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ONE DIMENSIONAL STOCHASTIC DIFFERENTIAL
EQUATIONS: PATHWISE APPROACH

M.A. ABDULLIN, N.S. ISMAGILOV, F.S. NASYROV

Abstract. We study path-wise analogues of one dimensional stochastic differential equa-
tions with symmetric integrals. We find existence and uniqueness conditions for solutions,
the conditions of continuity and differentiability w.r.t. a parameter, as well as the con-
ditions of linearization for such equations. We also study the structure of the solutions.
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1. INTRODUCTION. SYMMETRIC INTEGRAL AND ITS PROPERTIES.

In the stochastic analysis (see, for instance, [5]) two kinds of integrals are mainly employed,
these are Ito integral and Stratonovic integral. The latter happened to be more susceptible to
a generalization and its deterministic analogue is a symmetric integral. Symmetric integrals
were introduced by the third author, and the systematic exposition of the theory of symmetric
integrals and some results on the theory of equations with symmetric integrals were provided
in monograph [g].

The main aim of these studies is to move to the language of the theory of functions the
part of the stochastic analysis which can constructed with involving the notion of symmetric
integral. Under such approach the integration can be made along arbitrary continuous function
(realization of a stochastic process), and the integrands are not necessary to be predictible.

In what follows we provide the definition and some properties of symmetric integral (for more
detail cf. [6], [8]).

Let X(s), s € [0,4+00), be an an arbitrary continuous function, then as a symmetric integral
we call

n—oo

/0 5. X(9) #dX(s) = Jim [ (5. X () (X (5)ds, (1)

where X (™ (s) is the polyline constructed by the partition {t,g")} of the segment [0,¢] and the
function X (s), at that, m]iix(t,(c”) — t,gb_)l) — 0 as n — oo.

We shall say that condition () holds true for a pair of functions (X (s), f(s,w)) if the following
assumptions are satisfied:

(a) X(s), s € [0,1], is a continuous function;

(b) For a.e. u the function f(s,u), s € [0,1], is right continuous and has a bounded variation;
(c) The total variation |f|(t,u) w.r.t. variable s of the function f(s,u) on [0,¢] is locally
summable w.r.t. variable u;
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(d) For a.e. u we have f(f 1(s: X(s) = u)|f|(ds,u) = 0.

It was shown in [6], [§] that if functions (X(s), f(s,u)) satisfy condition (5), then symmetric
integral [} f(s, X (s) * dX(s) exists.

Important properties of symmetric integral.

1. Suppose that (X(s), f(s,u)) satisfy condition (5), then

/Otf<s,x<s>>*dX<s>= /X ity [ / O

X(0)
where r(u,a,b) = sign(b —a)l(a ANb < u < aVb).
2. For symmetric integral, the differential corresponding to the stochastic differential with

Stratonovich integral holds true.
Let a function F'(¢,u) has continuous partial derivatives F} and F), then there exists the

symmetric integral fg F!(s,X(s))*dX(s) and the formula

F(t,X(t)) — F(0,X(0)) = /0 Fl(s,X(s))*dX(s) +/O Fl(s, X (s))ds (3)
holds true.

3. Let Y(s), s € R", be a continuous function and let X(s) = g(s,Y(s)), where function
g9(s,y), s € R*, y € R and its partial derivatives g,(s,y) and g, (s,y) are jointly continuous.
Assume the conditions:

e Functions f(s,u), f(s,u), 6(s,), &,(5,y), where o(s,y)=F(s, g(s,4))g, (5, ), are jointly
continuous.

e Pairs of functions (X (s), f(s,u)) and (Y (s), ¢(s,y)) satisfy condition (5) on [0, t].
Then the formula for the change of variables in the symmetric integral

/st )) % dX(s) /fsng( ))gl(5,Y () * dY (s)+

T / £(s,9(5, Y (5)))g(5. Y (5))ds.
holds true.

Let W(s) = W (s,w) be a standard Wiener process, then in the framework of Itc formula for
almost all trajectories of the Wiener process the pathwise symmetric integral f(f f(s,W(s)) =

dW (s) coincides with the stochastic Stratonovich integral f(f f(s,W(s)) * dW(s). This is why
we shall employ the same notation for both kinds of integrals.

2. ON EXISTENCE AND UNIQUENESS OF SOLUTIONS TO ORDINARY DIFFERENTIAL
EQUATIONS WITH SYMMETRIC INTEGRALS

A new type of integral posed the problem on moving a part of the results in the theory
of stochastic differential equations (SDE) to the deterministic language. Although the class
of integrands for the symmetric integral is rather narrow, it happened to be sufficient for
constructing a meaningful theory of deterministic analogues of SDE.

We consider the Cauchy problem for the equation with the symmetric integral

dgt - U(ta X(t), ft) * dX<t) + b(ta X<t>7 5t)dt7 50 = 5(0)7 te [Oa tO]a (4)
where X (t), t € [0, %], is a continuous function.
A solution to Cauchy problem (4) is a function & = (¢, X (t)) possessing continuous deriva-
tives ¢} (t,v), ¢, (t,v) such that the differential with the symmetric integral of this function
coincide with the right hand side of equation in (4).
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Theorem 1. Let X(t), t € [0,to], be a continuous function and the coefficients of the
equation o(t,v,¢) and b(t,v,¢) are jointly continuous. Suppose that a function @(t,v),
©(0,X(0)) = £(0) possesses continuous derivatives ¢,(t,v), ¢! (t,v), and for a.e. t € |[0,to]
satisfies the system of equations

it X (1)) = b(t, X(2), o(t, X(1))), ()

@, (t, X (1) = o(t, X(1), o(t, X(1))). (6)
Then for each t € [0,tq] there exists the symmetric integral

| 6., 65, X))+ X ()
and & = @(t, X (t)) is a solution to the equation in (4).

Proof. Let a function ¢(t,v), ¢(0,X(0)) = £(0), possessing continuous derivatives ¢j}(t,v),
@' (t,v) satisfies conditions (5) and (6) for a.e. t € [0,%]. We note that due to the continuity of
the expressions in the both sides of identities (5) and (6), the validity of identities (5) and (6)
for a.e. t € [0,to] is equivalent to its validity for each t € [0,%]. Then in view of the formulae
for the differential with a symmetric integral we have

¢

(1, X (1)) — £(0) = / (5, X (5)) * dX () + / o5, X (s)) ds =

t t
— [Cols. X060 v ax () + [ b5 X(5).6) ds.
0 0
Therefore, function £(t) = (¢, X(t)) solves Cauchy problem (4). O

Theorem 2. Let X(t), t € [0,ty], be a continuous almost nowhere differentiable function
and the coefficients of equations o(t,v, @) and b(t,v, @) satisfy the conditions

(a) Function o(t,v, ) is jointly continuous and has continuous partial derivatives o}(t,v, @)
and oy (t,v,¢);

(b) Function b(t,v, ¢) is jointly continuous.
Then the following conditions are equivalent

1. Cauchy problem (4) has the solution & = ¢(t, X (t)) with function o(t,v);

2. Function o(t,v) possessing continuous derivatives ¢}(t,v), ¢l (t,v), ¢}, (t,v) and being
such that (0, X(0)) = £(0) for a.e. t € [0,to] satisfies conditions (5) and (6).

Proof. Let & = (t, X(t)) be a solution to the equation in (4), then due to the formulae for the
differential and for calculating the symmetric integral for each t € [0, ¢y] we have

X(1) t
X (1) — (0, X(0)) = ' (t,v)dv (5, X(0))ds =
(8. X () — (0, X (0)) /X@“”” +/090( (0))
X(t) t X(s)
= o(t,v, p(t,v))dv b(s, X(s), (s, X(s))) — o(s,v,o(s,v)).dv| ds.
/X@ (t, v, o (t,0)) +/0 (5, X (5), s, X (5)) /X(O)u (5, 0))
We denote
B(t,0) = o (t,0) — olt, v, o (t,0)),
X(t)
gt X (1)) = bt, X (1), o(t, X (1)) — @(t. X(0)) — /X | (v ptt )i,

then the identity obtained above can be written as

/ ™ gty = [ ot xo0as. @

X(0)
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We note that the right hand side in identity (7) is continuously differentiable w.r.t. t as the
integral with the variable upper limit, hence, the same true for the left hand side. Differentiating
then both sides of identity (7) w.r.t. variable t, we get

X (t) d X (t)
st X®) - [ wtodo= ([ epod)| L te il 3)
X(0) dt \ Jx() o
We let
1 X(t+h) 1 X(t+h)
ah:—/ O(t,v)dv, 14(h) = / d(t,v)dv,
T S (A (N S

if X(t+h)# X(t), re(h) = ®(t, X(t)) in the case X (t+ h) = X(¢). By formula (8), for each ¢
there exists a finite limit a(t) = ]llir% ay(h), and the limit r(t) = }llirr(l) ri(h) exists and is finite due
— —

to the continuity of function ®(t,v) w.r.t. variable v, and at that, for each h # 0 the identity
ar(h) _ X(t+h)— X(t) (9)
Tt<h) h

is valid. But function X (t) is almost nowhere differentiable and hence, for a.e. ¢ the limit in

the left hand side of (9) as h — 0 is either infinite or does not exist. The latter is possible only

in the case when either a(t) # 0, r(t) = 0 or a(t) = r(t) = 0, i.e., in any case r(t) = 0. Thus,

for each t € [0, to] relation (6) holds true. Then, in view of (6), formula

(8, X (1)) dX (1) + (8, X ())dt = o(t, X (), &) + dX (8) + b(t, X (1), &)dt
implies the validity of condition (5). O

It seems that there are no well-developed methods for solving system of equations (5), (6),
which is an unusual system of equations along a trajectory of function X (s). This is why it is
reasonable to solve the following chain of equations instead of system (5), (6):

pu(t,v)=0o(t, v, ¢(t,v)), i(t, X(£))=b(t, X (t),(t, X (1)), ¢(0,X(0))=£(0).  (10)

In this case we can employ the methods of the theory of ordinary differential equations (ODE).
Indeed, if it exists, the general solution to the first equation in (10) depends on an arbitrary
function C'(t): ¢(t,v) = ¢*(t,v,C(t)). Here *(t,v,C) is a known function and by the theorem
on differentiability w.r.t. the parameter of solution to ODE function C(t) is smooth. Substitut-
ing the found function ¢*(t,v,C(t)) into the second equation in (10), we arrive at the Cauchy
problem for unknown function C(t)

()it X (), C(1) + (¢")e(t, X (1), C(£)C"(t) = b(t, X (1), " (¢, X (t), C(1))),

©*(0,X(0),C(0)) = £(0). It is clear that if it exists, a solution to chain (10) gives a solution
to system (5), (6). It means that the solvability of equation (1) can be reduced to the issue on
solvability conditions for ODE in chain (10).

Let us consider in more details the Cauchy problem for a simpler equation with symmetric
integral

dgt = 0<t7 gt) * dX(t) + b(tv ft)dta (11)
where X (t) is a continuous function.
Suppose that in the domain G = {(s,¢)} C R? the following conditions hold true:

e There exists a constant oy such that |o (¢, ¢)| > o9 > 0.

e Function o(t, ¢) is continuously differentiable w.r.t. both variables.

e Function b(t, ¢) is continuous and satisfies local Lipshitz condition w.r.t. ¢, i.e., for each
point (tg, ¢g) € G there exists a neighborhood U of this point such that |b(t, ¢1)—b(t, p2)| <
L|¢1 — ¢of for all (t,¢x) € U, k = 1,2, where L is independent of the points in U.
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We note that the first relation in (10) leads us immediately to the identity

<I>(t,¢,v)z/0(i¢¢> —v=0.

Since by our assumptions for (¢,¢) € G, v € R there exist continuous derivatives ®,(t, ¢, v),
®,,(t, ¢,v) and the non-zero derivative ®}(t,¢,v), by the implicit function theorem (see [4])
there exists (locally) a function ¢ = ¢*(¢,v) being continuously differentiable w.r.t. ¢ and v.
For each point (o, ¢o) € G, by Jo(to, o) we denote the maximal interval where there exists the
implicit function ¢ = ¢(t, v, tg, ¢p) with initial conditions ¢(t, X (ty)) = ¢o.

The second equation in (10) can be written as

b(t, o(t, X (1) + C(1)) = (9)i(t; 0)lv=xy+ow)
a(t, o(t, X(t) + C(t))) '

Let C(tp) be determined by the identity ¢(to, X (to) + C(to)) = ¢o. We observe that the
right hand side of equation (11) is continuous in G and in view of the fact that o(¢,¢) is
continuously differentiable on G' and ¢(t,v) is continuously differentiable w.r.t. both vari-
ables, formula () (t,v)=0(t, v, ¢(t,v)) implies the continuous differentiability of the function
(0)4(t,v)lo=x(ty+c W.r.t. variable C. Therefore, by Theorem 2.3.2 in [4], GY = {(¢,C) :
(t,p(t, X(t) + C)) € G} is the uniqueness domain for equation (11) and C(t) = C(t,to, Cp) is
a solution to equation (11) with initial condition (ty,Cy) defined on the set D = {(¢, %o, C) :
(to,Cy) € GW .t € Ji(ty,Cy)}, where Ji(ty,Cy) is the maximal interval of existence for the
solution to equation (11). This is why for each initial condition (o, ¢9) € G there exists the
solution & = ¢*(t, X (t) + C(t)) on the interval J(to, ¢o) = Jo(to, po) N Ji(to, Co).

Example 1. Consider the linear Ito equation with constant coefficients
¢ ¢
& — & = / [a&s + bldW (s) + / [e&s + flds.
0 0

Here the first term in the right hand side is the stochastic Ito integral. Passing to the corre-
sponding equation with stochastic Stratonovich integral, we obtain

C'(t) = (12)

t

b — = / (0 + B VW (s) + / (he, + glds, (13)

where h = e — a?/2, g = f — ab/2. We seek a solution to (13) as & = ¢(t, W (t)). We compose
two equations

¢u(t,u) = ag(t, u) +0, (14)
&1t w)lu=w() = ho(t, W(t)) + g, ¢(0,W(0)) = &. (15)
Solution to equation (14) reads as In(a¢ + b) = u + C(t) or

o(t,u) = é (e“+c(t) —b). (16)

Substituting the obtained expression into equation (12), we arrive at the Cauchy problem for
unknown function C(t):

Lwarecweny = 1

a a

(VOO _p) 4 g L WO _py g
a

By the change z(t) = ¢“® the obtained ODE is reduced to the linear non-homogeneous ODE
with constant coefficients

2 (t) — hz(t) = eV (ag — bh),

whose solution is

t
2(t) = ((ag - bh)/ e WEemhsds 4 C’*) e
0
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In order to construct solution to equation (13), it remains to find constant C* by means of
initial condition and substitute it into the latter formula.
Let us prove a generalization of Gronwall’s lemma.

Lemma 1. Let 6(s,v), B(s,v), s € [a,to], v € R, and X(s), s € |a,to], be continuous
functions, C(s), s € [a,to], be a continuously differentiable function. Suppose that the pair of
Junctions (6(s,v)B(s,v), X(s)) satisfies condition (S) on [a,to] and the identity

6(t,X(t)):C(t)+/ 3(s, X())B(s, X (s)) * dX(s), t€ |a,to), (17)

holds true. If 0(s, X (s)) # 0 as s € (a,to] and the integrals

/(6(5,X(s)))_10’(s)ds, /B(s,X(s))*dX(s), L€ (a,to),

are finite, then for the same t

|0(t, X (t))|=|0(a, X (a))] exp{/ (5(3,X(s)))_10'(3)ds+/ B(s,X(s))*dX(s)}.

Proof. Let a < € <t < tg, then by the formula for the differential and relation (17) we have

_ dé(s, X(s))

d(In|o(s, X(s))]) 505 X(5)) (6(s, X (5)))"*C"(s)ds + B(s, X(s)) * dX ().

Therefore,

|0(t, X(t))| = |0(g, X (¢))| exp{/ (5(5,X(S)))_1C'(s)ds+/ B(s, X(s)) *dX(s)}.

Passing in the latter expression to the limit as € — a, we obtain formula (17). O

Basing on Lemma 1, we can prove the uniqueness theorem for solutions to ordinary differential
equations with symmetric integral.

Theorem 3. Suppose that function o(t,v, @) is jointly continuous and has continuous partial
derivatives o,(t,v,$) and o),(t,v,¢), and a function b(t,v,¢) and its derivative by(t,v,$) are
jointly continuous. If there exists a solution to Cauchy problem (4), then it is unique.

Proof. Let £ = oW (¢, X (1)), € = @ (¢, X (1)) be two solutions to Cauchy problem (4). Let
us show that then & = ¢ for all ¢ € [0,t]. We let §(t, X(¢)) = M (¢, X () — o@D (¢, X (1)),
and by the initial condition (¢, X(t)) = 0 as t = 0. By the continuity of functions ¢ ¢@

the set {t € [0, %] : ¢ = ft(2)} is closed. Suppose that the function 6(¢, X (¢)) is non-zero on
some non-empty set Lg, then Lg is open and thus it can be represented as the union of at most
finitely many intervals Ly = Uy(ay, by). We fix an interval (ay, bx), and in what follows we shall
denote it as (a,b). For s € (a,b) we let

My _ (2)
01(5. X (5)) = a(s,X(S),fz(lz - 0((;,X(s),§s )’

b(s, X (s), M) — b(s, X (s), P
92(s, X (s)) = < (5)72(12_ Ej) e )

We adopt the notations of Lemma 1:

Ct) = / [b(s, oM (s, X(5))) — b(s, o (s, X(s)))] ds,

B(t,u) = o(t, oW (t,u)) — o(t, 0P (t,u)).



ONE DIMENSIONAL STOCHASTIC DIFFERENTIAL EQUATIONS ... 9

Since the pair of functions (g1(s,v), X(s)) possesses property (5), and g2(s, X(s)) is summable
on each segment [a,a;] C [a,b), then the hypothesis of Lemma 1 is satisfied and therefore
relation (17) holds true on set ¢ € [a,b). But 6(a, X (a)) = 0, and thus ¢ = ¢® for each
t € [a,b) and Ly = ). Therefore, Theorem 3 holds true. O

Remark. It is well-known that in the stochastic analysis there is a notion of weak solution
and a strong solution is a weak one. Let us show that in the pathwise analysis function X ()
can be found by means of solution &; to equation (1), namely, the following identity holds true:

vl [ L [ MeX(.6)
X() X(O>‘/oo<s,x<s>,5s> % /oo<s,X<s>,g;>d' (18)

Indeed, in view of the formula of change the variables in symmetric integrals and equation in
(4), the right hand side of relation (18) is equal to

[:;C;}%gzgﬂawHYQL&)*dxg)+b@H¥@%§gdﬂ_:A ggf§%§%%

3. ON STRUCTURE OF SOLUTION TO EQUATIONS WITH SYMMETRIC INTEGRAL

ds.

It was shown in the previous section that solution to equation (11) reads as
E(t) =o(t,X(t) + C(t)). This fact can be rather useful while studying SDE. Suppose, for
instance, that function o(t, ¢) and b(t, ¢) in equation (11) are deterministic and X (t) = W ()
is a trajectory of a Wiener process. Then all the probabilistic information on solution to
SDE is contained in W (t) + C(t) since the diffusion process determined as a solution to equa-
tion (11) is a deterministic function of the sum of the Wiener process and a random smooth
drift. The structure of solution to equation (11) was first found in works [], [7] for the case
o(s,6.u) = 0 (5,0) # 0.

The aim of the present section is to find the structure of a solution to equation (4) in more
general situation since in many cases the knowledge of the structure allows one to simplify
essentially the studies of both the equations with symmetric integrals and SDE. The methods
of group analysis happened to be effective for solving this problem.

The group analysis is one of the methods by means of which it is possible to know a lot of
studied differential equation. The techniques of group analysis are well-developed and are used
for studying both ordinary and partial differential equations. It was expounded rather in detail
in works [1], [2].

Let G be an one-parametric group @ = f(u,¢,a), ¢ = g(u,¢,a) with the infinitesimal
operator X = &(u, qb)a% + n(u, qﬁ)%. We shall say the the first order differential equation Z—u =

o(¢,u) admits group G, if

— =0 7, Uu).

“ —o(6.m)

As a rule, it is impossible to find the group admitted by a first order differential equation,

but there exist equations whose admitted group is known. Each group G with the operator
0

X = &(u, qb)a% + n(u, q§)8—¢ can be reduced to the group of shifts along one of the axis by an

appropriate change of variables. Canonical variables gg = gg(gb, w), & = u(p,u) are determined
by the relations (cf. [1])
O 9 ol o

At that, if group G is admissible, by passing to the canonical variables one reduces this equation
to the form where one of these variables is missing and the equation can be solved by quadrature.

Suppose the conditions of the unique solvability for equation in (4) hold true and the coef-
ficients of the equation are smooth enough, say, possess third continuous derivatives. We note

1. (19)
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that in accordance with Theorem 1 solving of equation in (4) can be reduced to solving of a
chain of two ordinary differential equations (10).
Consider the first equation in the chain

&, (s,u) = o(s,u, d(s,u)). (20)

This is a first order ordinary differential equation where s is a parameter. In a general case,
if a solution to (20) exists, then the structure of the solution to (20) is ¥(¢(s,u),u, C(s)) =
0, where C(s) is an arbitrary function. In order to find function C(s), one should express
o(s,u) = ¢*(s,u,C(s)) from this identity and substitute the result into the second equation in
chain (10). Finally we get an ordinary differential equation for unknown function C(s). Initial
conditions ¢(0, X (0)) = n(0) pass to the initial condition ¢*(0, X (0),C(0)) = £(0) for C(s).

We note that we aim to determine the structure of equation in (4), and the latter, as we
see from the above arguments, is determined completely by equation (20). This is why we
shall consider particular equations (20) with known admissible groups, we shall integrate them
finding in this way the structure of solutions to the corresponding equations with symmetric
integral.

In what follows we provide some examples of constructing the structure of solutions. A more
detailed set of possible structures of solutions to equation in (4) is given in Table 1.

. Consider equation
§(t) —€(0) = /0(8,5(8)) *dX(S)Jr/b(S,f(S))ds, te[0,7]. (21)

The first equation in chain (10) can be integrated in this case

Q%L(S? u) = 0(37 ¢(S7 u))? qb(Sv u) = \I}(S’ U+ C<S))7 (22)

where V¥ is found by (22), and C(t) can be determined as a solution to a differential equation
if we substitute function (s, X (s)+ C(s)) into the second equation in chain (10). We observe
that the infinitesimal operator of the group admitted by equation (22) reads as X = %. Thus,
&(s) = U(s,X(s)+ C(t)) is a solution to SDE.

B. Let
o(s,u,¢) = F(s, ku+19), (23)

where k and [ are known constants. The infinitesimal operator of the transformations group
admitted by equation (23) is X =l 8% — k%. Let us find the canonical variables

06 99 ou  Ou
l%—k%_o, s ka—¢_1.

. . . n _ ¢ A~ .
Solving these equation, we shall get, for instance, ¢ = 7 + ¢, @ = §. The inverse change

~

¢ =k(¢p—1u), wu=Ilu. Passing to new variables, we have

ol = w +1, d=U(s,a+C(s)).

Structure of solution: n(s)=k (\p (s, l +C’(s)) _X;S)) ‘

C. Counsider the case

o(s,u,p) =F (s, %) , S € [t,ta], t1 > 0. (24)
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Since in this case equation (20) is a homogeneous type, it admits the group with the infinitesimal
operator X = u% + ¢8%. Equations (19) for finding canonical variables are

96 06 _ 00
qb ~|—u8¢ 0, qu =1.

Y0
Solutions to these equations can be represented as ngﬁ = %

, & = Inu. The inverse change is

¢ = pe’, u = e®. Passing to new variables, we have
é%:(F(‘Sng)_é% Qg:\ll(saa

The structure of solution read as £(s) = X (s)¥ (s,1In | X (s)]

D. Consider the following example

o(s,u,p) =

+ C(s)).
+ C(s)).

__ ¢
u+ F(s,¢)
The infinitesimal operator of the group admitted by equation (25) is known: X = qb%. Equa-

(25)

tions (19) determining canonical variables are ¢ Bd’ =0, ¢ = 1. Solutions to these equations

can be represented as ¢ o, U = % The inverse change is ¢ = ¢, u = (bu Passing to new

variables, we have % = %, ¢ = U(s, i+ C(s)). We obtain the structure of solutions in the

form ¢ — W (5, X2 4 C(s) ) =

TABLE 1. Structure of solutions to some equations of the form &(t) —

fta X(s))*xdX (s —|—fb s), X(s))ds.

0
Equation ¢, = a(s, u, @) Operator of the group Structure of solution n(t)
1.0 = F(s,¢) Z (s, X(s)+C(s))
2.0 = F(s,u) o (s, X(s)) + CO(t)
3. 0=F(s, ku+l¢), k, | — const 12—k k(W (s, X2 4 O(s)) — X
4.0="F(s,2), u#0 ud + 9% X(s) - ¥(s,In|X(s)| + C(s))
5.0 =uFF(s, %), u#0 ugy + kb gy (X (s))kW(s,In|X(s)| + C(s))
6. uo = F(s,ue™?), u#0 ug+ o In | X (s)| — ¥(s,In|X(s)] + C(s))
7.0 =¢F(s, ¢ ") ot ogs XU (s, X () + C(s))
8.0=2+4+uF(s,2), u#0 ~+e2 X(s)W(s, X(s) + C(s))
9.us = ¢ +uF(s, ), u#0 u? gt ud s X(8)¥(s, —x( + C(s))
10.0 = oo ¢— (s, X+ C(s)) =0
1l.uo = ¢+ F(s,u), u#0 ugy X(s5)(¥(s,X(s)) +C(s))
12,00 = g, u#0 dul ¢ — (s, HEE 4 C(s) =0

*

function W has a certain form and is determined by equation (20)
in cases 10 and 12 structure of solution W is determined implicitly
“** function C'(s) can be found by the second equation in chain (12).

*k
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4. ON CONTINUOUS AND DIFFERENTIABILITY W.R.T. PARAMETER OF EQUATIONS WITH
SYMMETRIC INTEGRALS

Consider the equation with symmetric integral
Suppose that in the domain G, = {(¢, 1, ¢)} functions o (¢, i, ¢) and b(t, i1, ¢) are defined and
they satisfy the conditions

L. Functions o (t, i1, ), b(t, 1, @), oi(t, p, @), o (t, p, @) and bjy(t, u, ¢) are continuous.
2. There exists a positive number g such that |o(¢, u, @)| > oy.

Then by the arguments from Section 2, the domain G = {(¢,§) : (¢, 1, §) € G} is the uniqueness
domain for the solution to equation (26) with & = (¢, to, £(0), 1) and with the initial condition
(t0,£(0)) which is defined on the set D,={(t,to,£(0), 1t):(t0,£(0), 1) € G}, t € J(t,£(0), 1),
where J(to,£(0), ) is the maximal existence interval for solution to (26).

Theorem 4. Under the above assumptions the function £(t,ty,£(0), ) is continuous in D,,.

Proof. Solution to equation (26) reads as

& = o(t, p, X(t) + C(t, p)), (27)
where the function ¢(t, y, v) is determined by the relation
d¢
(L, u, p,v E/——U—O. 28
SR T )

By the hypothesis of the theorem, in the domain G, x R the function ®(¢,u, ¢,v) is jointly
continuous and has continuous derivatives @} (¢, 1, ¢, v), ®! (¢, i1, ¢,v) and a non-zero derivative
@4 (t, i, ,v). This is why by the implicit function theorem there exists a function ¢(t, u1,v)
with continuous partial derivatives ¢;(t, i, v) and ¢/ (¢, s, v). For each point (to, p, o) € G, by
JO (ty, i1, ¢o) we denote the maximal interval in which the implicit function ¢ = ¢* (¢, i, v, to, ¢o)
with initial data ¢*(ty) = ¢ is defined.

Then function C(¢, 1) in (27) is determined as the solution to the Cauchy problem

_ bt ot X (1) + Clt, ) /¢(tv“uX(t)+C(tau)) ( ] )
U(tnua Qb(t,ﬂ,X(t) ‘l‘ C(t,p,))) 0 U(tﬂ; w)

(to, 1, X (to) + Cto, 1)) = &o-
Consider the set G,(}) ={(t,1, C) : (t,p, C,P(t, u, X(t) + C) € Gu), then by Theorem 2.3.2 in
[4] the set GO={(t,C) : (t,C,p) € G,(})} is the uniqueness domain for equation (29) for each

fixed pu.

Let C(t,to, Co, pt) be the solution to equation (29) with initial data ¢(to, u, X (to) + Co) = &o
defined on the set DY = {(t,t0,Co,p) € GV, t € JWV(ty, Co, 1)}, where JV(tg, Co, pr) is
the maximal existence interval for solution. By Theorem 5.1.1 in [4], Dl(ll) is the domain

and C(t,ty,Cy, ) is continuous in Df}). Hence, solution (27) is continuous in D,, where

J(t()) COa M) = J(O)(t07 1, ¢0) N J(l)(t07 CO7M)' O

/ di, (29)

t

Ci(t, )

Theorem 5. Assume the hypothesis of Theorem 4 and let the derivatives aL(t, [, d),
o, (t, 1, @), b,(t, 1, @) be continuous in domain G\, Then solution & = ¢(t, p, X (t) + C(to, 11, £(0)))

to Cauchy problem (26) has continuous derivatives n, = a%ft and nf(o) = %(0)& in the domain
D,,. At that the formula

0 0 0 0
dn'= @a(t, i, ft)+a—¢a(t, i, {t)nf} x dX (t) + {a—ub(t, s &) + 8_¢b(t’ &) | dt, (30)
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9 ¢o)_ 0
8_M77t0 = 8_u§t°’
hold true.

Proof. Here we follow the main lines of the proof of Theorem 4. The hypothesis of Theorem 5
implies that the solution to equation (26) reads as (27) and by the implicit function theo-
rem ¢(t, i, v) has continuous partial derivatives w.r.t. the variables (¢, u,v). For each point
(to, i1, o) € G, by JO(tg, 1, do) we denote the maximal interval in which the implicit function
& = ¢*(t, u, to, po) with initial data ¢*(tg) = ¢ exist.

Due to Theorem 5.2.1 in [4], the solution C'(t,%o,Co, ) in Theorem 4 has a continuous

derivative w.r.t. variable p. This is why the solution {(t, o, £(0), 1) is continuous and it has
continuous derivatives 7' = 8%@ and nf(o) = %(O)ﬁt in D,. We employ the fact that by

Theorem 2 the solution to equation (26) satisfies the relation like (5) and (6). Differentiating
the obtained identities w.r.t. p and applying then Theorem 2 once again for the resulting
relation, we arrive at formula (30). O

5. LINEARIZATION OF FIRST ORDER EQUATIONS WITH SYMMETRIC INTEGRALS. INVERSE
TRANSFORM.

1. Consider the equation with symmetric integral
dgt = U(tv X(t)7 gt) * dX(t) + b(tu X(t), gt)dt7 te [07 tO]? (31)

where X (t), t € [0, 1], is a continuous almost nowhere differentiable function.
Our aim is to show how one can equation (31) into the linear equation

dn(t) = A(t)n(t) * dX () + B(t)n(t)di (32)

by an appropriate change of variables n(t) = ¢(t,&) In what follow we assume that functions
o(t, X, &), b(t, X, ) satisfy the hypothesis of Theorem 1, o(t, X,£) # 0 for each t, X, ¢, and
functions A(t), B(t) are continuously differentiable.

By means of the formula for the differential of symmetric integral and relation (31) we have

dg(t, &) = [9:(t, &) + ge(t, E)b(t, X (), &)ldt + [ge(t, &)o(t, X (1), &)] x dX (t).

Comparing differentials dn(t) calculated by the latter formula and formula (32), we arrive at
the relation

0= [gé (tv §t> + gé (ta ft)b@a X(t)v ft) - B(t)g(tv ft):| dt+
+[ge(t &)o(t, X (1), &) — A(t)g(t,&)] * dX(t).

By the arguments similar to those in Theorem 1, we obtain

9e(t, &) = l%g(t,&)} ;

d(1.6) = B(Og(t.6) = 06000t X(0,6) = | B0) - Zopem O] g1,

Then we can employ formula (31), but in this case we obtain the solution to the equation in
the form n, = 7,(t, X (¢)), while we need n, = n;(t,&,). This is why in the general case we need
to express X (t) in terms of &. It can be done by solving equation (31): & = ¢(s, X(s)), and
expressing then X (¢) in terms of &,.

In any case we arrive at the case o(t, X(t),&) = o(t,&), and by Theorem 1 the function
m = g(t, &) solves the linear equation with symmetric integral

_ | AW A)b(t, X(1), &)
e = {U(taft) o(t, &)

} e % dE, + {B(t) -
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We seek the solution to equation (33) as n; = ¢(t, ;) and obtain the chain of two equations

oy - AW / _ A()b(t, X (1), &)
g§<t7€) - mg(t75)7 gt(tvg)k:& - |:B(t) - O_(t’éft) :| g(tvgt)'
The first equation determines g(¢, &) up to unknown function C(t),
= ex de
(6.9 = ce (a0 [ £, (34

By differentiating we get

see=e (a0) [ i) {ew-colaw [ ZE5-a0 [ 5050

Substituting the determined expression (34) for ¢(t,&) into the second equation, we obtain
equation for unknown C'(t):

&t & o
oo A [ [ 5]

Therefore,

! &t &t o'
c'(t) _ B(t) - A(t)bﬁig)’&) A /6 U(ctlé“g) _ A1) /5 U;Z’gdg (35)

or

&t &t o'
Sy S Y TR

where C* is an arbitrary constant. Substituting the found value of C(t) into (34), we find the
desired transformation g(t,&;):
d
—5 + B(t) — —

&t
g(taft) =C"exp (A(t) /50 a(t, f) O(tvft)

&t & o'
e /5 —J(Cfg) —A®) /E ag((ié))df)' (36)

2. By simple transformations one can make sure that the function 7, = ¢(t,&;) is indeed a
solution to the linear equation. In order to do it, we find the total derivative (formally since &;
is non-differentiable; one should calculate the differentials) of the expression

(0 i), -

o [ dE A) , S/ o1y
_ () /{ o+ o)X + (e X(0). )]+ AQ) /5 | (g@, f))tda

Employing this formula, by simple algebraic transformation we can rewrite the right hand side
of relation (35) as

A()b(t, X(t), &)

!/

B(t) + A(D)X' () — <A(t) /: de )t.

o(t,€)
Thus, 1, = g(t,&) = Cexp (f(f B(s)ds + fOtA(s) * dX(s)), and the function in the right hand
side is the solution to linear equation (32).

3. Consider the inverse problem of passing from linear equation (32) to equation (31) by an
appropriate change of variables.
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Of course, the inverse transform can be found by formula (36), but it is possible to construct
a direct method which is often more preferable. Consider the assumed change of variables
& = ®(t,m;) and let us fund the differential of this function. We have
dft = U(t> X(t>7 £t> * dX(t) + b(ta X(t)a ft)dt = [q):f(t> nt) + <D27<t7 nt)B(t)nt] dt"‘
(L, ) At * AX ().
Therefore, by (6) for a.e. t the identities

0(t7 X(t)7 ft) = (I)%(t, nt)A(t)nta b(tv X(t)> ft) = CI); (t7 nt) + (b%(t? nt)B<t)77t

hold true. Employing the former relation, we rewrite the latter as b(t, X (t),&) = ®,(t,n) +
%a(t,X (t),&). Therefore, the function & = ®(¢,7,) solves the equation with symmetric
integral

o(t, X(t), &)
A(t)ne

i+ [0, X(0)6) = G0t X(0,6)| de.
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