) + rv(t)] the inequality |f(¢,x,u)— yo(t)] < R holds. Let
F,:]a,b] x R? =R be defined as

Fy(t,z,u) = f(t, z, u(t)v).

T heorem 3. Suppose function F,(t,z,-):R—R be conditionally covering for almost
all t € [a,b], and for any x € R and u € R. Suppose further the function F,(t,-,u):R—R is
Lipschitz and y(t) € f(t,z,R). Then there exists c€ (a,b] and exists defined on [a,c] solution
z. € ACx([a, c],R, z0,v) of the problem (8). Any solution of (8) is continuable to the solution
defined on the whole [a,b] or to the mazimally continued solution.

P r o o f of this theorem is based on the representation of the problem (8) in a form of
operator equation (4) in respect of the derivative of the unknown function. In our case the mapping
O(,u): Loo([a, ¢, R, 2z0,v) = Loo([a, ], R,y0) is a Nemytskii operator, which due to Theorem 2 is
conditionally an «-covering; and the mapping ®(u,-): Loo([a, ], R, 20,v) = Loo([a, ¢], R, y0) is an
integral operator, which is Lipschitz with the constant [, which is less than « when ¢ is close to
a. Thus, by Theorem ,1 problem (8) has a solution. The continuation of each solution is proved in
a similar way.
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HAKPBIBAIOIIIVE OTOBPAKEHIN A B TEOPUIN HEABHBIX
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B pabote npejjiararoTcss METOJIBI MCCJIEIOBAHNUS HESBHBIX CHUHIYJISPHBIX TuddepeHnaib-
HBIX YpaBHEHUil, OCHOBaHHBbIE Ha Pe3yJibTaTaX O HAKPbIBAKOIUX OoTOoOpaxKkeHusix. Crarbs
COCTOUT U3 Tpex maparpados. B mepBoMm maparpade mpuBegeHbl HEOOXOAUMBIE 0OO3HATE-
HUs, ONIPe/IeSIeHns], COOPMYTMPOBAHA TEOPEMAa O JIUIIIIUIEBBIX BO3MYIIEHUSIX HAKPBHIBAIOITUX
0TOOpAXKEHMIT; BO BTOPOM — BBEJICHBI CIEIUAJIBHBIE METPUIECKIE MPOCTPAHCTBA M3MEPH-
MBIX (DYHKIIHIA, ITO3BOJIAIONINE IPUMEHUTD K CHHIYJISIPHBIM YPABHEHUSIM METOJIbI AHAJIN3A,
3J1eCh TIOJIYIEHO YTBEPKIEHNE O HAKPBIBAIOIINX CBOWCTBax oneparopa HeMmbIlKoro B Takux
IPOCTPAHCTBAX; B TpeTbeM Haparpade Ha OCHOBE IIePEYUC/IEHHBIX PEe3YIbTATOB IOJIYI€HbI
YCJIOBHS Pa3pEemmMOCTh 337a4dn Ko [jis HessBHOTO CHHTYJISPHOrO auddepeHnnasbsHoro
yPpaBHEHUSI.

Kmouesnie crosa: HessBHOE CUHTY IsIpHOE MuddepeHImaabioe ypasuenne, 3aaaqa Ko, Ha-
KpPBIBAIOIee 0TOOparkeHne, JUIIIUAIEBO 0TOOpakeHne, MEeTPUIeCKOe ITPOCTPAHCTBO
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