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Abstract. We introduce new transversality conditions in terms of derivatives with re-
spect to a nondecreasing function ¢ : R — R, and we use them to prove the existence
of solutions for discontinuous systems of Stieltjes differential equations, i.e. differen-
tial equations where usual derivatives are replaced with derivatives with respect to the
derivator g. The proof of our main existence result leans on some interesting new re-
sults on g-derivatives also proven in this paper.
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1 Introduction

We are concerned with initial value problems for first order systems of Stieltjes differential
equations of the form

xg = f(t,x), tel=[to,to+L), x(to) = xo, (1.1)

where ¢ : R — R is a nondecreasing function, to,L € R, L > 0, xp € R" (n € IN) and
f=(fifa---, fu) : I x R" — R" need not be continuous.
As usual, x; stands for the derivative with respect to ¢ which, roughly speaking, means

g x(s) — 30
=1 o =g

and it allows us to study difference and differential equations, with or without impulses,
under the unified formulation of (1.1).

Existence of Carathéodory type solutions for (1.1) has recently been well studied for the
case when f(t,x) is continuous with respect to the x variable. See [5,6,11-14]. In this paper,
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we intend to improve on the previous references by allowing the nonlinear part f(t,x) to
present many discontinuities. To do so, we show that discontinuities do not matter as long as
they can be covered by some subsets of I x IR" satisfying a novel transversality condition with
respect to the g-differential equation in (1.1).

Our new transversality condition, inspired by an idea by Bressan and Shen [2], later gener-
alized in [10], leans on some new results on g-differentiation which are interesting in its own
right. We manage to translate the ideas the authors brought in [10] from usual differential
equations to Stieltjes differental equations, generalising their results even further. We achieve
this by introducing some new interesting properties on the g-derivatives.

This paper is organized as follows. In Section 2 we include the basic preliminaries on
g-differential equations so that this paper be self-contained; in Section 3 we prove some new
results on g-differentiation, specially, on a chain rule for functions of several variables which
is essential for our definition of local transversality conditions; in Section 4 we prove our main
existence result for (1.1).

2 Preliminaries on Stieltjes derivatives and differential equations

In what follows, ¢ : R — R is monotone, nondecreasing and continuous from the left
everywhere. Let us consider the set of points around which g is constant, namely

C; = {t € R : gis constant on (t —¢,t +¢) for some ¢ > 0}, (2.1)
and the set of discontinuity points of g, which is at most countable and shall be denoted by
D, ={teR: g(t")—g(t) >0}, (2.2)

where, as usual, g(t*) = limg_,;+ g(s) € R.
Following [11], we define the derivative with respect to g (or g-derivative) of a real-valued real
function f at a point ¢y € R\ C, as follows, provided that the corresponding limit exists:

felto) = tlg?o M if ty ¢ Dy, or (2.3)
fe(to) = lim f(t) = f(to) if tg € Dy, (2.4)

-t g(t) — g(to)

where C; and D, are defined in (2.1) and (2.2) respectively. Notice that the g-derivative at a
point fy € Dy exists if, and only if, f(t]) exists and (2.4) can be rewritten as

+
fo(to) = M (2.5)
8ty ) — 8(to)
We say that f is g-differentiable at to if f¢(to) exists, and we say that f is g-differentiable in a
set A C R when f is g-differentiable at every tg € A\ C;. There will be no need to define g-
derivatives for the points in Cy because, according to [10, Proposition 2.5], we have 1, (Cq) = 0,
where 1, stands for the Lebesgue-Stieltjes measure induced by g. However, it is possible to
give a reasonable definition of a g-derivative everywhere, see [13], but we shall not need it in
this paper.
Roughly speaking, g-differentiable functions can be recovered by integrating their
g-derivatives in the Stieltjes sense with respect to g. More precisely, we have the following
Fundamental Theorem of Calculus for the Lebesgue-Stieltjes integral [10, Theorem 5.4].
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Theorem 2.1 (Fundamental Theorem of Calculus for the Lebesgue—Stieltjes integral). Let a,b
R, a < b, and F : [a,b] — R. The following conditions are equivalent.

(1) The function F is absolutely continuous with respect to g (or g-absolutely continuous)
according to the following definition: to each € > O, there is some 6 > 0 such that, for any family
{(an,bn) }1_, of pairwise disjoint open subintervals of [a,b], the inequality

Y (g(b) — g(an)) < 6

n=

—_

implies

ilu-"(bn) — F(a,)| < e.

(2) The function F fulfills the following properties:

(a) there exists Fg(t) for g-almost all t € [a,b) (i.e., for all t except on a set of yig measure zero);
(b) F; € Ly([a, b)), the set of Lebesgue=Stieltjes integrable functions with respect to pig;
(c) foreach t € [a,b], we have

F(t) = F(a) . Fe(s) dpg. (2.6)
We remark that . ({t}) = g(t7) —g(t) > 0 when t € D, (see equation (6) in [10]). In
particular, if f € [a,b) N Dy, then, (2.6) implies that

F() —F() = [ ) drs = FD(s() ~ 5(1),

which may be nonzero. Therefore, g-absolutely continuous functions need not be continuous
at discontinuity points of g.
However, g-absolutely continuous functions have some nice properties.

Proposition 2.2 ([10, Proposition 5.3]). If F is g-absolutely continuous on [a, b], then it has bounded
variation and it is continuous from the left at every x € [a, b).

Moreover, F is continuous in [a,b] \ Dg, where Dy is the set of discontinuity points of g, and if g
is constant on some («, B) C [a, b], then F is constant on (a, B) as well.

We say that a vector-valued function F : [a,b] — R”" is g-absolutely continuous on [a, ]
if each of its components is g-absolutely continuous. We denote by AC([a,b]) the set of
g-absolutely continuous functions on [a, b] with values in R".

Definition 2.3. A (Carathéodory) solution of (1.1) is a g-absolutely continuous function x :
[to, to + L] — R" such that x(fp) = xp, and

xg(t) = f(t,x(t)) for g-almost all (g-a.a.) t € [to, o + L).

Next we introduce a useful splitting of ¢ into its continuous and discrete parts. This is well
known for bounded variation functions on bounded intervals, see, for instance, [1, Theorem
2.6.1], but we have to adjust it for functions defined on the whole real line.

Denote

Ag(t) = g(t") —g(t),
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for all t € R and define the function g% : R — R as follows:

gB(t> — {ZSG[O,t) Ag(s)/ t> 0, (27)
— Yser0) Ag(s), t<0.

We have that g? is nondecreasing and left-continuous. We will say that ¢® is the discontinuous
or jump part of g. We say g is totally discontinuous when ¢ = g8 # 0. We define the continuous
part of g as follows:
g(t) :=g(t) —g°(t), VteR.
Thus, g© is nondecreasing and continuous (in the usual sense).
By definition we have that ¢ = ¢© + ¢P. In particular we have, over Borel sets, that
Mg = Hgc + Hgs. It holds that

forallt,s e R, t <s.
Now we recall the notion of g-topology in IR, introduced for the first time in [6].

Definition 2.4. Given any t € R and ¢ > 0, we define the g-ball of center ¢ and radius ¢ as the
set

Bg(te) :={s € R | [g(s) —g(t)] <&}
Define the g-topology as
To:={UCR | Vte U Je>0: By(te) CU }.
For any A > 0 and By(t, &) denote ABg(t, &) = Bg(t, Ae). Denote also Bylt, ] as the closed
ball
Belt,e] = {s € R | |g(s) —g(t)| < ¢},
which need not be a closed set in the usual topology (for instance, By(1,1/2) = (0,00) if
g(t) =0fort <0and g(t) =1 fort > 0).
Finally, since C, is open, we can express it as a countable union of disjoint open intervals

(o]

Ce = | (an, bn),

n=1

and we denote by N, the set of the real endpoints of all the intervals (a,, b,). The following
technical information will be used in Section 3.

Proposition 2.5. Let t € R be such that t ¢ Dy U Ng U Cq. Then any set N is a usual neighborhood
of t iff N is a neighborhood of t in the topology Tq.

Proof. First, note that R — (Co UN,) = {t € R: g(s) # g(t) Vs € R, s # t}. Since t ¢ Dy, g is
continuous at t. Hence,

Ve>030>0:(t—4,t+0J) C Bg(te).
Fix € > 0 now, take § = min{|g(t) — g(t —€)|,|g(t +€) — g(¢)|} > 0, thus
Bo(t,0) C (t—e,t+e).

Equivalently, the function Id is g-continuous at t. In fact, g-continuity at ¢ is equivalent to
usual continuity at ¢. Every local basis of ¢ (usual or on Tg) is a local basis on both topologies.
The claim is then proved. O
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Remark 2.6. Let f be a function defined on a neighborhood (t —¢,t+€) of t ¢ Dy U Ng U Cq.
If f¢(t) exists, then f is continuous at ¢.
To prove it, simply observe that there exists § > 0 such that

f(8) = f&)l < (Ifg(OI+DIg(E) —8(s)| Vs € (t=6,t+0),

which implies that f is continuous at t because so g is.

3 Covering lemmas and fine results on g-derivatives

This section is devoted to proving some technical results on g-null sets and g-derivatives
which will play a fundamental role in the proof of our main existence result for (1.1).

We start with the following lemma on existence of special subcollections of arbitrary col-
lections of sets.

Lemma 3.1. Let X be a nonempty set and let B be a collection of subsets of X containing at least one
nonempty set. Then, there exists a subcollection of subsets C C B satisfying the following conditions:

(1) ANB=Q, forall A,BeC, A#B.
(2) For any B € B, there exists some C € C such that BN C # @.

Proof. Let Q) be the set of all disjoint subcollections of B equipped with the partial order C.
Clearly () # @ as {B} € Q) for any B € B. Let A be a nonempty chain in Q). If it were to
happen that

D=[JAecqQ
AeA

then D would be an upper bound of A. Let us prove the above. Clearly, D C B since A C B
for all A € A. Besides, for any A, B € D, A # B, there exists some A € A such that A, B € A,
therefore, AN B = @. Hence, D € (). By Zorn’s lemma there exists some maximal element
C € Q. C satisfies (1) and (2). O

As we will prove now, we can recover the Vitali Covering Theorem using the balls defined
with the derivator. Our proof is basically identical to [4, Theorem 1.24], since the classical
proof holds for the Stieltjes case as well.

Theorem 3.2 (The Stieltjes—Vitali Covering Theorem). Let Q) be an arbitrary collection of balls such
that
R =sup{rad(By) : B € 0} <

where rad(Bg) denotes the radius of By. Then, there exists a countable disjoint subcollection A C Q) of

balls such that
U Bsc | 54,
BgeQ AgeA

Besides, each By € () intersects some Ag € A such that By C 5A,.
Proof. Denote

R R .
F]: {Bg e : rad(Bg) c (2]"'1’2]:|} for ]:0,1,2,....

We define A, as follows:



6 V. Cora and R. Lépez Pouso

(1) Let Ap be any maximal disjoint subcollection of Fy, which exists by Lemma 3.1.
(2) Suppose Ay, ..., A, are already defined, define A, to be the maximal disjoint subcol-

lection of balls in

n—1
{Bgepn i BeNA, =0, VA, € | Ak}
k=0

given by Lemma 3.1.

Define now

A=A
n=0

By construction, A is a disjoint subcollection of balls in (), and hence, countable, since Tg is
second countable [3, Proposition 2.5]. Take any B, € (), there exist some index n > 0 such
that B, € F,. There must exist then some A, € U]_,Ax such that BN Ay # ©@. Hence,
rad(By) < 2rad(Ay). Let x € By N Ag and xy, x2 be the centers of By and A, respectively.
Then, for every, y € By,

de(y, x2) < dg(y,x1) +dg(x1,x) +dg(x,x2) < 2rad(Bg) +rad(Ag) < 5rad(Ay).

Thus, B; C 5A,. ]

Since g is nondecreasing, every ball B, is connected and thus an interval on R. Fix any
t € R and ¢ > 0 and consider the closed ball B,[t,e]. Assume Bg[t, ¢] to be bounded, take
a = inf Bg[t, €] and b = sup By |t, €]. Hence

(a,b) C Bglt, €. (3.1)
Recall that B, must be non degenerate since g is left-continuous, so a # b. We have that,
g(s) < g(t) +e

for all s < b, hence b € B, by left-continuity. Now, 2 may or may not be on Bg/[t, ¢] depending
whether Ag(a) equals zero or not. In any case

ng(Bglt e]) = pg((a,0]) = g(b") —g(a™) = Ag(b) +8(b) —g(a") < Ag(b) + 2.
Note that, since g© is continuous, singletons have zero measure. So,
Hge (Bglt,€]) = pge((a,b]) = pge((a,b)) = g°(b) —g°(a*") < g(b) —g(a*) <2¢. (32

Lemma 3.3. Let A = { By(ty,ex) : k=1,...,n} bea finite disjoint collection of open balls. Assume
there exists some t € R and € > 0 such that

J Bg C Bglt,e).
BseA

Then, ¢ > %Z,Z’Zl Ek.
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Proof. Let us look first at the case n = 2. Suppose then we have two balls of center t; and t;,
and radius &1 and & respectively. Since the balls are disjoint, we have that t, ¢ B,(t1,€1) and
t1 & By(t2,€2). Hence

max{er, &2} < [g(k2) —g(h)]-
Go back to the general case and assume without loss of generality that the center of the balls
t1,...,t, are ordered from left to right. We have that

n—1 n—1 n—1 €11 + £
g(tn) —g(t1) = Y &tip1) — g(te) = ) max{er1, e} > ) — 5
k=1 k=1 k=1
n—1 n
1 1 1
> Zek‘i‘*sl‘i‘*grz > *Z‘gk-
k=2 2 2 2:3
Now t1, t, € Bg(t,€), hence
1 n
5 Y e < g(tn) —g(tr) < 2e. O
k=1

Remark 3.4. The bounds

n

1 n_l 1 1
<max{er ea}, 3 ) e < ) e+ e+ S
k=1 k=2

&1+ &

made on Lemma 3.3 are just arbitrary and of course suboptimal. We wish for our bounds just
to be comfortable to manage with series as this next result is the whole purpose of the above.

Corollary 3.5. Let A = { Bg(ty, €x) | k € IN} be a countable disjoint collection of open balls. If

J Bg C Bel(t,e)
BgeA

for some t € R and € > 0, the series ) ;. | € converges.

Theorem 3.6. Let X be a nonempty subset of R. Let Q2 be a collection of closed balls whose union
covers X and satisfies the following property:

Forallt € X and 6 > 0, there exists some Ag € Q) such that Ag C By (t,0).

Then there exists a countable disjoint subcollection A C Q which covers X up to a g--null measure
set. In other words, such that

Joc <X— U Bg> =0.

BgeA

Proof. Without loss of generality assume all balls in () have radius less than 1. Denote as A
the countable disjoint subcollection given by Theorem 3.2. We show now that

E=X- |J Bg
BeeA

has null g"-measure. Take E, = E N B,(0,n) for n € N, is enough to show that poc(En) =0
for all n € N. Denote A, = { B§ = Byt ek | k € N} the subcollection of balls of A that meet
Bg(O,n). Lett € E, and m € N, since K = [, B§ is closed in Tg, there exists some Ag e 0
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containing t, contained in B¢(0,7) and disjoint from K. By the property of A, A, intersects
some B; € Ay, for which A, C 5Bé. This means, i > m and therefore,

E. C | 5B;.
k>m
This gives the inequality

Wic(En) < pge (U 53") < Y pec(5BY) (33)

k>m k>m

for all m € IN. Now, the balls A, are all contained in Bg(0,7 + 2). From Corollary 3.5,
Y roq &k < oo, where g = rad(Bg). Hence, by equation (3.2)

Y #ec (5Bt ex]) <10 ) ek < oo,

k=1 k=1

From (3.3), ‘ugc(En) =0. O

Theorem 3.7. Let f : [a,b] — R be an arbitrary function and E the set of points of [a,b] at which
f has nonzero g-derivative (ie. the g-derivative exists and takes nonzero values). Then, for every null
Lebesgue measure set Z, the set f~1(Z) N E has null g“-measure.

Proof. 1t suffices to prove the result for the set of points where the g-derivative is positive,

which we shall denote again by E. The result for the set of points where the g-derivative is

negative follows from the other one applied to the function —f and the null set —Z.
Moreover, since i c(Ng UCy U Dy U {a,b}) = 0, we can redefine E to be

E={te(ab): fé(t) exists and is positive, g is continuous at t and g(s) #g(t) Vs € R, s #t}.
We can express
L:J {t €E: fo(t) > 711} ,
so it suffices to prove that, for any é > 0, the set
E5={t€EZfé(t)>(5}

has a ¢gC-null intersection with f~1(Z), for any Z as in the statement.
For a fixed § > 0and q,p € QN (a,b), g < p, we define

Aq,v:{tEEﬂ(qu)1£M>5 Vs € (q,p), S#t}
and we have
q,p€QN(a,b)
q<p

This reduces the proof to showing that for each fixed null Lebesgue measure set Z, for each
fixed & > 0 and for each fixed pair q,p € QN (a,b), q < p, we have p,c(f~1(Z) N A,p) = 0.
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First, observe that for t1,t, € Ay, t1 < t2, we have

f(t1) — f(t2)
g(t) —g(t2)

so f is increasing on Ay p.
Let € > 0 be fixed and let U be a usual open set of measure less than € that contains Z.
The definition of A;, guarantees that for any t € A;, we can use Proposition 2.5 to
ensure that the g-balls Bg|t, 7], r > 0, are usual neighborhoods of t and, by Remark 2.6, that
f is continuous at t. Moreover, Bg[t, 7] shrinks to {t} as r tends to zero. Therefore, for each
t € f1(Z)N Ay, there exists r(t) > 0 such that the usual closure Bg[t, ()] C (q,p) and

£ (Byl,r(B)]) C U,

Define ) as the collection of all closed g-balls Byx = By[t,7(t)/k], t € f~1H(Z) N Agp, k € N.
Plainly, f~1(Z) N Ayp C Usx Bix and, moreover, for each t € f~1(Z) N Ay, and each p > 0
there exists k € IN such that Byx C Bg(t,p). By Vitali’s Theorem 3.6 there exists a countable
and disjoint subfamily of Q) that covers f1(Z) N A, , up to a null g“-measure set. Denote this
subcollection as {Bg[t,, 7] : n € N} and put

> 0= f(t1) — f(k) <6(g(t) —g(t)) < 0= f(t) < f(t),

[an,by) = Bg[tu,ra], n€N.
Since [a,,b,] C (q,p) and t, € Ay p,

f(bu) = f(an) = (f(bn) = f(£a)) + (f(t) = f(an))
> 6((8(bn) — g(tn)) + (8(tn) — &(an))) = 0(g(bn) — g(an)), (3.4)

and, moreover, [f(ay), f(b,)] C U.
Now, take m, k € IN such that m # k. Since the intervals [t,, b,,| and [t, bi] are disjoint we
can suppose that b,, < tr. Therefore,

ftm) < f(bm) < f(t) < f(bx)

since t, and f; belong in A,,. Hence, {(f(tx),f(bn)), n € N} forms a disjoint family of
nondegenerate intervals such that the sum of their lengths is less than € since they are all
contained in U. A similar argument proves the same for the intervals (f(a,), f(t,)), n € IN.
We deduce from (3.4) that

pee (U Bg[tn,m) < i e ([ ba]) < ilgaw - g(an)
n=1 n= n=
< 5 L Flb) = flan) = 5 X f0n) = £) 4 Flt0) = F o)
1 1
= EnZ::lf(bn) — f(ta) + gnglf(tn) flan) < 251
which implies that pec (f~'(Z) N Agyp) < 2¢/6 for any € > 0. O

4 Chain rule

Here we shall prove a new version of the chain rule in higher dimensions which is crucial in
the transversality conditions to be introduced in our main existence result for (1.1).



10 V. Cora and R. Lépez Pouso

Proposition 4.1. Let t, e € R, € > 0, be fixed. Let h: (t —¢,t +€) — R", f : U — R where U
is a usual open set of R" such that h(t — ¢, t +¢) C U.

Ift ¢ Dy U Cyg, his g-differentiable at t and f is differentiable at h(t), then f o h is g-differentiable
at t and

(foh)g(t) = Vf(h(t)) - He(t),

where - denotes the usual inner product.

Proof. Since t ¢ C; we have g(s) < g(t) for all s < t, or g(s) > g(t) for all s > ¢, or both. Since
t ¢ Dy, the existence of h’g(t) means, in any of the previous three cases, that there exists

, h(s) ~ h(t)
0= I s

and we want to prove that

S J—
lim
NEA P (s) —8(t)

Since g is continuous at t, there exists

lim h(s) —h(t) = lim

sErs0) o7ty 8(s) —g(t)

(g(s) —g(#)) = 0. (41)

Observe that, as long as g(s) # g(t), we have

F(h(s)) — F((t)) o LAB) = F(8) = VE(E) - (h(s) — h(6)
) g ) hg(”‘g‘ FOET0 ‘
=A(s)
IV |5 j ZZ ),

and B(s) — 0as s — t (g(s) # g(t)) by definition of hi(t). On the other hand, if h(s) = h(t),
then A(s) = 0, and otherwise we have

L) = FO(0) = T (1)) - 0)
Ale) 1)~ h(D)] H

which tends to zero as s — t (g(s) # g(t)) by definition of V f(h(t)) and (4.1). O

Corollary 4.2. Let t, e € R, ¢ > 0 be fixed. Let x: (t —€,t +€) — R", 7: (t —¢,t+€) x U —
R where U is a usual open set of R" such that x(t —e, t +¢) C U.

Ift ¢ DgUCq, §'(t) > 0, x is g-differentiable at t and T is differentiable at (t, x(t)), then T(-,x(-))
is g-differentiable at t and

dgd(t)T(t,x(t)) = Ve(t,x(1) - (1/8' (1), %4(1).

Proof. Apply Proposition 4.1 with h(t) = (¢t,x(t)) and f(y) = T(y) for y = (t,x) € (t —
gt +¢) x R". The condition g'(t) > 0 implies that h is g-differentiable at ¢ and hy(t) =
(178" (8), xg(8))- O
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5 Main result

We are already in a position to prove our new existence result of Carathéodory solutions of
(1.1). Our arguments lean on the chain rule, established in Section 4, along with a transversal-
ity condition of the g-differential equation with respect to the sets where discontinuities are
allowed for f(t, x).

A Krasovskij solution of (1.1) is defined as a g-absolutely continuous function x : I — R”"
such that x(#y) = xo and

xg(t) € (O f (£, Be(x(t))) for g-aa.t€ [to, to+ L), (5.1)

e>0

where co means closed convex hull and B.(x) = {y € R" : |[y — x|| < ¢}. Observe that, in the
scalar case (n = 1), we have B(x) = (x —¢,x +¢).

We are now in a position to prove a result on the existence of Carathéodory solutions for
(1.1).

Theorem 5.1. Assume that for all x € R" the mapping f(-,x) is g-measurable, for all t € [to, to +
L) N Dy the mapping f(t,-) is continuous, and there exists M € Lé( [to, to+ L)) such that for g-almost
all t € [to, to + L) and all x € R" we have || f(t,x)| < M(t).

Moreover, assume that there exist null Lebesgue measure sets Ay C R, k € C C IN, and differen-
tiable mappings T : [ar, by] x R" — R, [ag, bx] C I, such that for g-a.a. t € [ty,tg+ L) \ Dy the
following conditions hold:

(a) ¢'(t) >0;
(b) There exists a set N(t) C R" such that f(t,-) is continuous in R" \ N(t);

(c) Foreach x € N(t) there exists k € C such that t € [ag, U], 7(t,x) € Ay, and

V(t,x) - (1/¢'(t),z) #0 forall z € ﬂ €O f (£, Be(x)) . (5.2)

e>0

Then, problem (1.1) has at least one Carathéodory solution.

Proof. The assumptions imply that the multivalued mapping

(t,x) — F(t,x) = [ f (t Be(x))
e>0
is compact and convex-valued, and it is upper semicontinuous. Hence, Theorem 3.9 in [8]
ensures that problem (1.1) has at least one Krasovskij solution x : I — IR". Let us prove that
x is a Carathéodory solution of (1.1).
Let E C I be a g-null measure set such that, first, conditions (a), (b) and (c) hold for all

t € I'\ E, and, second,

xg(t) € F(t,x(t)) forallt eI\ E.

Observe that for each t € I\ E such that t € Dg or x(t) € N(t) the assumptions ensure
that f(t, ) is continuous at x(t), and therefore

xg(t) € F(t,x(t)) = {f(t,x(t)}.

Hence, it suffices to prove that the set ] = {t € I\ E, t ¢ D, : x(t) € N(t)} is g-null.
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We deduce from condition (c) that

]C U{t S [ﬂk,bk]\E, t Q Dg : Tk(t,x(t)> S Ak},
keC

so the proof is reduced to showing that each Jy = {t € [ay, bi] \ E, t & Dg : T(t,x(t)) € A}
is a null g-measure set. For an arbitrarily fixed k € C, we define ¢(t) = T (t, x(t)) for all
t € [ag, by, so that Jy C ¢ '(Ax) \ Dg and it suffices to prove that ¢~ (Ay) \ Dy is g-null. Since
m(Ay) = 0, Theorem 3.7 guarantees the existence of a set B C ¢~ !(A;), with null g°-measure,
such that for every t € ¢~ 1(Ay) \ B we have @o(t) =0, ie. go(t) =0 for g-aa. t € ¢ 1 (Ax)
or, equivalently, for g-a.a. t € ¢~ !(Ay) \ Dy we have

dgd(t)rk(t,x(t)) 0. (53)

Let us prove that ¢~ '(Ax) \ Dy C E, thus showing that ¢~!(Ay) \ Dy is g-null. Reasoning by
contradiction, we assume that there is some t € ¢~ !(Ay) \ Dyg such that t ¢ E, and then we
can use the chain rule in (5.3) to deduce that

VTt x(t)) - (1/8'(t), xg(t)) =0,
a contradiction with condition (5.2). O

Checking the transversality condition (5.2) might be a difficult task in practical situations.
Our next corollary gives a more friendly sufficient condition for it. Basically, it tells us that
(5.2) is satisfied provided that dt;/dt is far from zero and g¢’(t) is small enough. This is an
interesting condition from the viewpoint of Stieltjes differential equations because it leans
precisely on the slopes of the derivator.

Corollary 5.2. Assume that for all x € R" the mapping f(-,x) is g-measurable, for all t € [to, to +
L) N Dy the mapping f(t,-) is continuous, and there exists M € Lé( [to, to + L)) such that for g-almost
all t € [to, to+ L) and all x € R" we have || f(t, x)| < M(t).

Moreover, assume that there exist null Lebesgue measure sets Ay C R, k € C C IN, and differen-
tiable mappings Ty : [ag, by] x R" — R, [ax, bx] C I, such that for g-a.a. t € [to,tg+ L) \ Dy the
following conditions hold:

(a) §'(t) >0;
(b) There exists a set N(t) C R" such that f(t,-) is continuous in R" \ N(t);

(c*) For each x € N(t) there exists k € C such that t € [ay, by], T(t, x) € Ay, and

(5.4)

Then, problem (1.1) has at least one Carathéodory solution.

Proof. We only have to check that condition (cx) implies condition (c) in Theorem 5.1. To do
it, we take x as in (c*) and we observe that z = (z1,22,...,2n) € Ne=0CO f (£, Be(x)) implies
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that |z;| < M(t) for j =1,2,...,1, so we have

IVt x) - (1/8' (1), 2)| = g/ttaTk t,x)+]i;z]-a:;(t,x)
= | >—];(—z]>a§’;<t,x>'
> ot |30 09| [ L=
R —M(t)jizl )
and the last term is positive thanks to condition (5.4). O

Observe that condition (5.4) is fulfilled when 07, /9t is positive and either g’ is small
enough or d7; /0t is large enough. Corollary 5.2 is new even in case g(t) = t, i.e. for or-
dinary differential equations, where condition (5.4) reduces to

i aTk ‘

j=1

aTk
at

Finally, we get an interesting consequence for the scalar case in connection with bounded
variation (not necessarily continuous) nonlinear parts of the g-differential equations.

Corollary 5.3. The scalar problem
xg = f(t,x), tel=][to,to+L) x(to) = xo, (5.5)

has at least one Carathéodory solution provided that there exists M > 0 such that |f(t,x)| < M for all
(t,x) € IXR, f(t,-) is continuous whenever t € [ty,to + L) N Dy, and for g-a.a. t € [to,to+ L) \ Dy
we have §'(t) > 0 and we can express f(t,x) = F(t(t,x)) for some functions F and T satisfying the
following assumptions:

(i) F:R — R has bounded variation on any compact interval;

(ii) T:1x R — R is differentiable and

e

Proof. The result follows from Corollary 5.2. First, observe that for any x € IR the composition
f(-,x) = F(7(-,x)) is Borel measurable, hence g-measurable in the Lebesgue-Stieltjes sense.
On the other hand, for any ¢ € I'\ D, the function f(t,-) = F(7(t,-)) is continuous everywhere
except at those x € R such that 7(t, x) is a discontinuity point of F. Let A be a countable set
such that F is continuous in R \ A; then f(¢,-) is continuous in R \ N(¢), where

N(t)={x €R : 7(t,x) € A} = 1(t,-) ' (A).

oT
> Mg'(1) \axu,x) ,

(t,x) € ([to,to + L)\ Dg) x R. (5.6)

Obviously, for each x € N(t) we have 7(t,x) € A, and condition (5.6) implies condition
(5.4). 0

Remark 5.4. In the conditions of Corollary 5.3, solutions x(t) of (5.5) satisfy |x(t) — x| <
M (g(t) —g(to)) < M(g(to+ L) — g(to)) for all t € [to, to + L). Hence, condition (5.6) is really
needed only for all (¢,x) € ([to,to + L) \ Dg) x R such that [x — xo| < M (g(t) — g(to))-
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51 An example

Let ¢ : R — R be nondecreasing, left-continuous everywhere and assume that g'(¢) > 0 for
gaa.te [to, to + L) \ Dg.
We consider the following particular case of problem (5.5):

xg = F(at+Bx)xnp,(t) + F()xinp,(t), t€ 1= [to,to+ L), x(to) = xo, (5.7)

where «, B € R, x4 denotes the characteristic function of a set A C R, and F : R — R is
given by
Fly)=). 2", yeR,
<y

where r, = r(n), n € N, and r : N — Q is a bijection.

Observe that F is increasing, 0 < F(y) < 1 for all y € R, and F is discontinuous at every
rational number.

It is easy to check that Corollary 5.3 applies if

x| > ¢'(t)|B| for g-aa.t eI\ Dy,

so in that case (5.7) has at least one solution.
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