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[t6’s Formula for Non-Smooth Functions

By

Robert AEBI#

Abstract

Let us consider an application of forward local C'-*-semimartingale flows of C'-diffeomorphisms.
First a change of variable formula is derived and the existence of all moments of the appearing
Jacobian is shown. Then as a consequence, It6’s formula holds for continuous functions which first
and second order derivatives exist only in the sense of distributions.

§1. Introduction

1t6’s formula, the mean-value theorem in stochastic calculus, is established
in this paper for continuous functions having first and second order derivatives
in the sense of distributions, evaluated along non-degenerate local Holder-
continuous space-time semi-martingales which are local diffeomorphisms w.r.t. a
spatial parameter. Our result will be obtained by means of the theory of stochastic
flows developed in Kunita [3]. In order to have a one-to-one correspondence
between stochastic flows and (Itd’s) stochastic differential equations, the latters
have to be formulated in terms of continuous C-valued semimartingales.

Let us consider the investigated problem in the most familiar situation.
Given a probability space (2, ¥, (%)o=,=7> P) provided with the 1-dimensional
standard Brownian motion (B,)g<,<7, Where 0 < T <. Then Itd’s stochastic
differential equation

b0 =x+ [ o5 () aB,+ [ A& M

has a unique solution &(x), 0=t=T, for any x €R, if the coefficients o and 3
are Lipschitz-continuous functions on R of linear growth. Moreover, & is a
continuous function of the spatial parameter x € R for any t€[0, T], P-a.s.

In order to apply It6’s formula to a function F on R evaluated along the
solution &, 0=t=T, of (1), it conventionally has to be assumed that F&
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C?(R). Then
F(&) - F) = [ F(&)o()aB,+ [ F(@)pEE+5 [ F(8) (& @)

for 0=t=T, P-a.s. for any x ER.

If the first and second order derivatives DFE L*(A, R) and D*Fe
L'(%, R), A the Lebesque measure, of a continuous function F are given in the
sense of distributions, i.e.

fR DF(x) y(x)dx = — fR Fx) 7/ (x)dx

for any test function y which'is smooth and has compact support, then our
version of It6’s formula holds analogously to (2) in the case of a non-degenerate
process (&)o<<7, but now only for A ® P-almost all (x, w) ER X .

The proof is an approximation procedure in terms of a mollifier sequence,
i.e. J,F— F uniformly on compact sets, (J,F)'— DF in L},.(, R) and (J,F)"—
D?Fin L},.(, R) as £e\.0. The key to make use of these integrability properties
is a change of variable formula: For any FE L'(4, R)

fR dxfOT F(&(x))dt= LT dtfR dz F(z) det 3.&}(2)

holds P-a.s. and it is in L'(P), where 3.& }(z) denotes the Jacobian of the
inverse of the flow & ,, 0=s=¢=T. We notice that this formula ‘decomposes’
the function F and the process &, i.e. its associated flow & ,. For the definition
of a stochastic flow see the first section. There is a strong analogy to a flow
obtained as the solution of a system of ordinary differential equations (dynamical
system). But in the probabilistic case, the transport takes place along the solution
of a stochastic differential equation, i.e. the paths have non-vanishing quadratic
variation and are consequently nowhere differentiable. Nevertheless, the theory
of stochastic flows reveals that under smoothness assumptions on the coefficients
o and B, the solution &, 0=¢=T, of (1) depends smoothly on the initial value
X ER i.e. the spatial parameter. The composition F(&, (x)), 0=:=T, is well
defined as a stochastic process if §, 0 <¢=T, is non-degenerate which is satisfied
for an elliptic 0. The change of variable formula is valid if o as well as f are
bounded and their derivatives o', ' are bounded and Holder-continuous. By
the flow property, the Jacobian of the inverse of the stochastic flow is the same
as the inverse of the Jacobian of the stochastic flow. Since the latter is a solution
of an It6’s stochastic differential equation, all its moments exist and are uniformly
bounded on compact sets of starting points.

The present approach is built up on the stochastic flow framework suggested
by Kunita [3]. The underlying non-degenerate stochastic process with spatial
parameter is a forward local C'*-valued space-time semimartingale flow of
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C'-diffeomorphisms, where the required regularity properties are expressed in
terms of its joint quadratic variation process and its drift process, respectively.
The first and second order derivatives in the sense of distributions of a con-
tinuous space-time function F are only assumed to satisfy local integrability
conditions, this because classical differentiability is a local property. Therefore,
all our constructions are local, described by starting point dependent stopping
times.

§2. A Change of Variable Formula

Let (2, ¥, (%)u<i=p> P) be a probability space, where —»<a<b <.
Consider a continuous d-dimensional non-degenerate C-semimartingale
I(x, t)=M(x, t) + B(x, t), 3

ast=b,xERY ie. I(., t)(w) is continuous on R? for any ¢ € [a, b] and P-a.s.
Moreover, M(x, t), a<t=b, is a continuous localmartingale and B(x, 1),
a=t=b, is a continuous process of bounded variation, for any value XER? of
the spatial parameter.

Following Kunita [3]’s §3, there exist a continuous increasing process A, and
a family of predictable processes a(x, y, t), x, y ERY, such that the joint
quadratic variation of I(x, ¢) can be expressed as

(I(x, t), I(y, t)) = (M(x, t), M(y, 1)) =J’1a(x, y, u)dA,, P-as.

Consequently, the continuous bounded variation process B(x, t), a<t=<Hb, is
considered to be given as

t
B(x, t) =j b(x, u)dA,, P-a.s.
by a family of predictable processes b(t, x), x € R".

. &? 3 :
Assumption (A). a(x, y, t), b(x, t) and ax[ay,-”(x’ ¥, 1), axib(x, 1), 1=,
j=d, are uniformly in w € Q bounded on compact subsets of (a b) X R where
3*
3y, ————a(x, y, t) and
—a——b(x t), 1=i, j=d, are locally 5-Holder continuous w.r.t. (x y) and x,

a(x y, t) satisfies a uniform ellipticity condition. Moreover

respectively, for a § € (0, 1] with random Holder coefficients in L!(A).
Then, by Kunita [3]’s §4.7, Itd’s stochastic differential equation

Eu(0)=x+ | (& (%), du) @

defines on every compact set K C (a, b) X RY a unique P-a.s. continuous forward
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C!'-semimartingale flow of local C'-diffeomorphisms & ,(x), (s, x) EK, s<t=<
1§ 1), for €< 6, where 1§,y =inf{t=s:(t, & (x)) € K} <b for any (s, x) €
(a, b) X RY. This means:

i) &.,(x), s=t=1{,, is a continuous semimartingale.

i) &,:{x:(s, x)€int(K), t<1f,)} >R* is once eHolder continuously dif-
ferentiable for any ¢ € (s, b].

iii) &, (x)=&,.(&..(x)) on {x:(s, x) EK, t=1{ y} for s<u<t, known as
the (local) flow property.

iv) & s(x) is the identity for all s € (a, b) with (s, x) EK.

v) & i {x:(s, x)€int(K), t <& )} = {&.(x): (s, x) €int(K), 1<t} is a
C'-diffeomorphism for any ¢ € (s, b].

All the properties i)—v) depending on w € Q hold P-a.s. Cf Kunita [3]’s §4.

Lemma (a change of variable formula). Let (A) be assumed and F&E
Li.((a, b) X RY) arbitrary. Then, for any compact K C (a, b) X R?,

f dxf&”F(t 13 (x))dt=fbdtf dzF(1, 2) 152 1(2) det 8.5 (z)  (5)
Ri U Pt L e » ) s3] = ot

holds P-a.s. and it is in L'(P), where
=16 with x=&7(z)

and 3., (z) denotes the Jacobian of the inverse of the flow E, (x).

Proof. The stochastic process F(t, & (x)), s=t=b, is well defined in the
sense of Kunita [3]’s §1.2, since the 1-dimensional marginal distributions of any
1-point motion of & ,(x), s =t =D, are absolutely continuous w.r.t. the Lebesgue
measure A. Let a compact set K C (a, b) X R? be fixed. Then FE L'({z:(¢, 2) €
K}) for A-almost all ¢ € (a, b) and by the local C'-diffeomorphic property of the
flow &,

| AxF(t, &./(x) Ly 1 (1)

{x:(s.¥)EK)

- dzF(t, 7).z, (1) det 3.571(2) ©)
St (i G0EK))

holds for A-almost all t € (a, b) and P-a.s., where (5 .y in terms of & ,(x) is well
defined. Since & ,(x) is differentiable in x, the flow property yields

9- Esjrl (2) 2= (x) = (8:&.(x))™ a
on {t<t{ .}, P-a:s. The compact set

RS: {(t A T(Is<‘x)’ ‘f::s.r/\r" (X)) : (S, X) EK, SstSb}

(s v
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is P-a.s. homeomorphic to
Dy={(t, x):(s, x) EK, s=t=1{ )}

and therefore, by the space-time continuity of the Jacobian of the stochastic flow

Es,r(x),

EN )| = <, Pas.
(nax |det 8.8 (2)| = max [det 8.5 (x)|" <=, P-as
Now it may be concluded that
b
[[ae] axlFe, & 1 00
= max |det argm(x)l“lj’ IIF(I, 7)|dtdz <=, P-a.s.
LX)ED, K

(

Then Fubini’s theorem yields the first part of the assertion, from which the
second part follows, if

sup P[lp.z (1) |det 8,57 ()] <=
(r,7)EK

is proved, where this time Fubini’s theorem w.r.t. P has been applied.
It is sufficient to show that

sup P[H(arEs,,M{?”(x))_1||"]<oo for 1=r<w=. @)

{(r.x): (s, x)EK,s=r=b}

(8¢ & (x))~' = U(x, 1) satisfies on K, by means of Kunita [3]’s theorem 3.3.3,
r d 3
Uy, =0, = | 2 Ualx, )2 F(&,(x), du)
s I=1 x]

t d d 2
+] 2 Ui 0 2 55 (0, ), WA
P-a.s. for 1=1i, j=d, which forms together with (4), the defining equation for
&.(x), a system of d>+d Itd’s stochastic differential equations. Under the
assumption (A) Kunita [3]’s theorem 3.4.6, adapted to our local situation, can
be applied to this system. Consequently, its solutions have finite moments of any
order, depending continuously on the starting point; therefore (7) holds.

§3. A Version of Itd’s Formula

This is a consequence of the change of variable formula (5). Let D be an
open subset of (a, b) X R*. A function FE C(D, R) is assumed to possess finite

D,Fe L},.(D), D,F€ L;,.(D) and D;D,F€ L},.(D) for 1=i,j=<d
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where Ds=% and D,-=%, 1=i=d, are to be understood in the sense of
t

distributions with respect to the space of test functions C7,,,,(D)={y:y has a
compact support contained in D and its derivatives of any order exist and are
continuous. }.

Under the same assumption (A) as for the change of variable formula (5), a
continuous C-semimartingale I(x, ¢) like (3) and the stochastic flow & ,(x),
being the solution of Itd’s stochastic differential equation (4) driven by I(x, ?),
are considered. Then

Theorem (a version of It6’s formula).

F(t A Ts,x)s Ssutnz,, (X)) = F(s, x) €]

TA T [N .
= [ DuF s g a)dut 2 [T D, &) (), du)

IAT(s.0)

d
+3 3 | DIDF, &)@ (55, &ux), WA,

i,j=1"s
for t€]s, b), A& P-a.s. where

r(s,.t) = inf{u € [S, b) : (u7 gs,u(x)) ¢ D}
and s € (a, b).

Corollary. If the set D is assumed to be compact then both sides of Itd’s
formula (8) integrated w.r.t. ¢(x) dx on R for any bounded measurable function
@ are equal P-a.s. and they are in L'(P).

Proof. There exists an increasing sequence (DU™),,cn of open sets with
compact closure D™ contained in D such that

D= U p™. 9)

meN

Denote by 70,2, = inf{u € [s, b): (u, & .(x)) & D™} the corresponding increas-

ing sequence of stopping times with lim,, .. tg'f_l) = T(s,x)» P-a.s. The mollifier
theory, cf Friedman [1] Chap. X, provides for every D, m €N, a sequence
(78~ of smoothing operators such that

J¢™ F— F uniformly on D™,
D,J{™ F=J™ D F— DF in L"(D™),
D;J¢ F=J D,F— D,F in L*(D™) and
D;D;J F=J{ D;D;F— D;D,F in L'(D™)
as £\ 0. Following Kunita [3]’s theorem 4.7.2, It0’s formula for smooth functions
evaluated along stochastic flows may be applied locally on D
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JEF(t A Ty Eeonam (%)) =TS (s, x) (10)

(m)

I/\I’(,\ a
=[S P & () du

d
-+§ ax; T F(u, Eu(0)) ' (55,u(x), du)

1 d IA‘E{‘ ) az (m) i
w32 | S M )@ (E ), Eul), WA,
for t€s, b), P-as.

In this proof, A, =t is assumed. The general case follows by change of time
scale, which is routine, cf Kunita [3]’s §3.2. First the relation (10) is considered
as ¢\ 0 and then as m— . For the stochastic integral appearing in (10)

dxp[ f D, £ P (&), Ev(), u)du}
Rd s

. t
= sup__ ad’(z, z, u)PUS dudeleiF(u, 2)[* 15,50y (ue) | det aze;-‘;j(z)l] <

(u,z)eDim

holds by the change of variable formula (5), where
f(('s"i) = r(('s”),c) with x=& 1(z), P-a.s.

By the definition of stochastic integrals in terms of L>-isomorphisms

L? (A'@P) - llmj - 7‘]é”1)F(u= gs.u(x))M[( Ex,u(x)v du)

_ j-r/\rn N D, F(u, Es,u(x))Mi( &..(x), du) € L2()L® P)

for t € [s, b) follows. Then Chebyshev’s inequality and the Borel-Cantelli lemma
yield a subsequence (& ,),en for which this convergence holds A &® P-almost
surely for every 1 =i =d. The three bounded variation terms on the RHS of (10)
are treated similarly. Their L'(A® P)-convergence follows by means of the
change of variable formula (5). In case of the third term this means

fdxp[fmm ‘) | ax ox, T F(w, &u(x)) =
DDy, &) I07(8,u(2), &), 1)l
= sup ('aij(z7 <, u)lP[l[s,ﬁ:f';)](u)ldet a;g;,}(Z)“)

(u,z)EDm

3?
Ox;0x;

JY™F — D;D;F,

__—0
Ll(D(m))

as e\ O for any 1=, j=d.
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With the same method as used to extract (& ,).en, a subsequence (&, ,,),en C
(&1,n)nen can be found along which the convergence on the RHS of (10) for
tE€[s, b) takes place A ® P-almost surely. This follows for the LHS of (10) from
the uniform convergence of J¢{F to F on D™. Consequently, having (10)
which holds P-a.s. for all x € RY, (8) considered on D™ holds A ® P-a.s. Since
lim,,, - r((y'"t)) = T(s.)» P-a.s. and F is assumed to be continuous on D, (8) finally
follows by (9), noticing that the set of exceptional (x, w) is contained in a
countable union of 1 & P-zero sets.

Remark. Krylov [2] develops a version of Itd’s formula for continuous
functions F with generalized derivatives. Given a bounded state space Q, he
assumes that F € L?(Q) where p has to be greater or equal to the dimension of
Q. Moreover, the coefficients of the underlying diffusion process are related to
each other. Then Krylov’s version of It&’s formula holds for all starting points
and it is proved by geometrical arguments as well as substantial results from the
theory of parabolic differential equations.
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