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1 Introduction

1.1 Setting, backgrounds and motivation

Our subject is solutions of the stochastic [to—McKean—Vlasov, or, for short, McKean—
Vlasov’s equation in R?

dXt = B[t,Xt,/Lt]dt + Z[t,Xt,ut]th, t> O, XO = T, (1)

in a particular situation called “true McKean—Vlasov case” under the convention

Blt, z, ] Z/b(w,y)u(dy)? Elt,z, 1 Z/O(t,fv,y)u(dy), (2)

and under certain non-degeneracy assumptions. Here W is a standard d;-dimensional
Wiener process, b and ¢ are vector and matrix Borel functions of corresponding di-
mensions d and d X dy, p; is the distribution of the process X at time ¢. The initial
data xy may be random but independent of W; a non-random value is also allowed.
Historically, Vlasov’s idea, proposed originally in 1938 and contained in the reprinted
paper [32], called mean field interaction in mathematical physics and stochastic anal-
ysis, assumes that for a large multiparticle ensemble with “weak interaction” between
particles, this interaction for one particle with others may be effectively replaced by
an averaged field. A class of equations of type (1) was proposed by M. Kac [15] as
a stochastic “toy model” for the Vlasov kinetic equation of plasma. The systematic
study of such equations was started by McKean [21]. The reference [26] provides
an introduction to the whole area with links to the paper [8] as the most important
preceding background deterministic paper.

McKean—Vlasov’s equations, being clearly more involved than It6’s SDEs, arise in
multi-agent systems (see [2, 3]), as well as in some other areas of high interest such as
filtering (see [5]). These processes also very closely relate to so called self-stabilizing
processes (diffusions, in particular), which is, actually, another name for non-linear
diffusions in the “ergodic” situation, (see [11]). In what concerns “propagation of
chaos” for the equation (1), we refer the reader to [26] and [4, Theorem 4.3]. In
the authors’ view, it may be fruitful to separate different aspects, including time
discretization and “propagation of chaos” for multiparticle case, and to consider
approximations differently from the basic existence and uniqueness issues; the latter
are the main subjects of the present paper.

Note that even existence and uniqueness — as usual in stochastic analysis, weak or
strong — does require further studies. E.g., many control problems lead to discontin-
uous coefficients. So, establishing existence and uniqueness under minimal regularity
of the coefficients is in a big demand.



As to earlier works in this area, one of the most important papers is [9] where
the martingale problem for a similar McKean-Vlasov SDE is tackled. It is not very
easy to compare our regularity assumptions with those in [9] because the latter are
given not directly in terms of coefficients (cf. with (2.1) in the Assumption I from
[9]). We do not assume continuity with respect to the state variable = replcing it
by the non-degeneracy of the diffusion matrix. Neither our linear growth bound is
comparable directly with the Lyapunov type conditions in [9]. More general growth
conditions were studied in [4]; however, here also our regularity conditions admit just
measurable coefficients in x and, hence, overall, our results are not covered by [4]
either. One of the first works on McKean—Vlasov equations with irregular coefficients
was [23]; yet, this paper considers another class of equations, namely, with divergent
operators, and so does not relate directly to the present paper.

Our goal is to establish weak existence analogues to Krylov’s weak existence for
[t0’s equations which is more general than in earlier papers. A more general equation
is tackled with a possibly non-square matrix o, which may be useful in applications
and which case was not covered in [4]. Further, we propose a different method
which could be of interest in some other settings. In the homogeneous case and
under less general conditions, using a different technique, weak existence and weak
uniqueness was established in [13] and [14]. In [30] there is a result on strong existence
for the equation similar to (1) only with a unit matrix diffusion; however, strong
and weak uniqueness, along with “propagation of chaos”, i.e., with convergence of
particle approximations, is established there under restrictive additional assumptions
on the drift which include Lipschitz and some other conditions. In the present paper,
weak and strong uniqueness is established for bounded and measurable drifts under
additional assumptions on the (variable) diffusion coefficient. In applications where
some additional regularization by white noise is often required it may be useful to
have a result for references with dimensions d; > d rather than just for d; = d. This
case is rarely tackled in the literature and it is not easy to find a suitable reference;
this was the main reason why we included this extension. Despite the widespread
intuitive belief that for weak solutions or weak uniqueness everything which may be
desired only depends on the matrix oo*, in fact, conditions in the McKean—Vlasov
case usually do require certain properties of o, not oo* (cf., for example, [9]). Hence,
results for d; > d may not necessarily follow automatically from those for d; = d.
Unlike the setting in the paper [4], we allow non-homogeneous coefficients depending
on time; a formal reduction to a homogeneous case by considering a couple (t, X;)
would require unnecessary additional conditions due to the degeneracy. Our method
of proof is also different from that used in [4]: we use explicitly Skorokhod’s single
probability space approach as well as Krylov’s integral estimates for 1t6’s processes.



Strong existence in our paper is derived from strong existence for “ordinary” or
“linearized” It6’s equations with a fixed flow (). The famous Yamada—Watanabe
principle (see [12], [20], [33], [34]) concerning weak existence and pathwise uniqueness
here has a remote analogue in terms of the equivalence of weak and strong uniqueness,
yet, under additional assumptions. In all results of the paper it is assumed that the
drift — and in the Theorem 1 diffusion as well — satisfies a linear growth bound
condition. The linear growth is useful because of numerous applications where, at
least, the drift is often unbounded; further extensions on a faster non-linear growth
usually require Lyapunov type conditions, which are not considered in this paper.

1.2 The structure of the paper

The structure of the paper is as follows. In the Section 2 weak existence is estab-
lished. The Theorem 1 there mimics Krylov’s weak existence result for 1to’s SDEs
from [16] for a homogeneous case, and from [18] for a non-homogeneous case; cf. also
[31]. No regularity of the coefficients is assumed with respect to the state variable .
The proof is split into two unequal parts. The first is devoted to the case under a bit
restrictive additional assumption on the diffusion; the second part extends the con-
sideration to the general situation, i.e. to a not necessarily quadratic and symmetric
diffusion matrix. Section 3 is devoted to strong solutions and to weak and strong
uniqueness. Weak uniqueness and strong uniqueness are established simultaneously
under identical (for weak and for strong uniqueness) sets of conditions. The latter do
involve some restriction on the diffusion coefficient which should not depend on the
measure in the Theorem 2. For a completeness of the paper, a classical Skorokhod’s
lemma on convergence of stochastic integrals, as well as two other indispensable
auxiliary lemmata also by Skorokhod are provided in the Appendix (the Section 4).

2 Weak existence

2.1 Main results

Before we turn to the main results, let us recall the definitions and a fact from
functional analysis.

Definition 1 The triple (Xy, ut, Wt) is called solution of the equation (1) iff (W)
is a di-dimensional Wiener process with a filtration (F;) such that for each t, X, is



Fi-measurable, X; is continuous in t, and

¢ ¢
P(Xt—xo—/ B[S,Xs,us]ds—/ [s, X, pus]dWs =0, t > 0) =1,
0 0

in which expression under the probability all integrals are well-defined, and p; s a
marginal distribution of X; for each t > 0.

This solution is called strong iff for each t the random variable X, is measurable
with respect to the sigma-algebra FYV (sigma-algebra generated by Wiener process
W ); all other solutions are called weak.

Note that in the case of strong solution, it exists on any probability space with a d;-
dimensional Wiener process W. Following a tradition of It6 SDE theory and slightly
abusing a rigorous wording in the definition above, we will usually call solution just
the first component X, of the triple (X, y;, W3) yet with a compulsory property that
(¢ is a marginal distribution of X} for each t¢.

Proposition 1 Suppose in case of (2) for each (t,z) the Borel coefficients b(t,z,y)
and o(t,x,y) are bounded in y and integrable in x with respect to all (p;), t > 0, where
wy are the marginal distributions of some (any) weak solution of the equation (1).
Then the functions b(t, z) := B[t, z, ju;] and 5(t,z) := L[t, z, 11s] are Borel measurable
in (t,x).

Proof. Let (X3, e, W) be solution of (1) on some probability space (2, F,P) with
a di-dimensional Wiener process W, and consider another independent solution
(&, e, W) with the same marginal distribution p, of &, say, on another probabil-
ity space (€2, F',P’) with a d;-dimensional Wiener process W’. Then the coefficient
Blt, x, ;] can be written as

Blt, x, ] = E'b(t, z,&),

where E’' stands for expectation with respect to the probability measure . Now,
the function b(¢,x,y) is Borel measurable in (t,z,y) by the assumption, and the
function & (w’) is B[0, 00) x F-measurable in (¢,w’) due to continuity of solution &
in ¢ and its measurability in ' (cf., e.g., [19, Lemma 1.5.7]). Hence, the function
b(t, x,0') == b(t, z,&(W')) is B[O, 00) x B(RY) x F- measurable in (t,z,w’). Further,
one of the statements of Fubini Theorem (cf. [19, Theorem 1.5.5]) claims that in this
case the function

~

E'b(t,z,&) = /b(t,x,ft(w'))P'(dw’) = /b(t,x,w’)ﬂ”'(dw')
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is B[0,00) x B(R?)-measurable, as required. Here we used the condition of bound-
edness of b in y which implies integrability

[ bt P (@it < o

over any bounded Borel subset D € B[0,00) x B(R?) which integrability is the as-
sumption of Fubini Theorem ([19, Theorem 1.5.5]).

Theorem 1 Let the initial value xo have a finite fourth moment. For the problem
(1)- (2), suppose that the following two conditions are both satisfied. Firstly, the
functions b and o admit linear growth condition in (x), i.e., there exists C > 0 such
that for any s, x,vy,

b(s, 2, y)| + llo(s,z, y)|| < C(1+|z), (3)
where |-| stands for the Euclidean norm in R¢ for b and ||-|| for the ||o|| = i o

Secondly, the diffusion matriz o is uniformly nondegenerate in the following sense:
there is a value v > 0 such that for any probability measure p,

int iwt X ([ otsamutan) ([ amm@n)rze o

Then the equation (1) has a weak solution, that is, a solution on some probability

space with a standard dy-dimensional Wiener process with respect to some filtration

Remark 1 Note that if di = d and if the matrix o is quadratic and symmetric, then
the assumption (4) can be replaced by an easier and more frequently in use one,
inf inf No(s,z,y)\ > v. (5)
$,z,Y |A\|=1
Note that the intuitive meaning of condition (4) in the simplest 1D (i.e., di =
d = 1) situation is that the diffusion coefficient is non-degenerate and cannot change
sign for any fized (s, x) and varying y. It is plausible that any moment of order 2+ €
for xq suffices for all the statements (except the Theorem 2 under the linear growth
condition on the drift where an exponential moment will be required), but we do not
pursue this goal here. Under the additional assumption of boundedness of b and o,
the fourth moment of the initial value xq is not necessary and can be further relaxed.
On weak uniqueness there will be a remark in the last section.
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2.2 Proof of Theorem 1.

1. Firstly we establish the Theorem under a more restrictive assumption that d; = d,
and that the matrix o is symmetric and satisfies the condition (5). Exactly this was
assumed in [18] for Itd’s equations where, in addition, the coefficients were assumed
bounded. None of these two restrictions is actually necessary, which was, of course,
very well-known to the author of [18] and which extensions were covered in other
publications; yet, some efforts are required to relax them here for the McKean-Vlasov
equation setting.

In the end of the present proof, the restriction (5) will be dropped. To explain the
motivation of this approach note that under the relaxed assumption (4) of the The-
orem, a smoothing which would keep the non-degeneracy of the diffusion coefficient
is to be found.

The proof is based on Krylov’s integral estimate for non-degenerate Ito processes
(i.e. for those possessing a stochastic differential but not necessarily a solution of
any SDE) with bounded coefficients,

T
E / F(E X0 dt < N f s
0

see [18, Chapter 2]. Here the constant N may depend on d,7" and the bounds for
sup—norm of coefficients and of the inverse oo*. This estimate will be applied to a
CO'L[/pl@ (Xt7 gt)u

T
E / F(t X0, €t < NI fllpasrs (6)
0

where the process &; is an independent copy of the process X; and, hence, has exactly
the same distribution (not only the same marginals); the constant N in the latter
inequality depends on the same norms as earlier but now the dimension is 2d.

Similarly to the Ito6 case the standard hint is to smooth the coefficients so as to use
existence theorems which are known in the literature (in particular, for continuous
coefficients, see [9]), and then to pass to the limit by using Skorokhod’s convergence
on a single probability space method. So, let us smooth both coefficients with respect
to all variables, i.e., let

V" (t,z,y) = b(t, z,y) * Yn(t) * dulw) * Pn(y), (7)

and

o"(t,x,y) = o(t,2,y) * n(t) * Pn(x) * Pn(y), (8)
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where 1, (), pn (), ¢n(y) are defined in a standard way, i.e., as non-negative C'*°
functions with a compact support integrated to one, and so that this compact sup-
port squeezes to the origin of the corresponding variable as n — oo; or, in other
words, that they are delta-sequences in the corresponding variables. While smooth-
ing, assume for definiteness that the coefficients b and ¢ are defined for any t < 0,
e.g., as zero vector function and the constant unity matrix I;.4, respectively. Note
that, of course, we may assume that for every n the smoothed coefficients remain
to be under the linear growth condition (3) with the same constant for each n (in
reality this constant may increase a little bit in comparison with C' from (3), but still
remain uniformly bounded); also, under the assumption (5) the smoothed diffusion
remains uniformly nondegenerate with ellipticity constants independent of n.

2. In a standard way (see, e.g., [18], [25]) we get the estimates,

sup I[‘3|Xt”\2 < Cr(l1+ E\x0|2), 9)
0<t<T
and also
sup E| X} — X;L]Q < Crh, (10)

0<s<t<T;t—s<h

with constants C}, Cp that do not depend on n. Recall that zy € R? is the initial
value of the process X and that it may be random with a certain moment. Bounds
similar to (9) and (10) hold true also for the component ¢" and naturally for ™.
These bounds suffice for the applicability of Skorokhod’s single probability space
theorem (see the Appendix 1, Lemma 2).

Note that by Doob’s inequality for stochastic integrals the bound (9) immediately
extends to the further bound useful in the sequel,

E sup |X['|* < O(E|xo|* + CT + CT?) exp(CT(T + 1)), (11)

0<t<T

where C' does not depend on n. Further, similarly, the following higher moment
bounds can be established,

sup E|X7|* < Cr(1 4 E|zol*), (12)
0<t<T
and
sup  E[XP — X" < Cph?, (13)

0<s<t<T;t—s<h



also with a (new) constant Cr that do not depend on n. In fact, similar a priori
bounds hold true for any power function assuming the appropriate initial moment,
although, this will not be used in this paper. The proof can be done following the
lines in [10, Theorem 1.6.4].

3. Let us introduce new processes &" equivalent to X™ on some other — in-
dependent — probability space (i.e., we will consider both on the direct prod-
uct of the two probability spaces). Moreover, in the sequel by E30"(s, X7, &7)
or E3o(s, X,, &) we denote expectation with respect to the third variable &7
or & 1i.e., conditional expectation given the second variable X7 or X;; in
other words, E30m(s, X™, £7) [ o™ (s, X2, y)us" (dy), where u§" stands for the
marginal distribution of 5” hkevvlse E3(0"(s, X", &™) — 0™(s, X4, &s)) means simply

/a (5, X™ )l (dy) — /0 (5, X" y)us(dy), where pif is the marginal distribution

of &, and, finally, E3|o™(s, X7, &%) — 0 (s, X5, &))|? is understood as / lo" (s, X2, y) —

o (s, X",y ) [*u8 4 (dy, dy'), where pu§"¢(dy, dy') denotes the marginal distribution of
the couple (& ,55).

Now, due to the estimates (9)—(10) and by virtue of Skorokhod’s Theorem about
a single probability space and convergence in probability (see the Lemma 1 in the
Appendix, or [25, §6, ch. 1], or [18, Lemma 2.6.2], without loss of generality we may
and will assume that not only ™ = pu, but also on some probability space for any ¢,

(Xfaéfv th) E} (Xtaéh Wt)) n — oo,

for some equivalent random processes (f( " 5", W”), generally speaking, over a sub-
sequence. Slightly abusing notations, we will denote initial values still by =y without
tilde. Also, without loss of generality we may and will assume that each process
(€r,t > 0) for any n > 1 is independent from (X", W™), as well as their limit & may
be chosen independent of the limits (X, W) (this follows from the fact that on the
original probability space £" is independent of (X", W™) and on the new probability
space their joint distribution remains the same; hence, independence of " is also
valid and in the limit this is still true). See the details in the proof of the Theorem
2.6.1 in [18]. We could have also introduced Wiener processes for £;* and 5{‘, but they
will not show up in this proof. For what follows, let us fix some arbitrary 7" > 0 and
consider ¢ in the interval [0, 7.



Due to the inequality (13), the same inequality holds for X™ W™,

sup E| X" — X"|* < Cph?. (14)

0<s<t<T;t—s<h

Due to Kolmogorov’s continuity theorem this means that all processes X™ may be
regarded as continuous, and W™ can be assumed also continuous by the same reason.
Further, due to the independence of the increments of W™ after time ¢ of the sigma-
algebra o(X™, W7, s < t), the same property holds true for W” and U(X” Wr s <t),
as well as for W" and for the completions of the sigma-algebras o(X?, W= s < t)
which we denote by .7-"t( ), Also, the processes X" are adapted to the filtration
(.E(")). So, all stochastic integrals which involve X" and W™ are well defined. The
same relates to the processes én

Hence, again by using Skorokhod’s lemma on convergence on a unique probability
space — see the Lemma 1 in the Appendix — we may choose a subsequence n’ — 0o
so as to pass to the limit in the equation

t
X1 = mo+ / E%b" (s, X!, &) ds + / B’ (s, X', &) AW,
0 0
in order to get

t t
Xt = Zo + / Egb(sa Xsa €s>ds + / E30(87 XS? 55) dW
0 0

or, equivalently,

t t
X, :xo—i—/ Bls, X, 5] ds—l—/ Y[s, X, ps] dWs.
0 0

This requires some additional explanation because we want to use Krylov’s bounds
stated for uniformly bounded coefficients while in our setting they may grow in-
finitely. However, in fact, we can use these bounds because the processes we deal
with are uniformly bounded in probability with suitable a priori bounded moments.
The details are provided below.

First of all, recall that a priori bounds (9) — (14) hold true with constants not
depending on n. Now, by Skorokhod s theorem on some probability space we have
some equivalent processes (th ,ft ,W” ) and a limiting triple (Xt, &, W,) such that
for any ¢,

on' ' iy B % 1
(Xt 7€t ’Wt )_> (Xt’gt’Wt)'
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By virtue of the a priori bounds for W™, the process W, is continuous and it is a
Wiener process. Also, the limits are adapted to the corresponding filtration F; :=
V., ft(n) and W, is continuous and it is a Wiener process with respect to this filtration.
In particular, related Lebesgue and stochastic integrals are all well defined. Moreover,
by virtue of the uniform estimates (13), the limit (X,,&,) may be also regarded as
continuous due to Kolmogorov’s continuity theorem because the a priori bounds (8)—
(12) remain valid for the limiting processes X, €. In particular, it is useful to note
for the sequel that

sup E|X,[2 < Op(1 + Elzo]?). (15)

0<t<T
4. Let us now show that

t t
/E?’b”’(s,f(g’,gg’)dsﬂ/ E3b(s, X,, &, )ds, (16)
0 0

and . .
/ E3c™ (s, X', &M )aWv™ 5 / Eio(s, X,,&)dW,, n' — oo. (17)
0 0

We are to explain how to use Krylov’s estimate for Ito processes with bounded

coefficients while in our case they may be unbounded.

Due to the inequality (11), for any € > 0 there exists R such that for any n,

P( sup |X'| > R) <.

0<t<T

The same holds true for £" (since they are equivalent). Hence, for any € > 0 there
exists R > 0 such that for any n,

P(sup (|X7[VI[E) 2 R—1) <e

0<t<T
(the reason for using R — 1 instead of R will be clear in the proof), or, equivalently,
P(ypr-1 <T) <e, (18)

where

Yo i=inf(t > 0: sup (|X7'|VI[E]) > R).
0<t<T

11



The same holds true for the limiting process (Xt, 5}) by virtue of its continuity due
to Kolmogorov’s continuity theorem, that is, for any € > 0 there exists R > 0 such
that (to have R — 1 instead of R will be convenient shortly)

P(sup (X VIE) = R—1) <

0<t<T

or, equivalently,
P(yr1 <T) < (19)
where

vg :=inf(t >0: sup (|X,|V|&]) > R).

0<s<t

In the sequel it will be convenient to define

i =1inf(t > 0: sup |X,| > R), & 7% :=inf(t>0: sup |&| > R),
0<s<t 0<s<t

and similarly

Yog =inf(t > 0: sup |X"| > R), & 75, :=inf(t>0: sup [£"| > R).
0<s<t ’ 0<s<t

Note that
Lyr > T) = Ly > Tl > 1),

and similarly

LYR AYnr > T) = 17 Avpp > T)L(vg AV g > T).

Denote R := R — 1. Then, given any € > 0, and slightly abusing notations by
replacing n' by n, for any ¢ < T by virtue of Chebyshev—Markov’s inequality we
conclude that for any ¢ > 0 there exists R such that

El(v, g A <T) <e.
Further at one place we will need more precise estimates (see (9)):

E supo< < (IXe[* V 1€]?) < C(1 + Elzol*)

P(ypp1 <T) < (R—1)2 T (R-1)2

12



by virtue of the Chebyshev-Markov inequality. Now, we estimate,

P ( - o)

t t
/ B3 (s, X2, €7) ds — / E*b(s, X, £) ds

0 0

<Py,zN%<T)

t
+P <va Ay > T, I/ E*1(y: A% > T) (b”<s7X§‘,€?) - b(s,Xs,rSs)) ds| > 0) :
) 0 n,

Here the first term does not exceed € if R is large enough, uniformly with respect to
n. Further, let us fix some ny and let n > ny. We have for any ¢t < T,

t
P (vﬁfg AvE > T, I/ E*1(+S o Avs > T) (b"(s,XS,ﬁﬁ) - b(s,Xs,£S)> ds| > C)
0 b

t
<P (o nod > o1 [ BI08 Ao > 1) (106, K26 — 09 (s, X260 ] >
0 b

wl o

t
X X . 3 € '3 n, VN n v~ C
+P (35 n o > T [ BIGE An > 1) (006, X260 — 0005, K ) ] > £

t
+P (35 > Tl [ B10E g a0 > 7) (406 %) - o, K ) sl > 5 )
’ O n7

=I'+ I+ (21)
Denote
9" (s, 2,8) = b"(s,2,8) = b™(s,2,8), ¢"(s,3,§) :=b"(s,2,8) —b(s,x,).
Then the first summand I' may be estimated by Chebyshev-Markov’s inequality as

3 4 n v N n N
I'< Z]El(yijé > T, 75 > T)/O E31(727RA71% > T (s, X2, €M) — b0 (s, XT, €")| ds

(22)

3 g n,n Y20 en
= EEES]‘(,.)/TL,R > T? fyé > T)/ ’g ’ O(SaXs/\fynR7€s/\'ynR)’ dS.
0 , ,

Here the couple (X7, o égM R) is a stopped diffusion with coefficients bounded by

norm in state variables (z, &) by the value C'R uniformly with respect to n, and with
the diffusion coefficient uniformly non-degenerate.
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Denote by b™E[s,z, ] and 6™~

[s, 2, u] smooth (e.g., C') bounded vector and
matrix functions in z respectively, with 6™%(s, z, u] uniformly nondegenerate, such

that

E"’R[s,x,,u] =b"[s, z, pl, &"’R[s,x,u] =o"[s,z,p), |z] <R

Let (X7) = (XQ’R) be a (strong) solution of the Ito equation,
AX] = bl X7, ) dt + 6™, X7 pl] dWE, X =, (23)

where £ 1s still the marginal distribution of X" and X{‘. Let also é” be an equivalent
independent copy of the process X'. Note that on [0,¢ A Vo, ) the processes X™ and

X" coincide (see [19, Theorem 6.2.1(v)]). Then the bound for I' in the second line
of (22) may be rewritten as

SNV, &7 >NV R

3 T . .
< 2EB > T > 1) [l XD, ) ds
C ’ 0
(24)

3 ! n,n o en
<TE10,.>T) [ 1o X0 €D ds
0

The values of the function g™ (s, z, ) outside the set {(z,€) : (|z| V |€]) < R} are
not relevant to the evaluation of the expression in the second line of (24). So, without
losing of generality we may assume for our goal that g™ (s, x, £) vanishes outside of
this ball. Then, by Krylov’s estimate (see the Theorem 2.4.1 or the Theorem 2.3.4
in [18]) we obtain,

. o ' e
r<ief |g”’"0<s,X:,£:>|dsSN< I ] ~|g"m°<s,:c,£)|2d“dacdéds>
& 0 0 |z|<R J|§|I<R
3N T T{H
_ 3N ( / / / |b"<s,:c,£>—b"0<s,x,§>|2d“d:cd§ds)
¢ 0o Jz|I<k J|¢|I<Rk

3N T 2d1+1
3 ( [[.] |b“<s,x,f>—b(s,x,oﬁd“dxdsds)
¢ 0 Jz|<R J|¢I<R

1

3N T . ST
+— |b™ (s, 2,£) — b(s,x, &) dxd{ds — 0, mn,ng — oo,
¢ 0 Jiz|<RJ|¢I<R

by virtue of the well-known property of mollified functions. Hence, the term I' goes
to zero as m — o0 since this term does not depend on ny.
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Further, the second term I? admits the estimate (for any 0 <t < T)),

! n, VN en n, Y c
ng(ﬁl%/wg > T, y/o E31(72’RA7%>T) (b (s, X", EM)ds—b O(S,Xs,gs)>ds\>§)

3 4 o 2 S
< SEE*1(y, 5> T,v5 > T)/ 070 (s, X7, €0) — b™ (s, X, &) | ds,
c ' 0
which tends to zero as n — oo due to the Lebesgue bounded convergence theorem.

T

Indeed, on the set (v, z > T,7z > T), the random variable / |6 (s, X2, &) —
_ 0

b (s, X5, &s)| ds is bounded, and

T
/ |6 (s, X1, E0) — b0 (s, X5, &) ds — 0, n — oo,
0

in probability.

To tackle the third term I°, the indicators 1(y; > T) are not enough and we
need some new auxiliary function. Let R > 1 and let 0 < w(z,§) < 1 be any
continuous function which equals 1 for every |z| V [¢] < R — 1(= R) and zero for
every |z|V [{| > R. Then we have,

t
I3:IF’<%)5R/\7§ >T, |/ E31(H¢ 1;3/\71%>T) <b"°(s, Xs,gs)ds—b(s,f(s,fs))dﬂ > g)
s 0 n,

T
< %EE?’l(fyR > T)/ b (s, X,,€,) — b(s, X, &)| ds
0

S S .
<E [ ()l K E)lds (25)

We want to show that the right hand side (the last term) in (25) goes to zero, firstly,
as ng — 00, and secondly, as R — co. (Strangely, the indicators 1 (%ﬁ Nvyp > T)
are not of a real help here, although, new similar ones will appear shortly, see below.)
The values of the function g™ (s, z, &) outside the set {(z,¢) : (|z| V |¢]) < R} are
not relevant for the evaluation of the expression in the right hand side of (25). So,
without losing of generality we may assume that ¢™°(s,z,£) vanishes outside this
ball. Thus, in particular, we can also accept that ¢"°(s,x,&) is uniformly bounded.
Take any € > 0 and choose and fix for a while R so large that

TC(1+4Elz)R™! <. (26)

15



The reason for this choice will be clarified shortly. For any function g(s,z,§) €

L= (g (Borel measurable) : sup %ﬁ’ﬁ” < C’) for a fixed C' > 0 let us show the
s,2,& x
bound,

T
E/ w(stfs”g(Sva’gs” ds < C\/E_’_ N||g||L2d+1([07T]XBR><BR)7 (27)
0

with some C' > 1. First of all note that it suffices to establish this inequality with
(C' — 1)4/e instead of C'y/e only for continuous functions g vanishing outside the set
[0,T] x Br X Bg), of course, assuming that the constant N does not depend on
the regularity of g. Indeed, such (continuous) functions are, clearly, dense in the
class Lg in the Lsgzyq norm. So, choosing g € C' and sup %
$,x,& X
19 = 9| Lousr (071x BrxBr) < V€/N, and provided that the desired estimate with C'\/e
replaced by (C' — 1)4/e is valid for g, we immediately get (27) for g with C'y/e.

< (' so that

In order to establish the bound with some C' and N
T
E/ w(X,, E)19(s, X, € ds < CVe+ N\ gl Lyuyr (0.11%BrxBr) (28)
0

for g € C([0,T] x Bg x Bg) ﬂﬁ) such that sup, , . %ﬁ” < C, return to the pre-

limiting “smoothed” diffusions ()~( k. ék) We estimate, using for one of the terms the

16



replacement X and € (see (23)),
T ~ ~ ~ ~
E [ (X5 &gs, XL &l ds
0
T ~ ~ ~ ~
B> 1) [ w(Xh &gl XE )l ds
0
T ~ ~ ~ ~
B S T) [ w(REElg(s. X4,E)] ds
0
T A A A ~
B> 7) | w(EhElg(s, X5, €] ds
0

T
FEL(y 5 < T) / w(XE, 4)]g(s, X5, )] ds
0

S NHg”Lgd+1([O,T]><BRXBR)

T . ) . ) o\ 1/2
+ (P(yz < 1)) (E </0 w(Xf,ﬁf)\g(S,Xf,éfﬂdS) ) :

where the first integral with 1(v, z > T) and X, € was estimated by Krylov’s

bound while to the second one with 1(v, z < T') and X, € we applied the Cauchy—
Bunyakovsky—-Schwarz inequality. Finally, for R large enough

Plyp<T)<e

(see (18)), while by Jensen’s inequality,
T L 2 T L N
B ([ wE @l X as) <7 [ B (w(Rh s 15 81) as
0 0
<TC/ 1+\X“+y§)|>d5§é<oo,

with some C' due to (15) and (26). The bound (28) for g € £C follows now by virtue
of the Fatou Lemma as k — oco. Hence, (27) for any g € £ holds true. This implies

that
lim limsupsup I° = 0.
—X0 pg—oco N

17



The convergence (16) is, thus, proved.

5. Now let us consider convergence of stochastic integrals in (17). Our goal is an
estimate similar to that for the drift and Lebesgue integrals above:

t
|/ E3o™ (s, X7, EM)dW! —/ E30(s, Xs, &)dW,| > ¢) < Ce, (29)
0

for any c, e > 0 and n large enough. In principle, the task is similar to the convergence
of Lebesgue integrals tackled in the previous steps. Hence, we mainly show how to
tackle the additional obstacle due to different Wiener processes dWW; and dW; in
the stochastic integrals. Fortunately, we have a tool for this which is Skorokhod’s
Lemma 2 from the Appendix below. However, it is not applicable directly because
our processes may be unbounded, so we should overcome this with the help of the
estimate (18) which reduces the problem to bounded processes.

By virtue of [19, Theorem 6.2.1(v)] and similarly to the calculus for Lebesgue
integrals in the previous steps, yet using second moments instead of the first ones by
the evident reason we estimate,

t
|/ E30" (s, X" gg)dwg—/ Ei0(s, Xy, &)dW,| > ¢)
~ ~ ~ 0 t ~ ~ ~ 2
< ca| [ Bor(s, X080 ~ [ Bols, X, L)ah

0 0

t t
<CB| [ Bor(s. X107 — [ Bols X, )iV

0 0

t t
/ E2o™ (s, X, EM)dW! — / E30™(s, X", EMdW™

0 0

+CE

+CE

t t
/ ESO'(S, XS7§S)dW5 — / E30'(3, Xsafs)dw
0 0
= S'+ 5%+ 55

Here the term S® can be evaluated as follows (notations taken from the previous
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step):
2

t
S3 < 2CE / E*1(v; < s)o(s, Xy, £)dW,| + 2CE
0

/ L(vg < s)o (S,Xs,fs)dws

:2C’E/ (E‘ﬁfy < s)o sXs,ﬁs)( ’y < s) (S,Xs,fs)>*ds
+2C’E/ ( ’yR < 8)o(s Xs,§S > ( fyR < 8)o (S,Xs,és))* ds

g(JE/ (1+]X,| )ds+(JE/ (1+|X.2) ds — 0, & oo,
t/\’yg t/\’yg

as in the previous step for the drift. Quite similarly, for S? we have,

t

E*1(y, 5 <s)o(s, X1, &)dW?

2

2
S?<CE +CE

t
Egl(fyn,ﬁi < 3)0(37 X?’ fg)de
t

t

t
gCE/ (1+|Xg|2)ds+01@/ (1+|X7P)ds — 0, R — oo,
t

MY g 2R

For the term S! which only contains diffusions X and f with bounded coefficients,
we finally estimate,

2
E

t t
/E3a”(s,X§,§§)dW:—/ Eo(s, X, &)dW.

0 0

t t
< 38| [ Bo(s. X007 - [ B0 (s, X7 a0y

0 0

t t
+3E / E30" (s, X", EM)dW! — / E0™ (s, X, &)dW,

0 0

t t
/ E20™ (s, X,, &)W, — / B0 (s, X, &)W,
0 0
t *
=38 [ T (B0 5, X0, €0) =05, K2, 00) (E07 (5, K2, E0) — 07 (5, X2 40)) s
0

+3E

t t
+3E / ESU%(&XS,fQ)dW?_/ E°0™ (s, X, &)dW,

0 0

t *
+3E / Tr(]E3(a"°(s,Xs,fs)—a(s,Xs,és)D <E3(U”O(s,Xs,fs)—a(s,Xs,és))) ds
" = Sll +512+513.
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Here S and S'3 are small as R — oo by virtue of Krylov’s bound for diffusions
with bounded coefficients like for the drift in the previous step, due to the second
moment estimates above and because ,, z — oo uniformly in probability as R — .
We have skipped the functions similar to ¢"™"™ from the previous step which work
here in a totally similar way. Finally, the term S'? goes to zero as n — oo by
the Skorokhod Lemma 2 (see the Appendix) along with the Lebesgue’s integrable
convergence Theorem. This proves the desired bound (29).

So, we have established both (16) and (17), and thus, weak solution of the equa-
tion (1)—(2) exists in the case of d; = d and under the assumption (5) instead of (4).
Recall that once y; is the distribution of &, and distributions of & and X, coincide,
then p, is also the distribution of Xj;.

6. Now we will show under the general assumption of continuity of the coefficients
with respect to p how to drop the assumption (5) and, in particular, how to drop
the condition d; = d. We will use a hint from [31, section 4]; however, due to a more
involved structure of the equation and its coefficients in this paper, it is desirable to
repeat the details here.

There is a non-rigorous view that for SDE solutions everything related to weak
solutions and weak uniqueness depends only on the matrix ¢*c and not on o itself.
However, this view is not precise. Firstly, for strong solutions this is certainly not true
because regularity such as Lipschitz condition or even a simple continuity may fail
for badly chosen square root, let us forget about non-Borel square roots. Secondly,
even for weak solutions in the absence of non-degeneracy and if the square root is
not continuous, there is no guarantee that weak solution exists for any square root.
Recall that existing results about weak solutions and weak uniqueness — see, e.g.,
[4, 9] — impose conditions on ¢ and not on oo*. Hence, we find it not sufficient to
refer to the “common knowledge” and have to show the calculus.

Denote X[t, z, p1] := \/A[t, x, ju], where A[t,z, p] := S[t, x, W|S*[t, z, 1], and sup-
pose that there exists a (weak) solution X of the equation,

t t
Xt:x+/ B[S,Xs,us]ds+/ Ss, X, pa]dVV, (30)
0 0

with some d-dimensional Wiener process (Wt, t > 0) on some probability space and
where pg stands for the distribution of Xj.
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Existence of this weak solution will be justified in the next step of the proof
with the help of the Riesz — Dunford (Cauchy) formula for a function of a positive
self-adjoint matrix (see, e.g., [7, VII.3.9]),

ALz ] = % 7{ N2(0 = Alt 2, 1))~ dA (31)

where the contour I' C C is to be chosen in a way so that its interior contains all the
eigenvalues of the (elliptic) matrix Als, z, -], say, for x from some compact set; due to
the locally uniform ellipticity it is possible to choose I' in a unique way for all (s, z, ),
at least, for all x from any compact and then the desired weak continuity follows
directly from the right hand side of (31) with the help of the standard stopping times.

Further, without loss of generality we may and will assume that on the same
probability space there exists another independent d;-dimensional Wiener process
(Wi, t > 0). Let I denote a d; x d;-dimensional unit matrix and let

pls, v, 1] o= Sls, 2, 1] S, 2, (3
Note that the matrix X[s, z, y] is symmetric and that
p*pls, @, 1 = S[s, @, p) (5*[s, 2, pul) "' s, @, ] Ss, x,

= E*[Sv €, M](A)_l[sa Z, M]Z[Sv T, M]a
pls,z, plpls, z, plp*[s, x, plpls, z, p]
= 2[s, 2, () (A) ' [s, 2, W B, 2, u 7[5, 2, u] (A) 7 s, 2, 1]S[s, , 4]

=2 (A) " (A)A)E[s, @, 4] = B (A) s, z, pl,
and let

t t
Wo = / P[5, Xy 1] AW, + / (I — p*[5, X, alpls, Xos i) AWV,
0 0
Notice that
S[s, @, plp*[s, @, 1] = as, z, p](als, z, u]) "V = (als, x, u]) 2,

— (als, 2, u))""*(als, @, u]) " /?Sls, v, p] = Sls, x, ul.
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Due to the multivariate Lévy characterization theorem this implies that W9 is a
d;-dimensional Wiener process, since its matrix angle characteristic (also known as
a matrix angle bracket) equals

t

(WO WO, =/ p*pls, X, ps) ds + /(I—p*p[S,Xs,us])*(f—p*p[S,Xs,us])dS
0

= /(p*p[s,ffs,us] + T —2p*pls, X, p1s) + p*pp"pls, X, 1)) ds

= /(I — p*pls, Xs, ps] + 0 o0 D[, X, 1)) ds
t

= /(1—2*(A)—12[5,X8,u5] + X5 (A) YA (A)TI[s, X, pus]) ds :/0 ITds=tI.

Next, due to the stochastic integration rules (see [12]),
¢
/ N[s, X, ps) AW = /Ep* [s, X, ps) dW + /E(I —p*p)[s, Xs, ps) AW
0
(33)

¢
:/(A)1/2[S,XS,M5]dW:/E[S,XS,,UJS]dW:Xt—ZL‘—/ Bls, X, j15] ds.
0

In other words, (X,W?) is a (weak) solution of the equation (1). Tt remains to
notice that since we did not change measures, u, is still the distribution of X, by the
assumption.

7. Now it remains to show independently of the previous step existence of weak
solution to the equation (30), with X[¢, z, u] := /Alt, x, u|, where

Atz = Sl = ([ otaautan) ([ o o).

Assume for a minute that all coefficients o and b are bounded. Then a unique contour
I in (31) may be chosen such that the equation (30) can be rewritten as

_ t 5 t 1 _ _
K=ot [ Bl XKopdas+ [ (—, [} Al/?(A—A[s,Xs,usDm)dm. (34)
0 0 r

iy’

Correspondingly, when we mollify ¢ in the last variable, the smoothed equations look

_ t 5 t 1 N _
Xt":a:Jr/ B[S,Xg,[},?]d8+/ —,]{)\1/2()\—A"[S,Xg,ug])_ld)\dW:,
0 0 211 T
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or, equivalently,

t
Xt =g+ / E3b(s, X", ") ds
0

S

t 1 / . .
+/0 (QWiﬁMQ A /ESO'(S,XS’fs 2V (2)dzx

~ -1
" / E2o* (s, j(;l’g;‘—z)gbn(z)dz) dA) dw?,

(35)

where, as usual, (é") are independent and equivalent to (X™) processes and E3
means expectation with respect to the “third variable”. The equation (35) has a
(strong) solution due to smoothness of the coefficients. Note that here the matrix o
is mollified, not oc*, and only with respect to the third variable. This is important
because the smoothed diffusion remains non-degenerate which is used in Krylov’s
bounds. Because of this smoothing (and due to the non-degeneracy), the equation
(35) has a weak solution according to the part II of the Theorem which is already
proved; in fact, smoothing of the drift could have been also performed here but
it is not necessary in this variant. Convergence (over a subsequence) of the term
[3 Bls, X1, ul] ds = [ E>b[s, X7, "] ds to the limiting one [ B[s, X, 1] ds follows
from the same calculus as earlier in the step 1.4, based on the non-degeneracy,
Krylov’s estimates, and stopping times. A bit more involved is the stochastic term,

/% ]{ 12 (A_ ( / B30 (s, X7, " — 2)¢hn(2)dz x

-1

X / E30*(s, X7, £"— z)¢n(z)dz)> A\ dW™.

We will evaluate the difference between this term and its desirable limit by splitting
into the following three parts analogous to the step 1.5:

' -1
Ilz/oﬁjé)\l/z ()\— (/E3U(8,Xsnyé?—z)¢n(z)dz/E3g*(57X:,gg—z)(bn(z)dz)> d\dW?

! -1
_/ﬁf»/z <,\— (/E3a(s,X:,Eﬁ—z)qbno(z)dz/lg%*(s,X:,ég—z)gbno(z)dz)) A\ dW™,
0 I
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tq _ L -1 B
IQ:A%£A1/QQ—</E3 (5, X2, €0 —2) o (2)d /E3a*(s,XS;&?—Z)%(Z)dZ) dA dW
-1

/QM]{AW( (/ o (s, sags_z)ﬁbno(z)dZ/EgU*(S,Xs,gs—z)gzﬁno(z)dz)) A\ AW,

/ szw( (/ o(s, s,s;—zwno(z)dz/ E?’U*(&Xs,fs—z)cbno(z)dz)) A

/27”]{”/2 X, &,)E0* (s ,Xs,és)))imdm.

Let us start with the term I, probably the most instructive and intuitive, although

not the most complicated. Using the formula for the resolvent difference
()\ — Al)il — ()\ — A2>71 = ()\ — Al)il(AQ — Al)()\ — Ag)il, A g Sp(Al) U Sp(Ag),
and choosing the contour T' so that ||(A — A;) 7Y (as well as | )| itself) is uniformly

bounded on it for i = 1,2, where A; stands for the matrix

E? ( / aa*(s,X:,é:—zm(z)dz) |

and A, for
E? ( [0 (s, X2.8 200,02 dz) ,
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we estimate (constants C' may change from line to line),
-1

]E||/2mj§)\1/2< (/ (s,X;”‘,é?—z)%(z)dz/lgsg*(s,Xg,ég—z)¢n(z)dz)) AN AW
t 1 ~ ~ ) ) 1 )
_/O %£A1/2 </\— </]E30'(S,X;L,fg—z)gbnO(Z)dZ/E3g*(37Xg,§:_2)¢no(2)dz>> d\ dWan2
-1

t L /2y _ 3 v e 3 % onofn
SE/O ||2m]£A (A (/E o(s, X! €, Z)%(z)dz/Eo(s,Xs,fs Z)gbn(z)dz)) dA
! -1
_/Oﬁ]é)\l/z ()\—(/ESU(SaX;lagg_z)¢n0(z)dz/]E?’O'*(S,Xg,gg—z)¢no(z)dz)) d|2ds

< CE /Ot H (/E3U(S,Xg,gg—z)¢n(z)dz/ ESU*(S,Xg,ég—z)qﬁn(z)dz>

~(fEots k& -l B0 K2 o () I,
< CE /Ot | (/Iﬁl‘ga(s,)Z;"‘,5’;—z)qﬁn(z)dz—/]}1‘,30(3,)Z;l,é;‘—z)(/bno(z)dz)HLQd+l ds

<N (H [ ot a.6=2)0nthz=o6, 2.+ | a(s,:v,5—z>¢n0<z>dz—a<s,m)HLQdH) ,

where Lyg.1 stands in both lines for the integral norms of order 2d 4+ 1 in the vari-

ables (s, x,&) of the expressions ||...||z,,, ,. Hence, again with the help of Krylov’s
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estimates and usual stopping times — which should be added in a usual way to the
calculus above — the issue is reduced to the convergence in L, norms of the differences
between the mollified functions and their originals. It is true that the corresponding
norm of these differences tends to zero on any compact domain, while probability
that our solutions exit this domain on a finite interval of time is small if the domain is
chosen large enough. Overall, this justifies the convergence E|[I!||* — 0, n,ny — oo.

In the case of unbounded coefficients the countour I', generally speaking, may
not be chosen uniform for all values of x, but only for all  from any compact. This
suffices for the calculus as above with stopping times as in the step 1.5.

Now let us show that I? — 0 in square mean as n — oo, for each ny. This is a
little more involved than usually with this kind of term because we did not smooth
in the second variable (so as to keep the diffusion non-degenerate) and because no
continuity is assumed with respect to it. Yet, we will use the same trick as above
along with Krylov’s bounds. Although the matrix function o is already mollified
with respect to the third variable, let us smooth it again in all the variables. We
will not specify the kernels now (the old ones 1, ¢, can be used) and just denote
the result as (s, z, &) which is continuous in all variables and assumed close to o
in the Logy1 norm. So we estimate, again assuming for a minute that the contour I
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can be chosen unique for all s, x,

! —1
EH/%%/\1/2()\_(/E3g(s,X:7€?—Z)¢no(2)dz/E3g*(37X?,é?—z)gzﬁno(z)dz)) AW
0 r
-1
—/Ot%ﬁ)\lﬂ ()\_ (/E3U(S’Xmgs_z)¢no(z)dZ/E30*(S>Xsags_z)(bno(z)dz)) d/\ClVT/sH2

-1

<31E||/0 m]{)\l/zé\ ( o(s, X" fg—z)%o(z)dz/[@?)g*(s,Xf,é?—z)gbno(z)dz) A\ dW!

t -1
_/ 2%7{»/2( (/E305 5 X0 ?_Z>¢no(2)dZ/E3(05)*(s,Xf,fg—Z)Gbm(Z)dz)) A AW
0 T
1

+3IEH/ fxm(A (/IE3 O(s, X &n z)¢n0(z)dz/E3(05)*(s,)N(;L,ég—z)gbno(z)dz)) A\ dWT

_ /%fﬂ( (/E )y (2)d /E?"(aér(s,Xmés—zwm(z)dz))_bdv”’vgﬁ

-1

981 [ B ([0 Rt B0 6,5 b 102) vl
/2m7{wg<A (/E o(s, ~s”§s—2)¢no(Z)dz/E30*(875(5,58—Z)¢n0(z)dz))_ldmws||2

= 3(I*' + 12+ 1%).
Here by Krylov’s bounds,
' < Nllo-a’|7,,., =0 d—0.

Further,
I2 50, n— oo,
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by Skorokhod’s Lemma, see the Appendix. Finally,
]23 S NHO- - 0-5||%4d+27

by virtue of Fatou’s lemma if we firstly establish this Krylov type bound for continu-
ous functions and (X,,, ") and then approximate the difference o — ¢ by continuous
functions in Ls4y2. This shows that, indeed, for each ng

E|I*)> =0, n— oco.

Again, in the case of unbounded coefficients the countour I' may not be chosen
uniform for all values of x, but only for all  from any compact. However, this suffices
for the calculus as above with stopping times as in the step 5.

The last term 2 is estimated quite similarly to 23: we smooth the matrix function
o in all variables, write Krylov’s bounds for the pre-limiting processes (X moEm), and
pass to the limit by Fatou’s lemma. The same remark about locally uniform choice
of I and stopping times applies. Therefore, we also have,

E|I*)> =0, n— oo,

as desired. Hence, we may conclude that there exists a weak solution of the equation
(30). The proof of the Theorem 1 is thus completed.

3 Strong solutions; strong and weak uniqueness

3.1 On strong existence

In this section it is shown that strong solution of the equation (1)—(2) exists under
appropriate conditions. Emphasize that we do not claim strong uniqueness in this
theorem, but only strong existence in the sense of the Definition 1. We also notice
for interested readers that in [29] the assumption of continuity in time was dropped
in comparison to [28]; so, just a certain (local) Lipschitz condition suffices for our
aim.

Proposition 2 Let E|xg|* < co. Let the coefficients b and o satisfy all conditions
of the Theorem 1 and the nondegeneracy assumption (5), and let just o be Lipschitz
in x uniformly with respect to s and locally with respect to vy,

lo(t,z,y) = o(t, 2", y)ll < C(1+ Jy*)|x - 2], (36)

28



Then the equation (1)-(2) has a strong solution and, moreover, every solution
is strong and, in particular, solution may be constructed on any probability space
equipped with a di-dimensional Wiener process.

This result is likely to be a common knowledge. However, the authors were unable
to find an exact reference which is desirable. So, for completeness as well as for the
convenience of the reader a brief sketch of the proof is presented below.

1. First of all, note that that weak solutions exist and that the a priori bounds
(9)—(13) are valid.

Considerations are based on the results from [28] and [29] about strong solutions
for SDEs for a Borel measurable drift which is assumed bounded or with a linear
growth in both papers. Since weak solution does exist, whatever is its distribution
t, the process X may be considered as an ordinary SDE with coefficients depending
on time,

b(t,x) = Blt,z, ), o(t,x) =3t , ),

and, hence,

dX, = b(t, X,)dt + &(t, X,)dW,, X, = . (37)

Recall that according to the Corollary 1, the new coefficients l;(t, x) and &(t,x) are
Borel measurable.

2. Now in order to establish strong existence it suffices to verify that the new
coefficient and & satisfies linear growth in x condition uniform in time, and Lipschitz

condition in z, and is uniformly nondegenerate, or that both b and & are Lipschitz
in x in the second case.

(1) In the case 1 we have, forany T > 0and 0 <t < T,

B(t, 2)| = | Blt, 2. ]| = | / b(t, 2. 9) ()|
<l /(1 T L) peldy))] = C (1 + |a]).

Similarly, it also follows that

lo(t, )] < C/(l + [2]) puldy)) = C (1 + |z]).
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Further, we estimate, by virtue of the moment estimate (9),
5t ) — 5(t,0')] = [S[t, @, ] — Sl 2, ]
= [ ottn.ymldn) - [ ott.,) mldy)

<Clo=| [(+1yP)m(dy) < Cr o -,

The uniform nondegeneracy of ¢ — and, hence, also of oo* — follows from the
inequality (5) by integration with respect to p.

These properties suffice for the local strong uniqueness of solution of the equa-
tion (2) by virtue of the results from [28]. However, because weak solution is
well-defined for all values of time, strong uniqueness is global. According to the
Yamada—Watanabe principle ([33]), any solution of the equation (2) is strong.
So, any solution of the original equation (1) is also strong.

(2) In the case (2), Lipschitz conditions on both diffusion and drift are checked
similarly. Now, under the set of conditions 2 of the Proposition, the equation
(2) has a strong solution X; due to It6’s Theorem. Hence, X; is also a strong
solution of the equation (1). This completes the proof of the Proposition 2.

Remark 2 Notice that as a solution of the “linearized” equation (37), X is pathwise
unique, but so far it is not known if this implies the same property for X as a
solution of (1), unless weak uniqueness for the equation (1) has been established. In
a restricted framework this will be done in the Theorem 2 below.

Remark 3 In the case of dimension one, Lipschitz condition may be relazed to
Hélder of order 1/2 and, actually, a little bit further by using techniques from [33]
and [27]. Under the additional assumption of boundedness of b and o, the fourth
moment of the initial value xqy is not necessary and can be further relaxed as in the
Theorem 1.

3.2 Strong and weak uniqueness: main result

In this section it will be shown that in certain cases weak uniqueness implies strong
uniqueness for the equation (1) — (2), and both properties will be established un-
der appropriate conditions. This result — the Theorem 2 below — requires only a
Borel measurability of the drift with respect to the state variable z, although, it
assumes that diffusion o does not depend on y along with Lipschitz condition in x
and nondegeneracy. The drift may be unbounded in the state variable x.
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Theorem 2 Let Eexp(r|zol|?) < oo for some r > 0, and let the functions b and o
be Borel measurable, and
o(s,z,y) =o(s,x),

that is, o does not depend on the variable y; let o satisfy the non-degeneracy as-
sumption (5); let di = d, the matriz o be quadratic, symmetric and invertible, and
let there exist C' > 0 such that the function

Bls,x, ) := 0~ (s,x) Bls, x, i
satisfies the linear growth condition: there is C' > 0 such that for all x € R,

sup | B[s, z, u]| < C(1 + |2)). (38)

SHH

Also assume that the matriz-function o(t, x) satisfies the following Lipschitz condition
(for simplicity) which guarantees that the equation

dX7 =o(t, X)) dW,, X§ = o, (39)
has a unique strong solution for any x (see [28, 29]):

t —o(t, o
oy ot —o(t.2)]
t>0 z,@':x'#x ‘ZL’ - ‘T,|

(40)

Then solution of the equation (1)-(2) is weakly and strongly unique; this solution is
strong.

Remark 4 Just for weak uniqueness — without strong one — the assumption (40)
may be relaxed to the uniform continuity for any t of oo*(t,-) if d > 1, or even
dropped completely if d = 1.

Remark 5 Note that under the condition (40), not only the equation (39) but any
equation with the same diffusion and a Borel measurable drift with a linear growth
assumption in x will have a strong solution. It concerns both solutions of the equation
(1) and its “linearized” version (37).

Emphasize that no reqularity on the function b is needed in either variable. Also,
a linear growth condition on the drift in x is equivalent to the condition (38); the
latter was assumed in order to make the presentation more explicit. The price for
the no reqularity and linear growth is a special form of o which may not depend on
the “measure variable” y; in particuar, in such a case 3(t,x) = o(t,x), and we will
use the lower case to denote the diffusion coefficient in the remaining sections.
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Remark 6 Under the additional assumption of boundedness of b exponential mo-
ment of the initial value xq is not necessary and can be replaced by the fourth moment
as in the Theorem 1 or even weaker.

Remark 7 Instead of Lipschitz condition (40), it suffices if diffusion coefficient o
belongs to the Sobolev class o(t,x) € WgéirQ,loc' More general conditions on Sobolev
derivatives for o can be found in [28, Theorem 1] and [29], and any of them can
be used in our Theorem 2 above. Note that in the latter reference o is assumed
Lipschitz but it is shown that continuity is necessary only with respect to the state
variable x, which is also applied to the conditions from [28]. As usual, even more

relazed conditions on sigma can be stated in the case of dimension one as in [28,
Theorem 2].

3.3 Proof of Theorem 2
Denote by X} the unique (strong) solution of the It6 equation (39). Note that

AW, = o7 (t, X°)d.X?.

1. Recall that under the assumptions of the theorem, any solution of the equation
(1)—(2) is strong by virtue of the Proposition 2. Hence, it suffices to show weak
uniqueness, after which strong uniqueness for this equation will follow from strong
uniqueness for the “linearised” equation (37). We will show this weak uniqueness
by contradiction. Suppose there are two solutions X' and X? of the equation (1)
with distributions p! and p? respectively in the space of trajectories C[0, co; RY].
Without loss of generality, we may and will assume that both processes X! and X2
are realized on the same probability space and with the same Wiener process:

dth = U(t7 th) th + B[t> Xt1> N%] dt’ Xé =, (41)

and
dX} = o(t, X7)dW, + B[t, X}, i) dt,  X§ =z, (42)

respectively. This is possible because any solution of this equation is strong and,
hence, exists on any probability space with a Wiener process of the required dimen-
sion. This is not necessary for the proof and could have been avoided if we only
aimed to prove weak uniqueness, see the Remark 4. Yet, under the present setting
it will be shown that firstly u' = p? and secondly X' = X? a.s. Note that both X!
and X? are Markov processes ([17]).
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Both solutions (X*, %) in the weak sense may be obtained from the same Wiener
process W via Girsanov’s transformations using the following stochastic exponents:

T T
) ~ ) 1 ~ )
v =espl [ Bls X0 p W, - 5 [ IBls X0 P ds), i= 12
0 0
where b(t,z,y) == o~ !(t, ) b(t,z,y), Blt,x,u] = o~ }(t,z) Blt,z, u], | B| stands for
the modulus of the vector B, and Bls, X9, ui] dW, is understood as a scalar product,
Z?:l Bj [Sv Xg7 Mé]dWS]

It is well-known that in the case of bounded B the random variables Vi =1,2,
are probability densities due to Girsanov’s theorem (see, e.g., [19, Theorem 6.8.8]).
So, till the step 4 we assume B bounded; note that in this case we have,

|Bls, x, 1] = Bls, z, V]| < Cllp = vlzv. (43)

The calculus with a bounded B is needed so as to explain the idea which will be
further expanded to the case without this restriction. Also this will justify the
statement in the Remark 6.

Denote

t
wWl=Ww, - / Bls, X° ullds, 0<t<T.
0

This is a new Wiener process on [0, 7] under the probability measure P?" defined
by its density as (dP?' /dP)(w) = ~%. Then, on the same interval [0,7], on the
probability space with a Wiener process (Q, F, (W}, F,), IPWl), the process (X2, 0 <
t < T) satisfies the equation,

dX? = o(t, X)dW} + o(t, X)) B[t, X?, pui]dt
(44)
= o(t, X))dW} + B[t, X?, ul] dt,

with the initial condition X = x(. In other words, the process X° on [0, T satisfies
the equation (41), just with another Wiener process and under another probability
measure. However, given u;, 0 < ¢ < T, this solution considered as a solution of
Ito’s — or “linearized” — equation is strongly unique [28, 29]. As a consequence,
they are also weakly unique; note that this is the reason for the Remark 4 along
with the calculus in the next steps. So, the pair (X°, W}, 0 < t < T) has the
same distribution under the measure P?" as the pair (X}, W, 0 <t < T') under the
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measure P. Therefore, the marginal distribution of X? under the measure P equals
pl, ie., the couple (X2, ul) under P7' solves the McKean-Vlasov equation (1), that
is, it is equivalent to the pair (X}, uf, 0 < ¢ < T) under the measure P.

Note for the sequel that dV}! admits a representation
AW} = o711, X0) X0 — 07 (t, XO)BIE, X0, ul] dt = o (8, X0)dX0 — Blt, X0, l] dt,
or, equivalently, . .
o~ (t, X})dX) = dW}! + Blt, X}, juy] dt.
Similarly, let
t
W2.=Ww, —/ Bls, X%, 1%lds, 0<t<T.

0
This is a new Wiener process on [0, 7] under the probability measure P defined by
its density as (dP""/dP)(w) = ~2. Then, on the interval [0,T], on the probability

space with a Wiener process (Q, F, (W2, F,),P""), the process (X, 0 < t < T)
satisfies the equation,

dX} = o(t, X7)AW? + Blt, X7, i) dt,

with the initial condition X = x(. In other words, the process X° on [0, T satisfies
the equation (42), just with another Wiener process and under another measure.
However, given 2, 0 <t < T, this solution considered as a solution of Itd’s equation
is weakly unique. Therefore, the couple (X?,u?) under the probability measure
P solves the McKean—Vlasov equation (1), that is, it is equivalent to the pair
(X2, 12,0 <t <T) under the measure P.

2. This provides us a way to write down the density of the distribution of X! on

(Q, F,P) with respect to the distribution of X? on (92, F,P) on the interval of time
[0, T]. We have, for any measurable A C C[0, T; RY],

por(A) =P(X' € A) =P (X € A) =E"1(X° € A) = E7h1(X" € 4),  (45)
and

1r(A) =P(X? € A) =P (X° € A) = EV1(X" € A) = E421(X" € A).  (46)

34



So, on the sigma-algebra F}' we obtain,

2

MO,T(dX>
S (X0) =
T

Fo, ]<dX> (

T 1 [T
Z) = expl [ Bl X gl =5 [ Bl X2

ﬂﬂlﬂw

T 1 [T
xexpl— [ Bls, X0 dlaw,+ 5 [ 1Bls. X0 )Py
0 0

T B 1 /7 B
—exp(/ (B[SPXSHUE]_B[SﬂXonus])dW _5/ [|B[57X27M§”2_|B[S?X£7/vbi]|2]d5)
0
T
— exp( / (Bls, X°, 2] — Bls, X0, p])o" (s, X*)dX?)
0
1 [T .
<exp(— [ (1Bl X0~ |Bls, X2, ) P)ds)
0
T
— exp( / (Bls, X°, 4] — Bls, X°, ul])(dW! + Bls, X°, u!] dt
0
1 [T .
cexp(— [ 1Bls, X0  [Bls, X2, )ds)
0

T . . 1 /T .
- eXp(/ (B[S, Xs(,)a ui] - B[S7Xg7/1é]) dWsl - 5/ |B[87 Xga :u’g] - B[S7X£7Mi]|2d5)
0 0

Further, due to (45) and (46) the measure 4’ is an image of P?" under the mapping
XY fori=1,2. So,
1 2
v(t) = |y = Hogllrv < NP7 [zw = PV |z v (47)

Since the two measures P*" and P on FV are equivalent with the density

P %
ap ftw(w) = V_tl(w)’

the total variation distance between them equals (denoting p; = v2/7}),

1 2
B HPVQ’JCXV_P“EWHTV = /Q < - %(W) N 1) P (dw) = 1-E" pAl < \EVp =1
t
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Let us justify the last inequality for completeness, dropping the sub-index ¢:

1—E ' (pAl)=E"(1-pAl)

< \/]E71(1 —pA1)2= \/E71(1 —plp<1)—1(p>1))?

= VE (1o < 1) — pllp < 1)) = \/E"'L(p < 1)(p — 1)?

<WEY(p—1) = VE'p? -1,

as required. We used the Cauchy—Bunyakovsky—Schwarz inequality. So, due to (47),

v(t) < 24/Ev p2 — 1. (48)
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Now, again by virtue of the Cauchy-Bunyakovsky-Schwarz inequality,

T
E" 2 = B oxp(—2 / (Bls, X°, 1] — Bls, X°, ul))dW¥!
0
T ~ ~
_ / \Bls, X0, 42] — Bls, X°, u!]Pds)
0
1 T . ~ ~
— B exp(—2 / (Bls, X°, 1] — Bls, X°, ul))d W
0
T ~ ~
4 / |Bls, X0, 42] — Bls, X°, u!]Pds)
0
T ~ ~
X exp(+3 / |Bls, X0, 42] — Bls, X°, u!]Pds)
0
1 T ~ ~
< (IE:7 exp(—4/ (B[S7Xg7p“§] _B[Sngwﬂi])dWsl
0
T 1/2
s [ 1Bl X002 - B[s,xs,u;]ﬁds))
0

T 1/2
. (E (6 [ 1Bls, X042 - B[s,xs,u;n?ds))
0

T
< (=) \/E71 exp (6/ | Bls, X0, 3] — B[S,XS,M§]!2dS)- (49)

0
(NB: The last inequality is always true; for a bounded B it is, apparently, an equality.)

3. We estimate, B being bounded,

1 T ~
57 exp (6 [ Bls, X007 - Blo, X0 s
0
(50)
) ~ T
<8 exp (01813 [ It~ 2l ds).
0

Here the value under the expectation is non-random; hence, the symbol of this ex-
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pectation may be dropped. Therefore, we have with C' = 6]|b]|%,

o(T) < 2\/exp <c /OTU(S)zds) ~1. (51)

Recall that v(t) < 2, and the function v increases in t. Let us choose ap > 0 small
so that for any 0 < a < ayp,

exp(a) — 1 < 2a, (52)

T
and take T' < o /(4C'). Then C/ v(s)*ds < CTv(T)* <4CT < ay. So,
0

v(T) < 2\/exp (C’ /OTU(S)2 ds) —1<2/2CTv(T)? = 2V2CTu(T). (53)

If we choose T so small that 2¢/2CT < 1, that is, T' < 1/(8C), then it follows that
v(T) = 0. Hence, v(T) = 0 for any 7" < min(1/(8C), ap/(4C)). Let us fix some
T > 0 satisfying this inequality.

Further, we conclude by induction that
v(2T) =v(3T) =...=0. (54)

Indeed, assume that v(kT") = 0 is already established for some integer k£ > 0. Rede-
fine the stochastic exponents:

(k+1)T

) 5 ] 1 (k+1)T B 4
’ylZcT,(k—i-l)T = exp(—i—/ B[S,XS,ILLZ;] dWS—E/ |B[87Xgnu?s]|2 dS), Z = 1727
kT

kT

and re-denote

t
Wh=Ww, - / B(s, X% ul)ds, 0<t<(k+1)T.
KT AL

Then W} is a new Wiener process on [kT, (k + 1)T] starting at Wy, under the prob-
ability measure P?" defined by its density as (dP"Yl/dP)(w) = 7]1T,(k+1)T' Repeating
the calculus leading to (49), (50), and (51), and having in mind the induction as-
sumption v(kT) = 0, we obtain with the same constant C,

(k+1)T

v((k+1)T) < ,|exp <C/ U(S)2d5> — 1, (55)

T
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which straightforward implies

v((k+1)T) < /2CTv((k + 1)T)2 = V2CTv((k + 1)T). (56)
As earlier, the condition 7" < min(1/(2C'),1/(aC)) (see (52)) guarantees that
v((k+1)T) =0,
as required. This completes the induction (54).

Hence, solution is weakly unique on the whole R, . As noticed above, strong
uniqueness also follows. For bounded b the statements of the Theorem 2 as well as
of the Remark 6 are justified.

4. Now let us return to the inequality (49) and explain how to drop the additional
assumption of boundedness of B, and also how to deal with a localised version of (43).
First of all, prior to (49) we have to show that 7*, i = 1,2, are, indeed, probability
densities for which it suffices to show uniform integrability for 7" > 0 small enough:
for example, it suffices to check that

E(y)% < o0, i=1,2.

Via the estimates similar to (49) by virtue of Cauchy—Bunyakovsky—Schwarz, this
problem is reduced to the question whether or not the following expression is finite:

T

T 1/2
E(y)? < (Eexp<4 [ Bl xtpaw.—s [ |B[s,X£,uzJ|2ds>>)

T 1/2
< (Bexpto [ 1Bls. X0 pi)as))

0

T 1/2
< (Bexpls [ 1Bls X%l as)

0
1/2

T
< (E exp(C/ (14| XOP) ds)) )
0
In the last inequality the assumption on the linear growth of B was used.

Suppose for instant that the finiteness of the last expectation in the last line
of (57) has been shown; then, by standard induction arguments with conditional
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expectations it follows that both % are, indeed, probability densities for any T > 0.
Hence, the calculus leading to (48) and (49) is valid and we have,

v(t) = lujog — Hpgllrv < VE p? =1,

and

T
B p? < \/IEJ’Yl exp (6/ |B[s, X0, 2] — B[S,Xg,ugws).
0

It is a general fact which does not use any boundedness of b in any variable but only
in the last variable is,

|Bls, X7, 12) = Bls, XJ, ]| < sup [b(s, X7, )3 — psllrv (58)
Y
Due to the linear growth assumption (38), the inequality (58) implies
|Bls, X, 2] = Bls, XJ, ]| < C(L+ X0z — 22l (59)
Hence, by virtue of (58) we obtain
1 1 T
£ < B ewp (6 00+ XDt~ p2lavas)
0
(60)
. T
<E" exp (60%@)2/ (1+ |Xg|2ds)).
0
Recall that the process X° satisfies the equation (44) on [0, 7] with respect to the
measure P7'. We want to show that given C, the right hand side in (60) is finite for

any T small enough. For this end, denote 6C?v(T)? :=r > 0. We would like to show
that for any fixed constant K > 0 (K = 24C? suffices), the value

T
E" exp (r/ (1+ X0 d3)>
0

is finite for 0 < r < K, and differentiable with respect to r, and that this derivative
is non-negative and small uniformly in r € [0, K) if T > 0 is small enough.

It suffices to show the same properties — still for small enough 7" — for the function

Y(r) = Eexp (r /OT(1 + X2 ds)) : (61)
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where X! solves the equation (44) on [0, 7] with respect to the original measure P,
because X! solves the same equation with respect to the measure P as the process
X with respect to the measure P*" on [0, T].

First of all, note that this claim is true for the function

T

6 =B (1 [0+ as)
0

(see, for example, [1]). Further, denote

(s, ) = Bls, ], (62)
and . .
w = ep(— [ Bls, XD W, - 5 [ 5 x1) ds)
0 0

This \; is a probability density for ¢ < T with any 7" > 0 which is, at least, small
enough, since this random variable has the same distribution with respect to P as
~v7! with respect to the measure P?' on [0,7] and since we know that 7; ' is a
probability density of the measure P with respect to P”'. Note that with respect
to the measure P*T the process X' solves the equation without drift (39) with a
corresponding Wiener process

t
Wy = Wt+/ 5(3,X81)ds, 0<t<T,
0
due to Girsanov’s theorem. Naturally, we have also

t
Wt:Wt—/ﬁ(s,Xsl)ds, 0<t<T.
0

Now let us estimate the function ¢ from (61),

T T
Y(r) =Eexp (r/ (1+ |X81|2ds)) = E’\T)\;l exp (T/ (1+ |X51|2ds))
0 0

IN

1/2
(E’\T exp(2 /OT B(s, X1) dW, + /OT B (s, X1 ds)) (E)‘T exp (2r /OT(l + \Xsl\st)))

1/2 1/2
= (E)‘T exp(2 /OTB(S,XSI) AW, — /OT B (s, X)) ds)) (]EAT exp (27’ /OT(l + \X;|2ds)>) :
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Our local goal is to show that both multipliers in the last line of the last formula are
finite. We have for the first multiplier (dropping the square root),

T T
E XD dW, — [ (s, X)) d
exp(2 [ (s, XD W, [ s, X1 )
T T
~Bewp(z [ A XAV, - [ #(sx0)ds)
0 0
T 0 T 2 0 T 2 0
:Eexp(Z/O E(S,XS)dWS—KL/O g (S,Xs)ds+3/0 B(s, X{)ds)
T T 1/2 T
< (Bewtt [ s xfar.—s [ #6x9a9) (B [ 526 x0 )

. 1/2
< (E exp(6/ B3(s, X?) ds)) .
0

due to the well-known fact that for any adapted integrand [ the process
t T

<exp(4/ B(s, XY dW, — 8/ (s, X%) ds), t > O) is a supermartingale and ex-
0 0

t T

pectation Eexp(4/ B(s, X2)dW, — 8/ B3*(s, X?) ds) may not exceed one (see,
0 0

e.g., [19]).

Note that the task to show that the right hand side in (64) is finite is similar to the
problem about finiteness of the last expectation in (57) for T' > 0 small enough. So,
we show both simultaneously. The idea is that after some random time change and
by using comparison theorems, this task can be reduced to the problem of evaluating
the expression

1/2
(Eexp(CT(1+ sup IWSOIQ)))

0<s<T

for a standard Wiener process, which expression can be precisely computed.

5. Random time change. In case of d > 1, let us apply Ito’s formula to | X?| =

\/zzzl(XtO ’k)Q. For simplicity and slightly abusing notations, let us drop the index
0 in the notation for the k-component of the process X7, i.e., write it — only in this

small subsection — just as X} instead of the full Xt0 k. to the same end of simplicity,
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let us denote
oy :=o0(t, X)), a; = o0.0].

Note that the cases d > 1 and d = 1 require separate considerations. We have,

dX? = o(t, X?) dW, = o, dWy;
S0,

dX* =" oWy

Hence, since for each ¢ we have P(X} = 0) = 0, we may write,
—1/2
Xt‘“)2> (Z 2X* Zafjdwg>
k J
1 XO kXoe
dt — = Z TIX0Z Z ooy’
| X7 k,0: kAL Xl
XO kXM
j ke
— zj: (Z |X0 ) dW} + \XO Tra, — Za dt
) i g 1o~ (o i )|
—= | oy dW; + — [Tra; — ! dt.
(\Xo\ XY t XX

<l
Note that here the “drift”

_ XO X0
Bri= X0 1[“’“( O] |Xt0|)}
t

is uniformly bounded by some non-random value on the event (w : |X}| > 1) (as
well as on (w: |X?| > ¢) for any positive constant c), say,

supsup sup |x|7! [Trat — (at 2T ‘)] L(w: | X7 >1) <K,
w t xi|z|>1
O *
while the “diffusion” (ﬁ) o is a random vector which is adapted, bounded and
t

non-degenerate, that is, there exists (non-random) Cy > 0 such that

XON\*
C—l < t
= ’(p@or) 7
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t XO *
Let 7(t) := > O
0= |

the functions 7 and )z are well-defined and the process

R x(t) 7 x0 \*
W, ::/ < 5 > oy dW
S | X7

is a one-dimensional Wiener process (see [22]). Denote

ds and x(t) := 771(t) (the inverse function). Then,

Xt = |X§(t)|7 Bt = Bx(t)' (66)

Both processes X, and B, are adapted with respect to the filtration F,;, which
sigma-algebra is also well-defined because each x(t) is a stopping time. Then the
process X; has a stochastic differential (see [22])
()
2t ) g,
| X7

Note that there is no local time at zero here: this is because the process which starts
outside the origin in dimension d > 2 does not touch the origin on any finite interval
of time.

-2

Now, simultaneously with the process (|X;|, ¢ > 0) consider a (unique) solution
of the non-sticky reflecting SDE on the half-line [1, +00),

dZ, = dW, + Cydt + d¢y,  Zo > | Xo| V1, (68)

where ¢, is a local time at one, see [22], and C} > KCy, with Cy from (65).

The processes (X?), (|X?]), (W,), (W?), (Z,) are all defined on the same proba-
bility space (recall that solution of the equation (68) is, of course, strong, and, hence,
exists on any probability space with a Wiener process). An easy comparison then
shows

P(Z, > X;, t >0) = 1. (69)
Indeed, Zy > X, and Itd’s formula applied to (Xt — Zt)21(f(t — Z; > 0) shows that

d(X, — Z)*1(X, — Z, > 0)

= 2X, — Z)1(X, — Z, > 0)(dW, + B,X'(t) dt — dW, — Cy dt — d¢p,) < 0,
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which confirms (69).

Also note that due to (65) and (66),

sup [X7| < sup X, (70)

0<s<t 0<s<Copt

Hence, by virtue of the assumption (38) and of the definition (62), the right hand
side in (64) admits a bound,

T T
Eexp(6/ B(s, X%)ds) < ]Eexp(GC'z/ (14 ]X2* ds)
0 0

(71)
<Eexp(6C2T(1+ sup |Z])%).

0<s<CoT

Now the evaluation of (71) can be completed, for example, as follows. Consider
an SDE on R!,

AV, = dW, + KCpsign(V,) dt, Vo = Zo (= |xol).

Here sign(a) = 1(a > 0) — 1(a < 0). By Ito’s formula for the modulus [22], the
process |V;| satisfies an SDE

d|V;| = dW; + KCy dt + dip}

with a new local time 90 at zero and a new Wiener process W; = f(f sign(Vy) AW, (by
Lévy’s theorem since P(V; = 0) = 0 for each ¢ and so the bracket ( [, sign(V;)*ds), =t
a.s.), which has a weakly unique solution. So, its distribution in the space of trajec-
tories coincides with that of the process (Z; — 1, t > 0). Hence, for any monotonic
increasing Borel function g,

Eg( sup |Z)]) <Eg( sup (|V;|+1)) <Eg(l1+ KCoT + |Xo|+ sup |W,]).
0<s<CoT 0<s<CoT 0<s<CoT

Thus, we obtain,

Eexp(6C*T(1+ sup [Z2°))?) < Eexp(18C*T(1+ | X + sup |[W?))?)
0<s<CoT 0<s<CoT

(72)
< exp(18C*T)E exp(18C*T | X, |*)E exp(18C*T  sup |W?|)?),

0<s<CoT
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or, equivalently (since all Wiener processes are equal in distributions),

Eexp(6C*T(1+ sup |Z°])?)
0<s<CoT

(73)
< exp(18C*T)E exp(18C*T|x0)|*)E exp(18C*T sup |[W?])?).

0<s<CoT

Let us now complete this analysis by considering the case d = 1 which is a bit
easier, although, it involves local time from the very beginning. Let Cj be a constant
such that

Cit < itnxf o?(t,r) < supoi(t,z) < Cp.

t,x
¢
Denote oy := o(t, X;). Let 7(t) := / los| > ds and x(t) := 771(t). Then, as in the

0
case d > 1, the functions 7 and y are well-defined and the process

R x(t)
Wy = / sign(X?)o, dW,
0

is a one-dimensional Wiener process (see [22]). The process X g(t) has a stochastic
differential,

o
X0, = dW,,
i.e., W, — x is a new Wiener process [22]. Denote

The process X, is adapted to the filtration F, () and it has a stochastic differential
(see [22]) A A
dXt - th + dgbt, (75)

with a local time ¢; at zero. Moreover, its distribution in the space of trajectories
coincides with that of |W;|. The inequality (70) is valid. Hence, for any monotonic
increasing Borel function g,

Eg( sup |XJ|) <Eg( sup ([W]+1)).
0<s<CoT 0<s<CoT
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Thus, we obtain a bound similar to that in the case d > 1:

Eexp(6C*T(1+ sup |X?))?) < Eexp(6C*T(1+ |Xo|+ sup |[Wi])?)

0<s<CoT 0<s<CoT

(76)

< exp(18C2T)E exp(18C2T |zo|*)E exp(12C*T  sup  |W,|)?),

0<s<CoT
or, equivalently (since all Wiener processes are equal in distributions),
Eexp(6C*T(1+ sup |X?])?)
0<s<CoT

(77)

< exp(18C*T)E exp(18C*T |x0)*)E exp(18C*T sup |[W?])?).
0<s<CoT

6. Now, we have,

P( sup |W?| > x) <4AP(WP >2z) (x> 0),

0<s<T
that is, the density of supyc,p [W2| is f(z) = 2(27T)"?exp(—2?/(2T)), = > 0.
Hence, we estimate, with CT' < 277,

2
vV 27TT1

exp(—y*((2T7) ™" — CT)) dy

Eexp(CT(1+ sup [WOP)) = / " exp(CT(1 + ) e exp(—y?/(2T1)) dy

OSSSTl
2
V2T

exp(—12((211)™Y)) dy = exp(CT) < oo.

— exp(CT) /O h

9
< exp(CT
< exp(CT) /0 BT

For the sequel, note that for any 0 < T, < T} and CT < 2(Ty — T5), due to the
same estimate above we have,

Eexp(CT(14+ sup |[W?—Wg|*)) <exp(CT) < oo (78)

To<s<Ty

As a consequence, the functions in the right hand sides of (73) and (77) are finite
for T > 0 small enough. Similarly for the second multiplier in the last line of (63),

EY exp (27’ S xp ds))
=Ey, exp (27’ fOT(l + | X012 ds)) < exp(CrT + CrT|Xo|?),
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with some C > 0, if T is small enough. Thus, the function ¢ (see (61)) is finite for
r from some finite range 0 < r < K. Hence, it is easy to see that it is differentiable
in 7 with a bounded derivative within this range. In particular, since 1(0) = 1, for
r > 0 close to zero we obtain,

Y(r) <1+ Cr(1+E[X]?).

Also, it follows that all expressions in (57) for small enough 7" > 0 are finite.
So, in particular, both 7% are, indeed, probability densities for small 7' > 0 under
the linear growth condition (38), too. Hence, we can return to the inequalities (48)

earlier established for bounded b, and by virtue of (60) we get,

v(T) <A\ EVp2—1 < /CTv(T)?,

with some constant C' which constant may depend on the initial distribution (or
value). Therefore, v(T") = 0 for T' > 0 small enough.

7. Note that since E exp(cg|rg|?) < oo then due to the estimates (73) and (77) and
the bound (78) from the previous steps, for any t there exists ¢ > 0 such that

Eexp(c sup |X,|?) < oo.
0<s<t

Denote
N :={t>0: v(t) =0}
The previous steps show that sup(N) > 0 and that 0 € A. Note that t € N =

s € N,0 < s <t Recall that v(t) < \/E"p? — 1 (see (48)) where the right hand
side is clearly continuous in ¢. Moreover, as it follows from (60),

t
ot SE'E—1<E exp (6 Jleas e - u?!ITv]2d5> -1,
0

which implies that the set N is closed.

On the other hand, consider any N € (0,sup(N)). Recall that
E exp(c sup,«y |X?|?) < oo with some positive c¢. Hence, the calculus similar to
the one in the previous steps shows that v(¢) = 0 in some small right neighbourhood
of N. In other words, the set on the positive half-line R, where v(¢) = 0 is non-
empty, closed and open in R, . Thus, it coincides with R itself. In other words, for
allt >0,

v(t) =0,

which finishes the proof of the Theorem 2.
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4 Appendix

Lemma 1 (Skorokhod (on unique probability space and convergence))
Let & (t > 0, n = 0,1,...) be some d-dimensional stochastic processes defined on
some probability space and let for any T' > 0, € > 0 the following hold true:

lim supsup P(|£'| > ¢) =0,

C—=00  p t<T

and

limsup — sup  P([§' — &[> €) =0,
hloo n' ¢ s<T;|t—s|<h

Then there emsts a subsequence n’ — oo and a new probability can be constructed
with processes ft ,t >0 and ft, t > 0, such that all finite-dimensional distributions
of £ coincide with those of € and such that for any ¢ > 0 and t > 0,

P(EF — €, >€) =0, n' — oo.
See [25, Ch.1, §6].

Lemma 2 (Skorokhod) Let f* : R x 2 — R (n > 0) be uniformly bounded ran-

dom processes on some probability space; let (W™ (n > 0)) be a sequence of (one-

dimensional) Wiener processes on the same probability space, and let all It6’s stochas-
T

tic integrals / frdWe n >0 be well-defined. Assume that for any € > 0,
0

hm sup sup P{|fI'— f'| >} =0, (79)

n |s—t|<h

and let for each s € [0,T]
(F2 W) = (2, W),

T s
/ fardwe — / foaw?.
0 0

See [25, Ch.2, §3, Theorem|, where W" are allowed to be more general martingales
with brackets converging to that of a Wiener process.

Then
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