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Introduction

The goal of this survey is to give a systematic presentation of the results ob-
tained over the last 10-15 years for elliptic and parabolic equations for measures,
typical examples of which are the Fokker-Planck and Kolmogorov equations. This
direction goes back to Kolmogorov’s works [104], [105]. One of our principal objects
is a second order elliptic operator

Lapf = trace(Af") + (b, V), [fe€C5 (),

where A = (a%) is a mapping on a domain Q C R? with values in the space of
nonnegative symmetric linear operators on R? and b = (b) is a vector field on €.
In coordinate form, L4 is given by

LA,bf = aijamiamjf + blazl f7

where we always assume that summation is taken over all repeated indices.
With this operator L4 p, we associate the weak elliptic equation

Ly =0 (1)
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for Borel measures on €2, which is understood in the following weak sense:
[ Lastdu=0 viecym) 2)
Q

where we assume that |b], a¥ € Ll (n). If u has a density p, then p is some-
times called “an adjoint solution” and the equation is called “an equation in double
divergence form”.

Similarly, one can consider parabolic operators and parabolic equations for mea-
sures on R4 x (0, 7).

A typical feature of the direction discussed in this survey is that equation (1) is
meaningful under very broad assumptions on A and b: only their local integrability
with respect to a solution p is needed. These coefficients may be quite singular
with respect to Lebesgue measure even if the solution admits a smooth density. For
example, for an arbitrary infinitely differentiable probability density ¢ on R? the
measure = o dx satisfies the above equation with A =1 and b = Vp/p, where we
set Vo(z)/o(x) = 0 whenever p(x) = 0. This is obvious from the integration by
parts formula

[ 85+ Fosevpioar= [ oar+ [ Govna=o
R4 R4 Rd

Since ¢ may vanish on an arbitrary proper closed subset of R?, the vector field b
can fail to be locally integrable with respect to Lebesgue measure, but it is locally
integrable with respect to u. Note also that in general our solutions cannot be
more regular than the coefficients (unlike the case of usual elliptic equations). For
example, if d = 1 and b = 0, then for an arbitrary positive probability density o
the measure p = p dx satisfies the equation L op = 0 with A = o~ in particular,
for Holder continuous A, our solution may be just Holder continuous and nothing
more (and for discontinuous A it may be discontinuous).

In this general setting, a study of weak elliptic equations for measures on finite-
and infinite-dimensional spaces was initiated in [36], [37], [31], [32], [4], [38], [33],
[39], [46], [47]. Actually, the infinite-dimensional case was even a starting point,
which was motivated by investigations of infinite-dimensional diffusion processes and
other applications in infinite-dimensional stochastic analysis; for example, related
problems arose in stochastic quantization in the approach developed by A.I. Kirillov
[99], [100], [101], [102] and in the theory of Dirichlet forms (see [125]). It was
realized in the course of these investigations that even infinite-dimensional equa-
tions with very nice coefficients often require results on finite-dimensional equa-
tions with quite general coefficients. For example, we shall see in §3.2 that the
finite-dimensional projections pu,, of a measure p satisfying an elliptic equation on
an infinite-dimensional space satisfy elliptic equations whose coefficients are the
conditional expectations of the original coefficients with respect to the o-algebras
generated by the considered projection operators. As a result, even for smooth
infinite-dimensional coefficients the only information about their conditional ex-
pectations is related to their integrability with respect to p,, not with respect to
Lebesgue measure; in particular, no local boundedness is given. The theory of el-
liptic and parabolic equations for measures is now a rapidly growing area with deep
and interesting connections to many directions in real analysis, partial differential
equations, and stochastic analysis.

Suppose that &, is a diffusion process in R? governed by the following stochastic
differential equation:

d&e = /2A(&)dWe + b(&)dt.



Then any invariant measure p of & satisfies (1) and the transition probabilities of
& satisfy the corresponding parabolic equation. We draw the reader’s attention to
the fact that for the diffusion governed by the stochastic equation

d&y = o(&)dWy + b(&)dt,

the generator of the transition semigroup has the form L 4 j, where A = o0* /2. The
vector field b is called the drift coefficient or just the drift. The matrix A = (a'/)
in the operator L 4 will be called the diffusion matriz or diffusion coefficient; this
differs from the standard form of the diffusion generator by the absence of the factor
1/2 at the second order derivatives.

Measures satisfying (1) are called infinitesimally invariant because this equa-
tion has deep connections with invariance with respect to corresponding operator
semigroups.

Let (X, B) be a measurable space and let B(X) be the space of all bounded 5-
measurable functions on X equipped with the sup-norm. We recall that if (T})¢>0
is a semigroup of bounded linear operators on the space B(X), then a bounded
measure p on B is called invariant for (7})¢>0 (or (1})¢>o-invariant) if

/thdu=/ fdu VfeB(X) (3)
X X

Such semigroups extend naturally to L!(u) and are strongly continuous there in
many cases, e.g., when they are given by transition probabilities of solutions to
stochastic equations. Let L be the corresponding generator with domain D(L).
Then (3) is equivalent to the equality

/ Lfdu=0 VfeD(L).
X

Under reasonable assumptions on A and b, the generator of the semigroup
associated with the diffusion governed by the indicated stochastic equation coincides
with Ly on C§°(RY). As we shall see, invariance of the measure in the sense of (3)
is not the same as (2). The point is that the class C§°(RY) may be much smaller than
D(L). What is important is that the equation is meaningful and can have solutions
under assumptions that are much weaker than those needed for the existence of a
diffusion, so that this equation can be investigated without any assumptions about
the existence of semigroups. On the other hand, there exist very interesting and
fruitful relations between the two equations; such relations will be one of the central
topics in this work.

In the first two chapters we shall consider the following problems on R? (or,
more generally, on finite-dimensional Riemannian manifolds).

1) Regularity of solutions of equation (2), for example, the existence of densities
with respect to Lebesgue measure, the continuity and smoothness of these densi-
ties, and certain related estimates (such as L2-estimates for logarithmic gradients
of solutions). In particular, we shall see in §§1.1 and 1.2 that the measure p is
always absolutely continuous on the set {detA > 0} and has a continuous density
from the Sobolev class I/Vlﬂ’cl with p > d provided that the coefficients a* are in this
class, |b] € L}, .(dz) or |b] € LY (1), and the matrix A is positive. The assumptions
b € L} .(dx) or |b| € L (u) on the drift are not at all always equivalent. For
example, the first yields the positivity of densities of nonnegative solutions, and
the second can hold even when the density has zeros (the case of a singular drift);
it is interesting, however, that the local p-integrability of exp(c|b|) already ensures
the positivity of the density. Global properties of solutions of equations with un-
bounded coefficients are studied in §§1.8 and 1.9, where certain global upper and



lower estimates for densities are obtained. We shall also obtain analogous results
for parabolic equations; with respect to applications to diffusion processes, this
means regularity of transition probabilities. The results about a priori regularity of
solutions play an important role in many other problems related, for instance, to
uniqueness and existence of solutions. Since we are interested in singular coefficients
or coefficients of low regularity, we do not discuss at all the regularity problems for
degenerate operators with smooth coefficients.

2) Existence of solutions to elliptic equation (2) and existence of invariant mea-
sures in the sense of (3) as well as the relations between the two concepts. In
particular, we shall see in §§1.4 and 1.5 that under rather general assumptions, for
a given probability measure p satisfying our elliptic equation (2) one can construct
a strongly continuous Markov semigroup (77*);>0 on L' (u) such that p is (T} )i>0-
invariant and the generator of (T}");>¢ coincides with L4, on C§°(R™). For this,
a condition simple for verification is the existence of a Lyapunov function for L4 p.
In the general case (without such additional assumptions), a bit less is true, namely,
 is only sub-invariant for (T});>o. We shall see examples where this really occurs,
i.e., where p is not invariant.

3) Various uniqueness problems; in particular, uniqueness of invariant measures
in the sense of (3) and uniqueness of solutions to (2) in the class of all probabil-
ity measures. Related interesting problems concern uniqueness of associated semi-
groups (T}");>o and the essential self-adjointness of the operator L4 ; on C§°(R?)
in the case when it is symmetric. These topics are considered in §§1.5-1.7.

First we concentrate on the elliptic case, to which we devote the whole first
chapter. In the second chapter similar problems are studied for parabolic equations.
The last chapter is devoted to a brief discussion of infinite-dimensional analogs of
problems 1)-3). Unlike the finite-dimensional case, where most of the results pre-
sented are obtained in great generality (sometimes in maximal generality), there
does not (and maybe cannot) exist any general infinite-dimensional theory. The
results obtained so far in the infinite-dimensional setting apply to various partic-
ular situations, but it is very important that they cover many concrete examples
arising in applications such as stochastic partial differential equations, infinite par-
ticle systems, Gibbs measures, and so on. Some of the finite-dimensional results
are not valid in infinite dimensions, and the validity of some others (when suitably
formulated) is still unknown. The infinite-dimensional case will be the subject of a
separate survey; the purpose of the last chapter is mainly just to comment on some
developments of infinite-dimensional methods, results, and techniques.

In this survey, we have used our own work (including our joint papers with
a number of other authors, in particular, [24], [26], [30], [41], [42], [43], [48],
[49]), as well as works of many other authors. Due to limitations on the size of
this article, the list of references contains less than a quarter of the bibliography
we collected. A number of new results are given with proofs. We are grateful for
useful discussions to S. Albeverio, G. Da Prato, A. Eberle, D. Elworthy, B. Goldys,
A L Kirillov, V.A. Kondratiev, Yu.G. Kondratiev, G. Leha, V.A. Liskevich, P. Malli-
avin, G. Metafune, D. Pallara, E. Pardoux, A. Rhandi, G. Ritter, S.V. Shaposh-
nikov, I. Shigekawa, W. Stannat, N.S. Trudinger, A.Yu. Veretennikov, F.Y. Wang,
J. Zabczyk, M. Zakai, T.S. Zhang, and V.V. Zhikov. This work was supported by
the RFBR projects 07-01-00536, 08-01-91205-JF, 08-01-90431-Ukr, 09-01-12180-o0fi-
m, and the SFB 701 at Bielefeld University.



CHAPTER 1

Invariant and infinitesimally invariant measures

1.1. Elliptic equations for measures and existence of densities

Throughout we shall use the following standard notation. The class of all
smooth functions with compact support in an open set U C R? is denoted by
C§°(U). The class of all bounded functions on U with bounded derivatives of all
orders is denoted by Cp°(U); classes like CZ(U), CZ(U), and so on are defined in
an analogous way.

The term “a Borel measure p” will normally mean a finite (possibly signed)
countably additive measure on the o-algebra of Borel sets; the cases where infinite
measures (say, locally finite measures) are considered will always be specified, ex-
cept for Lebesgue measure. The integrability of a function with respect to such a
measure is understood as its integrability with respect to the total variation |u| of
the measure p; the corresponding classes will be denoted by LP(u) or by LP(€2, i) in
the case where p is considered on a fixed set §2. The notation L?(U) always refers to
Lebesgue measure; sometimes we write LP(U, dz) in order to stress this. As usual,
for p € [1,+00) we set p’ :=p/(p — 1).

The class of all Borel probability measures on € will be denoted by P(f2).

Given an open set U C R? and p € [1, +0), we denote by WP-1(U) or HP**(U)
the Sobolev class of functions f € LP(U) whose generalized partial derivatives 0y, f
belong to LP(U). This space is equipped with the Sobolev norm

d
1= fllee + > 10s, fllLe-

i=1

/]

In some places we also use higher-order Sobolev classes W?*(U) = HP** with k € N,
consisting of functions whose partial derivatives up to order k belong to LP(U), and
fractional Sobolev spaces HP"(U); the notation with H will normally be used in
the case of fractional or parabolic Sobolev classes. In a few places we use similarly
defined Sobolev spaces WP1(1) with respect to a measure g on R? (in such cases the
measure i has some additional properties, e.g., has a continuous positive density or
a weakly differentiable density, so that the weighted Sobolev classes are well-defined,
see, e.g., [22]).

The symbols like WP (R?), WP (U), L. (U,u) etc. denote the classes of
functions f such that ( f belongs to the corresponding class without the index “loc”
for every ¢ € C§°(U).

In expressions like a*/b; the standard summation rule with respect to repeated
indices is meant. The inner product and norm in R? are denoted by (-,-) and | - |,
respectively. The identity matrix is denoted by I.

Suppose we are given a locally finite Borel measure p (possibly signed) on
an open set Q C R?, a Borel vector field b on €2, and a matrix-valued mapping
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A = (a"); j<q on Q such that the functions a are Borel measurable. Let us set
Lape =Y a90:,0.,0+ > bonp, ¢€CFQ).
ij<d i<d
Given a function ¢ on €2, we set
Lapep="Lapp+cp.

We shall also consider the divergence form operators

Lappi= > 04,(a90:,0) + Y Vo, 9 CF(Q)

i,j<d i<d
and the correspondingly defined operators L4 .
1.1.1. DEFINITION. We say that p satisfies the equation
Lywyn=0 (1.1.1)
in Q if a6 € L (|u|) and one has
[ Lare@ utan) =0 Vi€ CE(@.
For a given measure v on ) the equation
Ly =v

is defined similarly. Finally, for a given function c € L
v is defined in the same sense.

1
loc

(|u]) the equation L , =

The equation
ﬁjx,bﬂ =0
is defined similarly, but it requires additional assumptions either on a* or on g
(which will be made in appropriate places).
For a fixed domain € we set

MY = {u EP(Q): Lip= 0}. (1.1.2)

In what follows we shall deal with the case where the matrix A is symmetric
and nonnegative, but this is not needed for the definition (unlike for most of the
results).

In general, equation (1.1.1) can fail to have nonzero solutions in the class of
bounded measures (take Q2 = R, A = 1, b = 0), it can have many solutions even
in the class of probability measures, and its solutions can be quite singular (e.g., if
A =0 and b = 0, then any measure is a solution). However, even in the generality
under consideration some positive information is available.

The one-dimensional case is much simpler than the multidimensional case.

1.1.2. PROPOSITION. Let d = 1 and let Q be an interval. Suppose that A >0
on Q. Then, any measure p1 satisfying the equation L | .p = v is absolutely con-
tinuous with respect to Lebesgue measure and has a density o of the form o = po/A,
where gy is absolutely continuous on every compact subinterval in €.

IfA=1,¢=0,v=0,0=(-1,1), and b is locally Lebesgue integrable on
(=1,1), then

o(z) = <k1 + ko /Oz exp(— /03 b(t) dt) ds) exp /: b(t) dt,

where k1 and ko are constants.



PROOF. We have the identity

/(Asa” + b’ +cp)dp = / pdv Yy e C3°(Q),
Q Q
which can be written as the equality

(Ap)" = (bp)' +ep=v

in the sense of distributions. Hence the distributional derivative of (Au) — bu
is a locally bounded measure. This shows that the distributional derivative of
Ay is a locally bounded measure as well. Hence Ap is absolutely continuous and
has a density gg. Therefore, p is absolutely continuous. Now it is seen from our
reasoning that (Au)’ — bu is a function of locally bounded variation, hence the
distributional derivative of Ay is a locally integrable function, so that gg admits a
locally absolutely continuous version. In the case A = 1, ¢ = 0, v = 0, we arrive
at the equation g’ — (bu)’ = 0, whence u’ — by = ko for some constant ky. If b is
locally Lebesgue integrable, this equation can be explicitly solved. O

Even in this simplest one dimensional case we observe that a solution u can
fail to have a continuous density if A is positive but not continuous. We actually
see that in the case of nondegenerate A (i.e., det A # 0) the regularity of solution
is essentially the regularity of A. We shall see below that in higher dimensions the
picture is similar, although the proofs involve much deeper techniques. Another
simple observation is that without any assumptions of nondegeneracy on A we
obtain that the measure Ay is absolutely continuous. A highly nontrivial analogue
of this is valid also in the multidimensional case.

Let us consider one more instructive example.

1.1.3. EXAMPLE. Let p € Wli)’cl(Rd) and let 4 = pdx. Then p satisfies the
equation Lj = 0 with

b:= —Q, where b(x) := 0 whenever o(z) = 0.
o

Indeed, |b| is locally |u|-integrable. For any ¢ € C§°(R?), by the integration by
parts formula we have

/ Ap + (b, V)] ode = / (V. Vo) + (b, Vi) gl dz = 0

since bp = Vp almost everywhere due to the fact that Vo vanishes almost every-
where on the set {o = 0}.

The mapping Vo/p is called the logarithmic gradient of the measure u or the
density p; it is defined if o € Wi)cl (R%).

In this example, we can even choose g to be infinitely differentiable, but b can be
quite singular with respect to Lebesgue measure. For instance, given a proper closed
subset Z C R?, we can find a probability density o € C*°(R?) with Z = {o = 0}; in
this way one can even obtain b that is not Lebesgue locally integrable on a closed
set of positive Lebesgue measure. The simplest example of a singularity is this:

o(z) = 2% exp(—22/2)/V2r, blz) =z +2/z.

Now we formulate our main results on the existence of densities; see [33] for
the proofs.



1.1.4. THEOREM. Suppose that the matrices A(x) are symmetric and nonneg-
ative. Let p be a locally finite Borel measure on  such that a¥ € L, (Q,u), and
for some C > 0 one has

/ a"9;0;0 dp < C(sup || + sup | Vep|) (1.1.3)
Q Q Q

for all nonnegative ¢ € C°(Y). Then the following assertions are true.
(i) If u is nonnegative, then (det A)Y/%y has a density in L (Q, dz).

(ii) If A is locally Holder continuous and det A > 0, then u has a density which
belongs to LT (2, dx) for every r € [1,d’).

loc

We do not know whether assertion (i) remains true for signed measures.

- L15. COROLLARY. Let u be a locally finite signed Borel measure on 2 and let
a’, b, ce L (Q,u). Assume that

/(LA,bgo +cp)dp <0 for all nonnegative ¢ € C5°(Q). (1.1.4)
Q

Then the following assertions are true.

(i) If p is nonnegative, then (det A) %y has a density in L{ (Q, dx).

(ii) If A is locally Holder continuous and det A > 0, then u has a density which
belongs to Li (2, dx) for every r € [1,d").

In particular, the above statements are true if (1.1.1) holds.

In assertion (ii) of this corollary one cannot expect the density of u to be Holder
continuous since for d = 1 and A = 1 one can take p(dx) = exp( [, b(t) dt) dz with
a suitable function b.

The previous corollary has the following important generalization.

1.1.6. COROLLARY. Let p and v be two locally finite signed Borel measures on
Q and let a9, b’ c € LL (Q,u). Assume that

loc

/ {LAJ,@ + cap} dy = / pdv  for all nonnegative ¢ € C;°(Q). (1.1.5)
Q Q

Then the following assertions are true.
(i) If p is nonnegative, then (det A) %y has a density in L{ (Q, dz).

(ii) If A is locally Holder continuous and det A > 0, then u has a density which
belongs to Li (Q,dz) for every r € [1,d).

loc

1.1.7. REMARK. (i) Assertions (i) of Theorem 1.1.4, Corollary 1.1.5, and Corol-
lary 1.1.6 for nonnegative measures extend to the case when y is a o-finite nonnega-
tive Borel measure on € (not necessarily locally bounded). Indeed, (1.1.3), (1.1.4),
and (1.1.5) make sense also for o-finite 1 provided that a',b’,c € L{ (2, ). One
can find a probability measure pg such that u = f ug, where f is a positive Borel

function. Let
ag = fa"”, b= fb', co = fe, Ay = (ag)ij<a: bo = (b})i<a-

Clearly, af)j ,bh,co € L (po) and o satisfies the hypotheses of the above men-
tioned assertions with Ag, by, and ¢y in place of A, b, and c¢. Hence the measure
(det Ag)'/%pup has a density o € L (Q,dx). Since (det Ag)'/? = f(det A)Y/4, this
means that (det A)'/?; has the same density.

(ii) Assume that the hypotheses of Corollary 1.1.5(ii) are fulfilled. Let Bg, (o)
be a ball in © of radius R; > 0 centered at xg. Then, for every R < Ry and r < d’,
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there exists N depending only on Ry, R,7,d, infp, detA, sup; ;supp, l[a®], and
the Holder norm of A on Bpg, such that the density o of u satisfies

lollr(zry < N1+ 161+ lell| 1 5,

In addition, for fixed d, the number N is a locally bounded function of the indicated
quantities. This follows from the proof of Theorem 1.1.4 in [33].

1.2. Local properties of solutions

We now proceed to the regularity results. Throughout the rest of this section
we assume that A(x) is symmetric and positive and A(z) is continuous in z. By the
Sobolev embedding theorem, the continuity assumption is automatically satisfied
for some version of A if a¥ € Wlﬁ’cl, where p > d. We do not discuss here the case
of smooth coefficients and possibly degenerate A under Hérmander’s condition and
its analogs in the Malliavin calculus (see references in [22]).

First of all we recall a classical result.

1.2.1. THEOREM. Suppose that the functions a®, b', ¢ are infinitely differen-
tiable and det A >0 in Q. If v has a infinitely differentiable density, then any
solution of the equation Ly .10 = v possesses an infinitely differentiable density.

Next we consider the case where the coefficients are only Hoélder continuous.
The following result was proved in [165].

1.2.2. THEOREM. Suppose that the coefficients a*, b?, ¢ are locally Hélder con-
tinuous in 2 and det A > 0. Then any solution p of the equation L , ;o= 0 has a
locally Holder continuous density.

Note that the solutions in [165] were a priori locally integrable functions, but by
the above results the theorem remains valid for measures. It would be interesting to
study the case where only the coefficients a* are Holder continuous. The continuity
of all coefficients does not guarantee the Hélder continuity of a solution even if d = 1
and A > 0. However, it is not clear whether densities of solutions are continuous in
the case where the coefficients are just continuous and A is nondegenerate.

We now proceed to the most difficult case where the diffusion coefficient is
somewhat better than Holder continuous, but is not smooth, and we want to have
some Sobolev regularity of the density of solutions. One of the reasons why this is
important is that, having established the Sobolev regularity of our solution, we can
rewrite the equation L7 , .u = 0 for pu as a classical equation for its density ¢ in the
sense of weak solutions: indeed, integrating by parts we find that

/ [aijazigé)xjap + 5‘miaijazjgog + biﬁxicpg +coldx =0
Q

for all ¢ € C§°(2).

1.2.3. THEOREM. Letd > 2, p>d, q € (1,00), Ry > 0, let a¥ € WP'(Bg,)
and let A > A, where X\ > 0. Then there exist numbers Rqg > 0 and Ny > 0 with
the following properties. Let R < Ry and let p be a measure of finite total variation
on Bg such that for any ¢ € C3(Bg) := C*(Bg) N {u: ulop, =0} we have

< N|IVollLag) (1.2.1)

/ a7 0,05 du
Br

with N independent of ¢. Furthermore, assume one of the following:
a)p>dor
b)p=d>q and p €, L"(Br).
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Then u € Wg//\p’l(BR) (where we identify p with its density) and

HMHW(;I/AP»I(BR) S NO~

In addition, the radius Ry depends only on p,q,d, )\, Ry, ||aij||Wp,1(BR1)7 and the

rate of decrease of ||vai‘j||Ld(BR) as R — 0, and Ny depends on the same quantities
and N.

1.2.4. REMARK. The proof of this theorem actually shows that if u has compact
support in Bg, and (1.2.1) holds for all ¢ € C§°(Bg,), then u € Wg,/\p’l(BR) for
some R < R;. Moreover, even without the assumption of compactness of support,
one can show that p € Wl?),c/\p "'(Bg), but this requires some extra work.

This theorem at once yields a certain low regularity of solutions to our elliptic
equations.

1.2.5. COROLLARY. Suppose thatp >d > 2, a¥ € Wp’l(Q), det A > 0, and p

loc
satisfies the equation L7 yp = 0, where b € Lj .(p) for some r > 1. Then p has a

density in the class W1 (Q) for each o < dr/(dr —r + 1).
More can be obtained if b better integrable.
1.2.6. THEOREM. Let p > d, r € (p/,00), p = odzx, o € L] .(Q,dzx), and

loc

a” € WPHQ), and let either B € L, (Q,dx) or B € LF, (Q, ). Suppose that A~

loc loc

is locally bounded. Assume that for every ¢ € C§°(Q) we have

/ a'19;0;¢ p(dx)
Q

Then o € WPH(€).

loc

< / (Il + Vo)) 8] |l ().

We shall say that A is locally uniformly nondegenerate if A~! is locally bounded.

1.2.7. REMARK. It should be noted that the assertion of Theorem 1.2.6 is valid
under the following alternative assumptions on a%, 3, p: p is a locally bounded

Borel measure on §) (without assumptions on its density), A~! is locally bounded,
Be Ll (Qu)orBeLl (Qu) L. (9 dx). This follows by Theorem 1.1.4.

loc loc

1.2.8. COROLLARY. Let p be a locally finite Borel measure on Q. Let A~ be
locally bounded in Q with a € VVlﬁcl(Q), where p > d, and let either (i) b, c €
LY (2, dx) or (ii) b', c € L. (2, ). Assume that, for every o € C§°(S2), one has

/ [a”@@jw + b0 + ap} dp =0,
Q

where b' and ¢ are also assumed to be locally p-integrable in case (i). Then p has a
density in WP (Q) that is locally Hélder continuous.

loc

The following result, proved in [43], is a useful modification of the previous
theorem.

1.2.9. THEOREM. Letp > d, r € (p',00), and let pn be a measure on Br with a
density o € L}, .(Bg). Let a” € WP (Bg), f1 € L, (Bg), and By € L. (1), where

A=Y is locally bounded on Br. Assume that, for every ¢ € C§°(BRg), we have

[ 0] < [ (16419251 + 20l
Br

Br

Then o € VVIIZ)’C1 (BRr), hence o has a locally Hélder continuous version.
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1.2.10. COROLLARY. Let p be a locally finite Borel measure on Br. Let A~!
be locally bounded on Br with a¥ € Wf;’cl (Br), where p > d, 9y,a" € LY, (p), and
let b', c € LY (u). Suppose that

loc

/ [aijamﬁxjgaJraziaijaxjaerbiamicpqcha] du=0 VYe¢eCy(Br).
Br

Then p has a density in Wp’l(BR) that is locally Holder continuous.

loc

Bensoussan [16, Ch. II, Theorem 5.5] proved Wlf)’cl—regularity for probability
measures on RY satisfying the equation Liyp = 0 with b = by + by, where by is
Lipschitzian and by is bounded, under the additional assumption of the existence
of a certain Lyapunov function.

The classical Harnack inequality yields the following.

1.2.11. COROLLARY. In the situation of Corollary 1.2.8, let b" € LI (Q,dx),
let p be nonnegative, and let o be its continuous density. Then, for every compact

set K contained in a connected open set U with compact closure in €2, one has

S < C'inf
%PQ_ 1% 0,

where the constant C depends only on ||a” |lw»e.1 (), [|bl| e, infy det A, and K (if
K is a ball, then the dependence on K is through the distance from K to OU). In
particular, o does not vanish in U if it is not identically zero in U.

The dependence of C' on the indicated quantities will be studied below in §1.9.

1.2.12. COROLLARY. Suppose that in the situation of Corollary 1.2.8 one has
bl € LY (Q,dx) and that ¢ < 0. Assume also that the continuous density o of p

is strictly positive on the boundary of a bounded open set U C U C Q. Then o is
strictly positive on U.

Clearly, the assumption that b* € LP (€,dz) in Corollary 1.2.11 and Corol-
lary 1.2.12 cannot be replaced by the alternative assumption that b’ € LY (Q,p)
from Corollary 1.2.8. Indeed, it suffices to take b = Vp/p such that g is a proba-
bility density which has zeros, but |b| € L?(u) (for example, we can take ¢ which
behaves like exp(—2~2) in a neighborhood of the origin).

Corollary 1.2.8 can be generalized as follows.

1.2.13. COROLLARY. Let p > d, let a9 € WPH(Q), bi, f1, c € LF. (), i,j =

1,...,d, and let A~ be locally bounded in Q. Assume that u is a locally finite Borel

measure on Q such that b*, ¢ € Li, (Q, u) and, for every function ¢ € C§°(2), one
has

/ {a”@iajgo + b0, + 044 dp = / floipda.
Q Q
Then 1 has a density in WP ().

loc

1.2.14. REMARK. It is easily seen that in Corollary 1.2.8 one cannot omit the
hypotheses that A~! is locally bounded and a* € Wl’;’cl. Indeed, if A and b vanish at
a point xg, then Dirac’s measure at x( satisfies our elliptic equation. In particular,
if it is not given in advance that p is absolutely continuous, then one cannot take
an arbitrary Lebesgue version of A. In order to see that p cannot be more regular
than A (which has already been noted in the introduction), let us take a probability
measure g with a smooth density that satisfies Lip, o =0, e.g., let p be the standard
Gaussian measure and by(z) = —z. If now g is any Borel function with 1 < g < 2,
then the measure g-y satisfies the equation L% ,u = 0 with A = g~'Tand b = g~ 'bo.
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In particular, we obtain an example, where A and b are Holder continuous and A
is uniformly nondegenerate, but the density of u is not weakly differentiable. Also,
the condition p > d is essential for the membership of i in a Sobolev class even
if A =1 (see the example below). However, if y is a probability measure on R,
then the condition |b| € L?(R%, i) implies that u = odz with ¢ € WH(R?) and
|Vol?/o € L*(RY) (see §1.8).

1.2.15. EXAMPLE. Let d > 3 and
L*F = AF + ad,: (2'|z|"*F) — F,

where a = d — 3. Then the function F(z) = (¢ — e ")r~ (472 = |z|, is locally
Lebesgue integrable and L*F = 0 in the sense of distributions, but F' is not in
W2’1(Rd). Here

loc

b(z) = —azlz[7* = V(|z|~*)/|a| ™
and |b| € LE—¢(R%) for all € > 0. In a similar way, if the term —F is omitted in the

loc
equation above, then the function F'(z) = r~(@=3) has the same properties.

PrOOF. Observe that 0, F, 0,:0,; F are locally Lebesgue integrable. Hence
the equation L*F = 0 follows easily from the equation

(d—1+a)

Fral2r =0
T

on (0, 00), which is satisfied for the function f(r) = (e” —e~")r~(4=2)_ Tt remains to
note that F', VF, and AF are locally Lebesgue integrable, since f(r)rd=1, f/(r)rd=1
and f”(r)r¢=1 are locally bounded, but VF is not Lebesgue square-integrable at
the origin. If d > 6, then F' is also not Lebesgue square-integrable at the origin.
In the case without the term —F' in the equation similar calculations show that
F(z) = r~(@=3) has the same properties. O

f/l +

The following theorem is helpful in the study of local properties of densities,
in particular, for control of various constants that appear in local estimates. It
precises a particular case of a more general result which was formulated by Morrey
in his book [136, p. 156] in a way that is not completely correct (with ' = ). The
statement below with ' = Q would be false, for example, for the Laplace equation
in a ball. A proof of Morrey’s estimate with an investigation of the dependence
of the constant on the coefficients was given in [155] with the same inaccuracy
as in [136]. In fact, the reasoning from [155] yields the estimate given below as
explained in [157], but an estimate with = ' is possible only for solutions with
zero boundary condition on a domain with a sufficiently regular boundary. We note
that in the existing applications of Morrey’s theorem, only the correct assertion
proven below is actually used, although in some papers it is formulated with the
indicated inaccuracy (see, e.g., [38] and [33]). For the proof, see [42] or [157],
where a more general fact is established.

1.2.16. THEOREM. Suppose that Q C R? is a bounded domain, A € C%9(%),
where 6 > 0, and there is a number o > 0 such that A(x) > o -1 for all x € Q.
Let ht € L1(Q), where q > d. If a function u from W%L(Q) satisfies the equation
0z, (a0, u+h") = 0 in the weak sense on Q, then for every domain ' with closure

in Q) the following estimate holds:

Jullwar@n < C(lullpa) + 1hllaw)), b= (h",....n%,
where the number C depends only on d,q,a, Q, 8, and || A||co.s.
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Moreover, if u € WH(Q) and 0y, (0" 0y,u — b'u+ h') = 0 in the weak sense
and b* € L1(Q), then a stronger estimate

ullwary < C(lullzr@) + [hllLe)
holds, where C' depends only on d,q,co, Q' ||Allcos, and ||b']|La(q)-

1.2.17. REMARK. Let a Borel measure p on a ball Bg, of radius R; > 0 in Q
satisfy the equation L} ,u + cp = f dz, where a,bt,c € LY(Bg,, ), f € LP(Bg,),
and

A ML a7 llwer e, < A2y 0 Lo(Ba,) +llelzrBe,) < A2 p>d.

Then it follows from the above results that, for any R < R;, the measure p has a
continuous density u € WP-1(Bg) that satisfies the equation

9i(a¥ 9;u + 950" u — b'u) + cu = f.
Therefore,

lullwea gy < Ad,r, (A1, A2, R) [HUHLI(BRl) + ||f||LP(BR1)}

< Adgr, (A1, 22, R) [mes(BRl) sBup |u| + Hf”LP(BRl)}» (1.2.2)
Ry
where Ag g, (A1, A2, R) is a locally bounded function on (0,+00)? x (0, Ry) and is
independent of u.

1.2.18. PROPOSITION. Let Ay = (afcj) be a sequence of continuous mappings on
R with values in the space of symmetric matrices and let by, = (bi) be a sequence of
Borel vector fields on R®. Suppose that for every ball B, C R? there exist numbers
¢ >0, ap >0, and p = p, > d such that

A > .1, ||a;;:j||Wp,1(Br) + ||b;;€||Lp(BT) < ap foralli,jk.

Assume that there exist probability measures pj, on R such that Ly, vt = 0.
Then the measures py have continuous strictly positive densities that are uniformly
Hélder continuous on every ball. If, in addition, the sequence {ug} is uniformly
tight, then it has compact closure with respect to the variation norm, and every
measure | in its closure has a continuous strictly positive density that belongs to
WrL(B,) for every r > 0.

ProoOF. It follows from our hypotheses and Theorem 1.2.6 that the measures
1 have continuous densities fr. Since the functions fj, are probability densities, we
obtain by (1.2.2) that, for every r > 0, the sequence {f} is bounded in W»1(B,).
By the Sobolev embedding theorem (see, e.g., [17]), {fx} is uniformly Hoélder con-
tinuous on B,, in particular, has compact closure with respect to the sup-norm.
If {ux} is uniformly tight, then some subsequence {u,} converges weakly to some
probability measure u. Passing to a subsequence once again we may assume that
the functions fj, converge uniformly on compacts and are uniformly bounded in
WPL(B,) for each r > 0. Hence p has a density f € WP!(B,). Then we obtain a
continuous and strictly positive version of f. Therefore, the probability measures
ik, converge to p in the variation norm. This reasoning applies to any subsequence
in {ug}, whence we obtain the desired conclusion. O

1.2.19. REMARK. The above proposition can be generalized as follows. Let )
be an open set in R? and let 2 be a union of increasing open sets €, such that the
closure of € is compact and contained in €;4;. Let px be probability measures
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on (2 satisfying the equations L%, , pix = 0 on €2, where each Ay is a continu-
ous mapping on ) with values in the set of nonnegative symmetric matrices, the
mappings A, are uniformly bounded on compact sets in the W?!-norm with some
p > 1, the mappings A,:l are uniformly bounded on compact sets, and Borel vector
fields by on the sets €, are uniformly bounded in the L?(R%)-norm on compact sets.
Then the analogue of the statement of the previous proposition is true. Moreover,
the same is true for Riemannian manifolds of dimension d.

In the case where the diffusion matrix A is infinitely differentiable a somewhat
more special result holds. In its proof we use the following well-known lemma.

1.2.20. LEMMA. Suppose that a¥ € C*°(Q) and det A > 0.
(i) Let r € (—o0,00) and p > 1. If u is a distribution such that Lu € HET(Q),

loc

then uw € HZ"2(Q); also if u € HP' (), then 8,,u € HP'H(Q), 1 <i < d.

loc loc loc

(i) We have H () C Liifc/(dfp)(Q) and L? (Q) C Hff)’;/(dfp)’fl(ﬂ) whenever

loc loc

1<p<d, and Hp’l(Q) C led/p(ﬂ) if p > d, so that in the latter case elements

loc loc

of Hp’l(Q) are locally bounded. In addition, for ¢ > p > 1 we have LY. () C

loc loc

d/g—d
Hl%c/q /;U(Q)‘

(iii) If p is a locally bounded Radon measure on 2, then p € H{»™(Q) whenever
p>1andm>d(1l—1/p).

PROOF. Assertion (i) is well-known. Specifically, its first statement is a well-
known elliptic regularity result and the second statement follows from the bound-
edness of Riesz’s transforms. Assertion (ii) is just the Sobolev embedding theo-
rem. Assertion (iii) follows from this embedding theorem, since for regular sub-
domains U of  one has H4™(U) C C(U) if gm > d whence by duality the space
H/(a=1).=m([J) = [H¥™(U)]* contains all finite measures on U. O

We formulate the following result for d > 1 just because the case d = 1 is ele-
mentary and has already been discussed. In addition, we include in the formulation
some assertions which follow also from the already mentioned results (the proof is
direct and does not use the results above).

1.2.21. THEOREM. Under the same assumptions on A as in the lemma, let
d > 2 and let p,v be (possibly, signed) Radon measures on . Let a mapping
b= (b): Q — R? and a function c: Q — R be such that |b|, ¢ € LL_(Q,pu).
Suppose that L oo =v. Then the following assertions are true.

(i) One has p € Hﬁ)’clfd(pfl)/pfs(ﬂ) for any p > 1 and any € > 0. Here
1—d(p—-1)/p>0ifpe|l, %) and, in particular, p admits a density F' € LY ()
for any p € [1, %)

(i) If |b| € LY (2, 1), c € LW/Q(Q,,u) and v € le (d77+2)(Q) where d > v > 1,

loc loc oc

then F := du/dx € H (Q) for anyp € [1,d/(d—~+1)). In particular, F € LP, ()
or any p € [1, — 7)), where we set =%= := oo if v =d.
f 1,d/(d —~)), wh = fy=d

(iii) If v > d and either

(a) [b] € L] () and c,v € L} (@),

or

(b) [b] € L,o(, ), e € Ly (9, ), and v € LI (),
then pu admits a density F € Hf(’)’cl (Q). In particular, F € Cﬁ);d/'y(ﬂ).

PROOF. (i) We have in the sense of distributions
Ap = 0y (bip) — cu+v (1.2.3)
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on Q. Here by Lemma 1.2.20(iii) the right-hand side belongs to HP'Z™ H(Q) if
m > d(1 —1/p). By Lemma 1.2.20(i) we conclude p € H?."™*(Q), which leads to
the result after substituting m = d(1 —1/p) + ¢.

Before we prove (ii) and (iii) we need some preparations. Fix p; > 1 and assume
that F' = du/dz € L' (). Such a number p; exists by (i). Set

loc
P1

r=r(p)=—/—" 1.24
() 1= (1.2
and observe that owing to the inequalities 1 < v and p; > 1, we have 1 < r < .

Next, starting with the formula

bF|" = (jpl| F|V/ )T |

and using Hélder’s inequality (with s = 1 > 1 and t := 25 = 717,) and the
relations |b||F|'/7 € L] _(Q) and F € LI (Q), we obtain that b'F € LI (Q). By

loc loc loc

Lemma 1.2.20(i) one has

7 7,0 7 r,—1
VF e Hp (), (bF): €H, (9. (1.2.5)
(ii) Set
TP1
= — VA 1.2.6
q:= q(p1) 219, (1.2.6)
and note that ¢ > 1 < v > 2 < ¢ < 3, in particular, ¢ < 7 in any case. Hence

repeating the above argument with the triple ¢, v/2, ¢ in place of |b|, v, r, we obtain
that
cF e Ll (Q). (1.2.7)

loc
Fix p1 > 1 such that F := 3—‘; € L7).(Q) and let r, ¢ be as in (1.2.4), (1.2.6),
correspondingly. Since v < d, we have ¢ < d, which by (1.2.7) and assertions (ii)
and (iii) of Lemma 1.2.20 implies that cF € Hfitzc/(d*q)’*l(ﬁ) if ¢ > 1 and that
cF € H3 N Q) for any s € (1,d/(d — 1)) if ¢ = 1.
It turns out that if p; < d/(d — ), then

cF e H7H(9). (1.2.8)

loc

Indeed, if ¢ > 1, then (1.2.8) follows from the fact that if p; € (1,d/(d — 7)), then
the inequality r < dg/(d — q) holds. If ¢ = 1, then v < 2 and (1.2.8) follows from
the fact that r < d/(d—~v+1) <d/(d—1) for p; < d/(d— ).

Finally by Lemma 1.2.20 (ii) we have v € Hd/(d77+1)’71(§2) if v > 2 and

loc
v E Hlsogl(ﬂ) for any s € (1,d/(d — 1)) if v < 2. In the same way as above,
v € H 7' (Q) whenever 1 < p; < d/(d — ). This along with (1.2.5) and (1.2.8)

shows that the right-hand side of (1.2.3) is now in H]>.'(92). By Lemma 1.2.20(i)
we have
pe HHQ) (1.2.9)

loc

and by Lemma 1.2.20(ii) we have F' € L2 (), where

loc

dr B dypy o
I~ —dt@—mpm 1P

p2 =
Thus, we obtain
loc

p1E <1, dd) and F e L} () = F ¢ Lf(pl)(Q).
-

One can easily check that ps = f(p1) > p1 if p1 < d/(d — 7), and that the only
positive solution of the equation ¢ = f(q) is ¢ = d/(d — 7). Therefore, by taking p;
in (1,d/(d — 1)), which is possible by (i), and by defining px+1 = f(px) we obtain
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an increasing sequence of numbers py, T d/(d — 7), which implies that F € L} ()
for any p < d/(d — 7).

But as py " d/(d — ), the sequence of numbers r(py) defined according to
(1.2.4) increases to the limit

vd/d—v) _ d
y=1+4+d/(d—v) d—vy+1"
By (1.2.9) this proves (ii).
(iii) First we consider case (b). By the last assertion in (ii) we have F € L} (Q)

for any finite p; > 1. Let r := r(p1) be defined as in (1.2.4). Then 1 < r < v and
(1.2.5) holds. Set

P P
d
q:=q(p) = —— . (1.2.10)
d+y 1+p1
If 2 < d < ~, then -2 > 1. Therefore, since p; > 1, it follows that 1 < ¢ < -2

d+vy d+v°
Hence repeating the arguments that led to (1.2.5) with the triple ¢, %, q in place
of |b|, v, 7 we obtain ¢F € LL (), thus cF € Hf(l)qc/(d_Q)’_l(Q) by assertion (ii) of

loc
the lemma. Observe that as p; — oo we have

r1y, qldy/(d+~), dq/(d—q)T~.

Therefore, combining this with our assumption that v is contained in the class

Lfloﬂé/(dJrﬂ’) (Q), which by assertion (ii) of the lemma is contained in Hﬂj’gl(QL and

by taking p; large enough, we see that the right-hand side of (1.2.3) is in H-=1(Q)

loc

for any € € (0,7 —1). By Lemma 1.2.20(ii) we conclude that F € H;_*' (). Since
v > d, the function F is locally bounded. Now we see that above we can take p; = oo
and therefore the right-hand side of (1.2.3) is in H~'(£2), which by assertion (i)

loc
of the lemma gives us the desired result.

In the remaining case (a) we take p; > /(v —1) and assume that F' € L}, ().
Then instead of (1.2.4) and (1.2.10) we define
dy
P a+ P1
r:=r(p1) = TP , q:=q(p1) = # V1 (1.2.11)
Y+ iy + p1

and observe that since p; > ~v/(y — 1) we have r > 1, which (because of the
relation p;* 4+ v~1 = 1) allows us to apply Holder’s inequality starting with
|bF|" = |b|"|F|" to conclude that (1.2.5) holds. Since ¢ € L (Q, i),

loc

dry dy -t
—— >1 and — +prt=q1,
d+vy (d+7) b=

we also have that ¢cF' € L (Q). Obviously, ¢ < d. As in part (ii) this yields that

loc

cF e HY=D71 Q) if g > 1 and cF € HET'(Q) for any s € (1,d/(d—1)) if ¢ = 1.

loc

We assert that (1.2.8) holds (with r = r(p;) as in (1.2.11)) for all p1 > v/(y — 1),
p1 # dy/(dy —d—").

Indeed, if ¢ > 1, then dq/(d —q) =r. If ¢ =1, then p; < dv/(dy—d—~). But
since p; # dv/(dy — d — ), we have p1 < dvy/(dy — d — ), which is equivalent to
the inequality r < d/(d — 1).

Thus, since v € LI @ (Q) ¢ HI 7N Q) € H7H(Q), because r <+, asser-
tion (i) in the lemma yields the following:

d
7pl7é 2 7F€Lp1

d—d—~ 10C(Q)> = F € H;.(Q). (1.2.12)

i
<p1> ’y—l loc
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If r < d, then the latter in turn implies by assertion (ii) in Lemma 1.2.20 that
F € L2 (Q). Let us summarize what has been shown:

loc
ol dy . P P
(pl > ~—1" p1 75 dy—d—v° = 'Y+;1 < d7 Fe th)lc(Q)>

— F e L2 (), (1.2.13)

where
dr dypy dry

d—r dy—(y—dp  dy—(7—d
Also, note that v/(y—1) < d/(d—1) < #7 so that by (i) we can find a number
p1 to start with. Then starting with p; close enough to d/(d — 1), by iterating
(1.2.13) we always increase p by some factor greater than dv/(dy — (y — d)) > 1.
While doing this, we can obviously choose the first p so that the iterated numbers
p will never be equal to dv/(dy —d — ) and the corresponding numbers r will not
coincide with d. After several steps we shall come to the situation where r > d,
and then we conclude from (1.2.12) that F' is locally bounded (one cannot keep
iterating (1.2.13) infinitely because of the restriction r < d). As in case (b), we can
now easily complete the proof. (I

P2 = P1-
)

Example 1.2.15 shows that assertion (iii) of this theorem may fail if v > d is
replaced by v = d — €. Then F' does not even need to be in Hfocl(Q)

1.2.22. PROPOSITION. Suppose that the hypotheses of Corollary 1.2.8 are ful-
filled. Let p1 be some positive measure on §) satisfying the equation L% , ;o = 0.

Then, any other solution py can be written as po = f - u, where f € WP’Q(Q).

loc

PRrROOF. Suppose first that d > 1. Then p > 2. We know that p and pg
have continuous densities o and pg, respectively, in the class VV{;CI (©) and that o

has no zeros in Q. Set f = o/pp. Then pg = f-p and f € WP!(Q). We have
al = Z?:l Op,a" € LY (). Set a:= (a’). Let us verify that f satisfies the elliptic
equation

aijgaa:iaa:jf + <Vf7 20a +2AV — Qb> =0

in the sense of weak solutions in the class WIZZ)’CI (), i.e., in the sense of the identity

/[—w% (a7 0)8y, [ — (0AVf, V@) + (V f,20a + 24V 0 — gb)pldz =0  (1.2.14)

for all ¢ € C§°(€2). This will yield the desired inclusion f € VV{(’)C2 (€2), since we have
0a € WIZZ)’CI (), oA is nondegenerate, ap, bo, co € L} (2). In order to establish

(1.2.14) we observe that the equality Ly ct0 =LYy, .40 = 0 and the integration by
parts formula give the identities

/[—ami(aijgf)azjﬁp + (fob, V) + cof | dz =0, (1.2.15)

/ (=04, (a9 )0, + 0b, Vo) + cop] dr = 0

for all p € C§°(Q). Since a¥/, o, f € WPH(Q) and p > 2, it follows that the second

relation remains true for all functions ¢ of the form ¢ = f1 with ¢ € C§°(€2). This
yields the identity

/ [—02,(a" 0) [0, — O, (a” 0)0x, f + (0b, fV@) + (0b, oV f) + cofep] dx =0

for all ¢ € C§°(£2). Subtracting the last equality from (1.2.15) and differentiating
the products by the Leibnitz formula we arrive at (1.2.14). In the case d = 1 this
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reasoning does not apply if p < 2, but in this case a simple direct proof works: we
have (Afp)' = fob+ 1 and (Ap)’ = bo+ k, where v is the indefinite integral of ¢fo
and k is constant. Then f' = (¢ — kf)(Ao) L. O

We have already seen from Harnack’s inequality that the continuous version of a
density of a nonnegative measure 1 satisfying the equation L7 ,u = 0 on a ball ) is
strictly positive provided that a* € Wlf)’cl (Q), A is strictly positive, and b € LT ()
with some p > d. Unlike the Sobolev regularity result, the latter condition on b
cannot be replaced by the alternative assumption b’ € LIOC( ). However, the next
result of S.V. Shaposhnikov [156] gives a sufficient condition for the strict positivity
of densities entirely in terms of integrability with respect to p.

1.2.23. THEOREM. Let p be a nonzero nonnegative Borel measure on a ball
satisfying the equation L, u = 0, where exp(elb]) € L (u) for some e > 0. Then
u has a continuous strzctly positive density.

In §1.9 below we discuss lower bounds for densities under similar global expo-
nential integrability assumptions.

Let us mention several works containing various results related to weak elliptic
equations for measures (or equations for functions that are satisfied by densities
of solutions to equations for measures): [120], [15], [76], [107], [108], [109], [98].
Finally, let us note that the local regularity results can be used to strengthen the
results on smoothness of invariant measures with respect to a parameter obtained
n [178].

1.3. Some a priori estimates

In this section we establish certain general a priori estimates which will be
useful in proving the existence of solutions. These estimates provide bounds on the
integrals of certain given functions with respect to unknown solutions.

1.3.1. THEOREM. Let V > 0 be a continuous function of the class Wicl(Rd)
let U := {V < ¢} be bounded, and let v be a nonnegative Borel measure on U
satisfying the equation L% ,u = 0, where A = (a') is a mapping on U with values
in the space of positive symmetric linear operators on R%, a¥ € Wp’l( U) for some
p > d, b = (b') is a Borel mapping from U to R? such that either |b| € LY ()
or |b| € LY (U). Suppose that there exist a Borel function ¥ € L*(u) and a Borel

function ® > 0 such that

LV <U —-& p-a.e. onU.

/@duﬁ/\l’d,u.
U

If i is a probability measure on R satisfying the equation Ly = 0 on the whole
space, where A and b satisfy the above assumptions locally, and if LV < U — &
on RY, where all the sets {V < c} are compact, then

/@dug/ U dpu.
Rd Rd

PROOF. It suffices to prove our assertion for bounded ®. Indeed, once this is
done, we consider the functions ®; = min(®, k), for which LV < ¥ — &, and then

Then one has
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apply Fatou’s theorem. Assuming that & is bounded, given ¢ > 0, we can find a
compact set K C U such that u(U) < u(K) + ¢ and

/(I)du</ Ddu+e.
U K

By the continuity of V' there is a number r < ¢ such that
Kc{V<ric{v<ricU.

We know that p has a continuous density o. Hence there is a number r; < 7 such
that K C {V <ri} and

/ (VV,b)|du < e.
{rm<v<r}

In the case d > 1 this follows by the Cauchy—Bunyakowskii inequality, and if d = 1,
then V' is locally bounded. Let us take the function ¢ on the real line such that
ety =tift <ry, pit)=(r1+r)/2it>r, ¢ () =—1/jr —ri| on [r,7], and
¢ (t) = 0 outside [ry,7]. Then 0 < ¢’ <1, ¢"” <0, and

Lap(poV) =" (V){AVV,VV) + ¢ (V)LasV,

which vanishes outside {V < r} since ¢ o V is constant outside {V < r}, and
Lap(poV)=LayV on {V <r}. Since poV € W2l (U) and ¢ o V is constant
outside {V < r}, we have

/ Lip(poV)du=0.
U

Taking into account that ¢” (V) < 0 and 0 < ¢/(V) < 1, we obtain that s

/ [‘P—@]duZ/ L(saOV)du=—/ L(poV)du
{v<r} (v} {ri<v<r}
>- [ vl
{ri<Vv<r}

whence

/ Ddu < / Udp+e.
{Vv<ri} {V<ri}

Since € > 0 was arbitrary and the numbers r and r; can be chosen as close to c as
we like, the desired estimate is proven. The assertion concerning the whole space
follows at once since we can take increasing sets {V < j} whose union is RY. (]

A function V is called compact if all the sets {V < ¢} are compact. For a

continuous function V on R? this is equivalent to | l‘im V(z) = +00. We shall call
r|—0o0

a function V' quasi-compact if the space can be represented as the union of increasing
compact sets {V < ¢} for some increasing sequence of numbers c¢;. For example,
any even continuous function on the real line which is increasing on [0, +00) to some
number ¢ but does not assume the value c is quasi-compact.

1.3.2. THEOREM. Suppose that we are given mappings Ay = (afcj) on R with
values in the space of positive symmetric linear operators on R% and Borel vector
fields b, = (bi) on R? such that, for every R > 0, there ezist ar > d, Br > 0, and
Yr > 0 for which

d
KR = sup/ [|bk(x)|o‘ﬂ + ) IVa (@)]*" | dz < oo, (1.3.1)
k |z|<R

ij=1
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BRI < Ay(2) < vl Vk, Va € {y: |yl < R}. (13.2)

Suppose also that there exists a continuous quasi-compact (e.g., compact) function
Ve VVI?)C1 (RY) such that

lim sup La, 4,V (z) = —oc0. (1.3.3)

lz]—oo g
Let {ux} be a sequence of probability measures on RY such that

Lzhbh K = 0.
Set Ur :={V < R}. Then the following assertions are true.
(i) The measures py admit continuous densities or such that, for every fized
R > 1, the functions gg|u, are uniformly bounded, uniformly Holder continuous,
and uniformly bounded in WerY(Ug_4).
(ii) One has illif wienUfR ok(z) > 0 for every R > 0.

(iii) The sequence {uy} is relatively weakly compact on R?.

Furthermore, suppose that for every k a probability measure uy is defined on
Up ={V < ¢}, where ¢ 1 00, and satisfies the equation L,y =0 only in Ug.
Then assertions (1)—(iii) remain valid with the following changes: only those k with
¢k > R are considered in (1) and (ii).

PROOF. Assertions (i) and (ii) follow directly from the results in §1.2. In order
to prove (iii) let us take a compact set E such that

La,nV(z) < -1, Vk, Va¢E.

Let \I/k = |LAk,bk.V|IE and (I)k = _(LAk,ka)IRd\E' Then LAk,ka < \I/k —‘I’k and
@) > 0 since @, = —L4, 4,V outside E. Theorem 1.3.1 yields

/ Dy, dpy S/ Uy duy.
Rd Rd

It follows from our assumptions that
S = sup/ |L a0, V| dps < oo.
k JE

Therefore, the previous estimate gives
[ EanVidu <5,
RI\E

whence we find that
sup/ |Lay 0. V|dpe < 28.
k JRd

Therefore, given C' > 0, we can find a number R such that L4, ;, V < —C outside
{V < R} for all k. Hence for all k we have

p(RN{V < R}) < 28/C,

which means the uniform tightness of {ux} and, consequently, relative weak com-
pactness of {uy}.

Let us prove the last assertion in which each measure puy, is defined only on the
set {V < ¢}. There is no change in the proof of assertions (i) and (ii) except that
now one has to consider only & with ¢, > R. The same proof of (iii) works also in
this case, we just consider sufficiently large k such that E C {V < ¢ }. O

1.3.3. COROLLARY. In the situation of Theorem 1.3.2, the sequence {ui} is
relatively compact in the variation norm.
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PRrROOF. It follows from Theorem 1.3.2 that every subsequence of this sequence
has a subsequence {vy} such that {vy} converges weakly to some probability mea-
sure v and the continuous densities o of the measures vy, converge locally uniformly
to a continuous limit gy. Clearly, gg serves as a density for v. Therefore, we have
lox — 0ollL1(rey — 0, which is our claim. O

1.3.4. COROLLARY. Suppose that the hypotheses of Theorem 1.3.2 are satisfied
except for (1.3.3), which is replaced by

lim sup (by(z),z) = —o0. (1.3.4)

|z]—oo k

Assume, in addition, that supyg < co. Then, for every p > 1, one has
R

M, = sup/ (x, )P pg(dx) < 0.
k JRrd
PROOF. We may assume that p € N. By (1.3.4) the function V(z) = (z,z)?
satisfies condition (1.3.3) since

d
LAkyka(x) = 4p(p - 1)<x7x>p—2 Z azj(x>xixj
ij=1
+2p(x, )P Mrace Ay () + 2p(x, )P~ (z, by (x))
< (@,2)"™ 4p(p — D] A (@) + 2pd] Ay ()] + 2p(a, be(2)) .

By (1.3.4) and the uniform boundedness of || A (z)|| there is R > 0 and two positive
numbers ¢; and ¢y such that

La, b, Viz)<c — colz,x)P71 VE>1

whenever |z| > R. It follows from our assumptions and the above theorem that

Sup/ |La, 0,V (2)| pr(dz) < oo.
ko J{|z|<R}

Hence M,_; < oo by Theorem 1.3.1. (I

1.3.5. REMARK. (i) We observe that the proof of tightness of {p} only used
(1.3.3). Hence assertion (ii) of Theorem 1.3.2 is valid under (1.3.3) for measures
i satistying equations L%, u, = 0 with arbitrary coeflicients Ay and by that are
locally ug-integrable.

(ii) Clearly, conditions (1.3.1) and (1.3.2) can be imposed locally, i.e., for every
point = there exist a neighborhood W of z and numbers ay > d, By > 0, and
yw > 0 such that (1.3.1) and (1.3.2) hold with W, aw, Bw, and qw in place of
Urg, agr, Br, and yg, respectively.

1.4. Existence of solutions

Here we present sufficient conditions for the existence of solutions expressed in
terms of Lyapunov functions, hence verifiable explicitly in terms of the coefficients
of our operators. This method goes back to R.Z. Hasminskii [92], [93], and the
presented results are borrowed from [38] with some improvements.

1.4.1. THEOREM. Suppose that A = (a¥); j<q is a mapping on R? with values
in the space of nonnegative symmetric linear operators on R? and let b: R¢ — R?
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be a Borel mapping such that, for every ball Ug, there exist numbers ag > d and
Br > 0 such that Brl < A(x) for all x € Ug and

aly, € WL (UR),  |bl|,, € L (UR).

Assume, in addition, that there exists a quasi-compact (e.g., compact) function V €

C%(R?) such that

LapV(z) — —oc0 as|z| — oo. (1.4.1)
Then there exists a Borel probability measure p on R such that

|b| € Llloc(/”’“) and L*A,blu‘ =0.

Moreover, the measure pu admits a continuous strictly positive density o such that
olup_, € WerRY(Ugr_1) for every R > 1.

PROOF. By our condition on V' we have increasing domains U, = {V < ¢}
with compact closures of Uy in Ugy1, whose union is the whole space. Let us
first find a sequence of nonnegative functions p, that are not identically zero and
satisfy our equation in the domains Ug. To this end, take a ball By containing Uy.
It is known (see [172, Theorem 3.2 and the remark at the end of §3]) that, for
every k, there exists a nonnegative function pr € W1(By) such that pr = 1 on
the boundary of By, (in the sense explained in [172]) while in the interior of By, one
has

Oz, (aijaszk - bipk + (6wjaij)pk) =0 (1.4.2)

in the weak sense. The fact that these solutions are nonnegative follows by the weak
maximum principle [173, Theorem 7]. Our case corresponds to v = b’ = b = 0 in
the theorem cited (see also [172, Exercise 8.1]). It is worth mentioning that the
existence of functions p with the aforementioned properties can be derived from the
solvability of the boundary problem for smooth coefficients. Indeed, there exists a
sequence of smooth mappings A,, = (aifl)f’ j=1 on a larger ball By, D By, with values
in the space of the positive symmetric linear operators on R¢ such that the mappings
A, are uniformly nondegenerate and converge to A in the norm of the Sobolev class
Wl (Bl). In addition, there exists a sequence of smooth mappings by, = (b,)L,
convergent to b in L (B}, R?). Let us denote by f,, the solution of the boundary

value problem
Or, (@) Dr, fin = Vi fon + Oryih fn) =0

with condition f,, = 1 on the boundary of Bj,. Such solutions exist according to [89,
Theorem 8.3 and the remark at the end of §8.2]. Let ,, be such that the minimum
of frn = Kmfrm oOn By, is 1. According to the results in §1.2, the sequence {fm}
is uniformly bounded on Bj. In addition, the restrictions of fm have uniformly
bounded norms in the space We!(By). Choosing a subsequence from {f,,} that
is uniformly convergent on By, we conclude that its limit after normalization can
be taken for py since it satisfies equation (1.4.2) in By in the weak sense and is
estimated by 1 from below. It follows from our reasoning that p, € Wex(Uy).
Multiplying the solutions p,, by positive constants and letting p, = 0 outside Uy,
we obtain probability measures py satisfying the elliptic equation L ppe = 0 in
Ui. According to Theorem 1.3.2, the sequence {u} contains a subsequence {uy, }
convergent in the variation norm to a probability measure p with a strictly positive
continuous density p. In addition, for every ball B, there is kg such that the densities
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ok, of the measures pg, with k; > ko converge uniformly on B. Therefore, for any
¢ € C5°(RY), we obtain by Lebesgue’s dominated convergence theorem that

0= tim | Lasp(e)on(x)de / Layp(a)o(z) dr.
R4 Rd

11— 00

Therefore, ;1 = pdx is the desired solution. (Il

1.4.2. COROLLARY. The assertion of the previous theorem is true if A is a
locally Lipschitzian uniformly bounded mapping with values in the space of positive
symmetric operators on R? and b is a Borel mapping such that |b| € LY (R?), where
a>d, and lim (b(z),z) = —c0.

|z]—o00

PrOOF. It suffices to take V(z) = (x, ). O

For example, the previous corollary applies to the situation where A = I and
b(z) = —k(z)x, where k € L2 _(R?) is such that

loc
k(x)|z]* — +o0 as |z| — oo.

More generally, if A =1, then it suffices to have a weaker relation

limsup(z, 2)7"|2(y — 1) + d + (b(z), x)| = —o00
] —o0
for some v > 1 (then the function V(z) = (x,z)” can be used).

Another example covered by Theorem 1.4.1 is this: A =1 and for some v > 1
one has (b(z),z) < —r < —d + 2 — 2 outside some ball (of course, we assume
that |b| is locally integrable to a power bigger than d). Then we take the function
V(z) = (z,z)?. The same coercivity condition was assumed in [175] for locally
bounded b (in order to get the equation from [175] one should take A =1/2 in our
case). Note that, as shown in [175], one can reduce to this case the more general
case where the diffusion term is continuous, nondegenerate, and satisfies certain
uniform bounds, provided that the drift is locally bounded and coercive and that
the corresponding stochastic differential equation has a unique weak solution.

The next result was proved in [38].

1.4.3. COROLLARY. Let A = (a¥) be a continuous mapping on R? with values
in the space of positive symmetric linear operators on R% and let b be a Borel vector
field on R?. Suppose that there exists a quasi-compact function V € C?(R%) such
that (1.4.1) is fulfilled. Then the following assertions are true.

(i) If b is continuous, then there exists a probability measure p satisfying the
equation Ly ypn = 0.

(ii) If det A > 0 and b is locally bounded, then there exists a probability measure

 which has a density in the class leoc(dfl)(Rd) and satisfies the equation L7 ,u = 0.

1.4.4. REMARK. It is obvious that in the case of nondegenerate A the Borel
measurability of b can be replaced by its Lebesgue measurability and that our
solution does not depend on a Lebesgue equivalent version of b because any solution
has a density.

Let us observe that (1.4.1) holds if there are positive numbers ¢; and ¢y such
that
LV(z) <c¢; — eV (z) and lim V(z) = +o0.

|z|—o0

It should be noted that in general even for A = I the assumption that
lim La,V(x)=—-c0

|| — o0
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cannot be replaced by the weaker assumption that
LapV(z) <ec<0 outside some ball U. (1.4.3)

Indeed, let d = 1, A = 1, and b(z) = —signz/(1 + |z|). We have zb(z) — —1 as
|z| — oo. Assume that y is a probability measure satisfying the equation L] ju = 0.
Then p has a locally absolutely continuous density o such that ¢” + (bg)’ = 0 in
the sense of distributions, whence o' + bg = 0, since by is integrable (it suffices
to integrate over the intervals [tg,sg], where t; — —o0, s — 400, o(tx) — 0,
o(sk) — 0). In addition, ¢ > 0, so that (Inp)’ = —In(1 + |z|)’, whence we obtain
that o(z) = ¢/(1 4+ |z|), which is a non-integrable function. In [16], the existence of
an invariant probability is established under assumption (1.4.3) and the additional
assumption that |[VV|?/V < ¢ for some number ¢ > 0. However, in this case we
can take a new Lyapunov function W = (2V)®, where o = 1 + ¢~!, which satisfies
(1.4.1).

It is clear that the presented existence results can be modified for divergence
form operators. For example, if the functions a* are Lipschitzian and (b(z),z) <
¢1—co|z|In |z| outside some ball, then the extra term in the drift which appears when
we write the equation in non-divergence form does not destroy condition (1.4.1).

For other sufficient existence conditions expressed in terms of A and b, see [50].

Note also that in the case where b is a gradient, more special sufficient con-
ditions are available that guarantee the existence of a probability measure whose
logarithmic gradient is b (see [22, §7.5]), but even in this case the general sufficient
conditions presented above turn out to be very efficient.

1.5. Associated L'-semigroups

Here we discuss semigroups associated with solutions to our elliptic equations
for measures, along with relations between such equations and the proper invariance
of measures with respect to their associated semigroups. We recall that in the Intro-
duction we defined the concept of a measure invariant with respect to a semigroup
(Ty)t>0 of bounded linear operators on the space Bj(X) of bounded measurable
functions. Similarly one defines invariance in the case where X is a topological
space, p is a Borel measure on X, and (7})¢>0 is a semigroup of bounded linear
operators on the space Cy(X) of bounded continuous functions. An obvious modifi-
cation of the latter concept arises if the operators T} are just operators from Cy(X)
to L (), not necessarily forming a semigroup. If for all bounded Borel functions
f and g one has

/X T, f(x) g() () = /X £(2) T, g(x) p(da),

then the semigroup is called symmetric and the measure p is called symmetric in-
variant. 1t is clear that this case is characterized by the property that the generator
L of the semigroup is symmetric in L?(u). If (T});>0 is the transition semigroup
of a Markov process, then this process is called p-symmetric. A process is called
symmetrizable if there is a measure p such that it is p-symmetric.

We are interested in the case where the semigroup (73):>0 is in a certain sense
generated by the elliptic operator L 4 ; for which there exists a probability measure
p satisfying the equation L% ,u = 0. However, one should be very careful with a
possible interpretation of the term “generated”. We shall use instead the term
“associated” and this will simply mean the following: the semigroup (7});>0 on
the space of bounded Borel functions will be called associated with L4, and p if
it extends to a strongly continuous semigroup on L'(u) whose generator coincides
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with L4 on the class of smooth compactly supported functions. Typically, such
a semigroup is not continuous on By or Cp. Moreover, in general it is not unique
(we shall see such examples; however, a certain special associated semigroup will
be singled out), and this is closely connected with the non-uniqueness of solutions
to the equation L7 ,u = 0 in the class of probability measures. On the other hand,
we shall find conditions that guarantee the uniqueness of an associated semigroup,
and this uniqueness turns out to be equivalent to the proper invariance of u with
respect to its special associated semigroup in the case where the drift coefficient b
is locally Lebesgue integrable to a power greater than the dimension of the space.
In the latter case, the semigroup is indeed generated by L4 in the classical sense
that the closure of (L4 p, C§°) in L'(u) is the generator of the semigroup.

We recall that a bounded operator T on L'(u) is called sub-Markovian if one
has 0 < Tf <1 whenever f € L*(u) and 0 < f < 1. If, in addition, T1 = 1, then
T is called Markovian.

In general, the operators T}" in the associated semigroup constructed below are
sub-Markovian, not Markovian. In addition, p is only sub-invariant for them, i.e.,

[ ttrdns [ gdu rer=. szo
X X

We observe that if (7});>0 is a semigroup on L () and takes L>(u) to L>(u),
then by the interpolation theorem it takes LP(u) to LP(u) for all p € [1, +00), and
its adjoint semigroup also maps each LP(u) into itself.

First we discuss the case A = I studied in [4], where the proofs can be found.

1.5.1. THEOREM. Suppose that A =1, |b| € L} (R?) for some p > d > 2, and
w is a probability measure on R? such that L*pu = 0, where L = Ly and ¢ := dp/dx
is such that |b— Vo/o| € L*(n). Then the following assertions are true.

(i) There exists exactly one strongly continuous semigroup (T}')¢>0 on L*(p)
such that its generator (L,,, D(L,)) extends L, i.e., we have C§°(R?) C D(L,) and
L, = L on C§°(RY). In addition, (L,,D(L,)) is the closure of (L,C§°(R%)) on
L (p).

(ii) The semigroup (T}")¢>o is Markovian.

(iil) If (Ga)a>o0 denotes the corresponding resolvent, then G.f has a unique
continuous p-version for all f € L®/4*P) (1) and all o > 0. In particular, (Go)a>o0
is strongly Feller, i.e., Gof has a continuous p-version for all f € L>®(u), a > 0.

(iv) For every f € C§°(RY) and t > 0, the function T}' f has a unique continuous

u-version T f and p is the only probability measure v on RY such that
/iﬂvf dI/:/f dv  for all f € C*(R?) and all t > 0.

1.5.2. THEOREM. Suppose that a probability measure 1 on R? satisfies the equa-
tion L*ju = 0, where L := Ly, and |b| € L2 _(u). Let o be the density of pu.

(i) Assume that

|b—Vo/o| € L*(1). (1.5.1)

Then there exists a strongly continuous semigroup (T}')¢>o0 on L () with generator
(L., D(L,)) extending L. Furthermore, (T}')i>o is Markovian and p is (T}")i>0-
wmvariant.

(ii) Assume that |b| € L?(w). Then |b—Vo/o| € L*(n), so the conclusion of (i)
holds.

(iii) Assume that |b| € L} (RY) for some p > d > 2 and that

loc

|b—Vo/o| € L) for some q € [1,0].
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Letr =2 — q%, where = := 0. Then, the restriction of (T}')i>0 to L"(n) is the
unique strongly continuous semigroup on L™ (u) whose generator extends L. This

generator is the closure of (L,C5°(R?)) on L"(u).

1.5.3. PROPOSITION. Suppose that p1 and ps are two probability measures on
R? satisfying the equation L*pu = 0 with L = Ly, such that s is absolutely con-
tinuous with respect to py and |b| is p;-square integrable for both measures. Let
(T!"")¢>0 denote the corresponding strongly continuous semigroups on L (u;) whose
generators (L*i, D(L*)) extend L, i = 1,2, which exist by the previous theorem.
Then T} f = T} f pi-a.e. for allt > 0 and all bounded Borel measurable functions
f on R%,

This proposition can be proved by a modification of an argument from [119]
based on Duhamel’s formula.

1.5.4. REMARK. (i) We would like to point out that all the strongly continuous
semigroups (T}");>0 above are automatically contractions on all the spaces LP(u),
since they are sub-Markovian and since p is T}'-invariant.

(ii) In the situation of Theorem 1.5.2(i) there exists a “nice” Markov process on
R¢ whose transition probabilities are given by (T}*);>0 and which is a weak solution
to the stochastic equation d¢; = dw; + b(&;)dt. This follows from the paper [168],
to which we refer for details and precise definitions.

Let us consider the symmetric case, i.e., the case where the operator Ly is
symmetric in L?(u); it turns out that this corresponds to that b is a logarithmic
gradient; see Example 1.1.3 (a more precise description of this case is given below).

1.5.5. PROPOSITION. Let b = Vo/p, where o € Wlicl (R%) is a probability den-
sity, and let p := odx. Then there exists a strongly continuous Markovian semigroup
(T!")i>0 on LY(p) whose generator (L*, D(L*)) extends L = Ly, and which has p
as a (T}')i>o-invariant measure. Furthermore, the restriction of (T}')i>0 to L*(u)
consists of symmetric operators.

1.5.6. REMARK. (i) The uniqueness of (T}')¢>o in Proposition 1.5.5 is ensured
by Theorem 1.5.2(ii) provided that |b| € L?(u). However, by [151, Theorem 3.1],
we can relax the last condition to |b] € L (u) and still have uniqueness of (T}'):>0
among all strongly continuous symmetric Markovian semigroups on L?(u) whose
generators extend L (but we do not know whether the symmetry condition is es-
sential here). We also note that in the present symmetric case we can take r = 2
in Theorem 1.5.2(iii), which was first shown in [32, Corollary 8]). We note that
without extra assumptions the measure p in this proposition can fail to be a unique
probability measure satistying the equation Lj,u = 0, even among measures with
a logarithmic gradient b (see Example 1.6.1 below).

(ii) In the situation of Proposition 1.5.5 it follows by its proof and the gen-
eral theory in [125] that there exists a diffusion process on R? whose transition
semigroup is (T}")¢>0.

In his celebrated work [105] Kolmogorov studied the following problem. Let
(&)t>0 be a diffusion in a finite dimensional Riemannian manifold X (in Kol-
mogorov’s case it was compact) with generator L = (A +b)/2, where b is a smooth
vector field on X. When is the process 1; = {7 governed by the same equation, i.e.,
when does it have the same generator L? The answer found by Kolmogorov says: if
and only if b is the gradient of a function. Earlier this question had been considered
by Schrédinger [154] in the one dimensional-case. In the paper [105], Kolmogorov
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considered only solutions of the Fokker—Planck equations as densities of transition
probabilities; in those days no stochastic integration was developed (the correspond-
ing stochastic equation on R? would have the form d¢; = dw; + 271b(&;)dt). More-
over, it was mostly the case of compact X that was considered, when invariant
probability measures always exist. In this case the property studied by Kolmogorov
is equivalent to the symmetrizability of (§;);>0. Thus, Kolmogorov’s result is a cri-
terion for symmetrizability of a diffusion in a compact manifold. In the noncompact
case, additional conditions are required in order to ensure the existence of invariant
probability measures (see the previous section). The difference between existence
of an invariant measure p = pdz and symmetrizability of the diffusion (&;);>¢ with
generator L = (A+b)/2 can be seen from Corollary 1.8.2 below, which extends Kol-
mogorov’s theorem to general drifts from L2(u). According to this corollary, drifts
of symmetrizable diffusions in R? are logarithmic gradients of measures (an analo-
gous fact is valid also for manifolds, see [48]). If |b| € LY (R9) with some p > d,
then we obtain an exact analog since p has a positive density o and b = VInp, i.e.,
b is indeed the gradient of a function.

We now consider the case of nonconstant A studied in [46], [47], where the
proofs can be found. Let us fix an open subset ) of a Riemannian manifold M
of dimension d. Up to the end of this section we assume that A and b satisfy the
following conditions with some p > d:

(A1)  a e C(Q) NWEL(Q), det A(z) # 0,

loc

(1.5.2)
(A2) b eIl (Q).

loc

We shall consider a measure y > 0 on €2 that satisfies the equation L7 ,u = 0;
in some results we deal with the equation £} ,p = 0. Let ¢ be the density of p. Let

, A 00
Bua = (B A)ly, Bl a=0;a" + a’“7

Then 3}, 4 € L}, (€2). One can write

loc

LA,bSD = LA,ﬁu,A + <b - 5#’147 V@% (2BS CSO(Q)

In the divergence form case, the mapping AB,, will be employed instead of 3, 4.
The operator La g, , is symmetric on L*(€, p), i.e.,

| tasaevdu= [ oLagabdn VoueCE@. (153
Indeed, by the integration by parts formula, both sides of (1.5.3) are equal to
- /Q (AVp, V) dp.
Similarly, for divergence form operators one has
/QMA,AﬂMdM = /Q«JEA,AMMM-

Note that if A =1, then b, 1 = 3, and
Liyp = Lipp = Ap + (b, Vo).
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If i is a nonnegative measure on ) with a density o € Wlicl (Q), A and b satisfy
conditions (A1) and (A2) in (1.5.2), and 8, and (3, 4 are defined as above, then the
equality L7 ,p =0 is equivalent to the identity

/Q (b Bun Vo) du=0, ¢eC2(Q), (1.5.4)

or shortly,
div,(b— Bu,a) = 0. (1.5.5)

Indeed, it suffices to note that by the integration by parts formula, one has
/ (0;a"0;0 0 + " 0,0, 0] dv = —/ a10;0;p o d.
Q Q
The divergence form analogue of (1.5.4) is

/(b—AﬁM,Vgc?) du=0, Veel5Q).
Q

The vector field

b:=28,4—-0 (1.5.6)
is called the dual drift (in the theory of diffusion processes, this is the drift of the
time-reversed process). In the divergence form case, the dual drift is defined by the
equality

b:=2A03, —b.
Clearly, one has

Lyg="Lap,.— & —5,4)0 onC5(Q)

and obviously L , ; is a formal adjoint to L4, i.e., one has

[ oLasodi= [ oLygwdu. g.vecF@.
Similarly,
[veanedn= [ oLgidn eecso.
We observe that by (1.5.3) and (1.5.5) one has
€ MAPA  pAD

1.5.7. THEOREM. (i) Let Q be an open subset of R% and assume that conditions
(Al) and (A2) in (1.5.2) hold. Let u € Mgl’b. Then there exists a closed extension
(Lﬁyb,D(L’ib)) of (Lap,Cs°(2)) that generates a sub-Markovian contractive Co-
semigroup (T}!");>0 on LY(Q, ) with the following properties:

(a) the above mentioned natural extension of the adjoint semigroup to L*(£2, p)
has the generator L:B which coincides with L , 3 on C§°(S);

(b) for any bounded measurable function f with compact support, the function
(I- Lffl)b)flf is the limit in LY(Q, n) of the functions u, that are solutions to the
Dirichlet problems (I — Lap)u, = f with zero boundary conditions on domains
B,, with compact closures B, C B,.1 and smooth boundaries OB, such that Q =
U2 Bn. Furthermore, p is sub-invariant for (T}")i>o-

(ii) The same is true if Q is an open subset of a complete Riemannian manifold
M and the operator L is replaced by the operator L4 in the form

Lapp = div(AVe) + (b, Ve), ¢ € C5 (D),
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where b is a vector field on M and A(z) is a positive operator on T, M such that
the hypotheses of (i) are fulfilled in local coordinates.

(iii) Under the hypotheses of (i) or (ii), the semigroup (T}")t>o has the following
property: for every v € C§°() and every t > 0, the function T}y has a continuous

modification T} such that, for every compact set K C Q, one has tlir% J:E/J(m) =
Y(x) uniformly with respect to x € K.

The semigroup (T}");>0 constructed in this theorem will play a very important
role below; in general, it is not the only semigroup associated with L4, in the
sense explained at the beginning of this section, but it is unique among associated
semigroups with property (b). Below the super-index p at T}" will indicate this
concrete semigroup. Such a semigroup exists also under weaker assumptions on A
and b (see [168]).

1.5.8. REMARK. In assertion (i) of the above theorem, since p € Mﬁ{b7 also
the “formally adjoint” (L ,3,C5°(R2)) of (Las,C5°(€2)) has a closed extension
(LZZ’D(LZE)) generating a sub-Markovian Co-semigroup (T/)¢>0 on L*(S, ).

By [168, Remark 1.7(ii)] one has
/Qth“f dp = /Qfﬁ“g du, f,9 € L=(Q,p). (1.5.7)

The same relation holds for the corresponding resolvents (G")a>o and (G)aso.
Equality (1.5.7), in particular, immediately implies that p is (T}')¢>o-invariant if
and only if for every t > 0 one has T #1 = 1. Hence, since both semigroups are
sub-Markovian, this is the case if and only if T/'1 = 1 for all ¢ > 0, which in turn
is equivalent to the invariance of u for (ﬁ“ )e>0. The equality T}/'1 = 1 is equivalent
to the inclusion 1 € D(L ;) (or 1 € D(Lig)), which is not always fulfilled in spite
of the equality L4l = L,31=0. ’

It is worth noting that for a symmetric operator Lay, (or L£43) the closed
extension mentioned in the theorem is the Friedrichs extension. The condition
of symmetry of the semigroup (7});>0 is seen from (1.5.6). The so called time
reversal for finite and infinite-dimensional diffusions (i.e., the process &7_; for a
given diffusion ;) is discussed in [94], [83], [133], [134].

We do not know whether a sub-Markovian strongly continuous semigroup whose
generator extends L4 is unique (i.e., whether property (b) in (i) holds automati-
cally). As we shall see below, this is true under certain additional assumptions.

Let us recall that an operator L on a dense domain D in a Banach space X is
called dissipative if, for every u € D, there exists l,, € X* such that ||l,,||x- = ||u/x,
lu(u) = ||ul|% and I, (Lu) < 0. A dissipative operator L is called essentially m-
dissipative if it satisfies the following additional condition:

(L —A)(D) =X VYA>0,

where E denotes the closure of E. In fact, it suffices that the above condition hold
for some A > 0.

1.5.9. LEMMA. Let p > 0 satisfy the equation L yp = 0 with coefficients satis-
fying (A1) and (A2) in (1.5.2). Then the operator L4y, is dissipative on the domain
Cg°(2) in the space L*(Q, ). In particular, it is closable. The same is true for the
divergence form operator L4 in the manifold case.
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Hence L4 is essentially m-dissipative on the domain C§°(2) in L'(Q, u) if and
only if the set (Lap — A)(C§(£2)) is dense in L(Q, i) for some (and then for all)
A > 0. In this case the operator (L4, C5°(9)) is called L*(£2, p)-unique; see §1.7
for sufficient conditions for this.

Let (fib,D(fi)b)) denote the closure of the operator (Lap, C5°(Q2)) in the
space L'(Q, ). The closure (Zib, D(Zi,b)) of the operator L4 is defined analo-
gously.

1.5.10. PROPOSITION. Let j1 € Mgib, where A and b satisfy (A1) and (A2) in
(1.5.2). The following assertions are equivalent:

(i) (fi,b, D(Zi,b)) generates a Co-semigroup (T} )i>o, i.e., a strongly continuous
semigroup of bounded operators Ty on L*(S2, u);

(ii) for some (hence for all) A > 0, the set

(Las— AL (C(9)

is dense in L*(2, u) (equivalently, (LAvb,C(‘)x’(Q)) is essentially m-dissipative on
L, 1)

(iii) there ewists evactly one Co-semigroup on L'(Q, ) which has a generator
extending the operator (Lap, C3°(2)).

If any (hence each) of the assertions (1)—(iii) is true, then the semigroups
(TH)i>0 and (T!)y>o are Markovian and p is invariant for them. Finally, the
same is true for the operator L4, in divergence form.

1.5.11. REMARK. For a bounded domain € (with smooth boundary), assertion
(iii) (hence also (i) and (ii)) in Proposition 1.5.10 is not valid even if A =1, b = 0.
So we shall be mainly interested in the case when 2 = M. As we shall see below,
assertions (i)—(iii) are equivalent to the invariance of p with respect to the semigroup

(Tf)tzo0-

We shall see below that the operator L4 on C§°(€2) can have different closed
extensions (even generating strongly continuous semigroups). Hence its closure can
fail to generate a strongly continuous semigroup (i.e., it may not be a generator).
This occurs even if A =1 and b is infinitely differentiable.

The next theorem gives useful information about the domain of generator of
(T}')e>0 on LP(2,u). It is known that, for every r € [1,00), the restriction of
(T})e>0 to L"(2, u) is a strongly continuous semigroup on L" (€, u). Its generator
will be denoted by (L'y’,, D(L%)). Tt is not difficult to verify that

D(LYy) = {f € DY ) N LT (@) T uf € L) ).

1.5.12. THEOREM. (i) In the situation of Theorem 1.5.7, one has

loc

(L, D) € {f € D@ N ER2Q): Laof € LX)} (15:8)

and LN f = Lapf for all f € D(LYYY). The same is true for any extension
(L,D(L)) of (Lap, C§()) with the following property: it is the generator of a
strongly continuous sub-Markovian semigroup (T;)i>0 on L*(Q,u) such that the
adjoint semigroup (T});>o on L (Q, 1) (which is defined after one extends (T})y>o to
LP(Q, p) as explained above) has a generator which coincides with L , 5 on C§°(82).

If one has an equality in (1.5.8), then p is invariant for (T}')i>o (equivalently,
T = 1).
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(i) If the operator (L ,+,C§°()) is essentially m-dissipative on the space
LY (2, ), i.e., the set (L3 — AD(C§°()) is dense in L' (2, p) for some X > 0,
then one has an equality in (1.5.8).

Finally, the same assertions are true for L.

The reader should be warned that Theorem 1.5.7 does not assert that a sub-
Markovian semigroup whose generator extends L,4; is unique: we do not know
whether this is true under the indicated hypotheses, and without the sub-Markovian
property (i.e., with the only requirement of strong continuity) this is not true in
general. This is why we always specify the semigroup (7}'):>0. Also, the measure
© may be only sub-invariant for the semigroup and not invariant. We already
know that these two phenomena are closely related: Proposition 1.5.10 shows that
the uniqueness of an associated strongly continuous semigroup is equivalent to the
essential m-dissipativity of L4 .

We introduce the following subset of Mgib:
Mg = {pe MG (Lay = DCE@) = L@, }. (1.5.9)

The same notation is used for the operator £ 4.

The next result from [47] gives a convenient technical characterization of the
essential m-dissipativity of L4 ; and shows that it is equivalent to the invariance
of p with respect to the associated semigroup (7}");>0 from Theorem 1.5.7. In the
case ) = R%, this result was proved in [168, Proposition 1.9], under more general
assumptions on A, b, and p (the validity of those assumptions in our case follows
from the results discussed in §1.2).

1.5.13. THEOREM. Suppose that conditions (A1) and (A2) in (1.5.2) hold. Let
s ./\/lgib. Then the following assertions are equivalent:

. Ap

(i) p € My nas

(ii) p is invariant for (T} )i>o0;

(iti) there ewist functions x, € Wit (Q,pu) and a > 0 such that (1 — x,)* €
L>®(Q, ) and (1—x,)" = 0 outside some compact sets, lim x,(z) =0 p-a.e., and
forn=1orn= —1 one has

/<AVxn,V<p> dﬂ+a/Xn80dN+77/<b*6u,A7VXn>§0d# >0

for all nonnegative ¢ € C§°(Q) and all n € N, with the corresponding condition in
the case of L, taking the form

/(AVXmV@ du+@/xn¢du+n/<b—Aﬁu,Vngdu > 0;

(iv) p € Mgif’md (respectively, | € Mgif)md in the case of Lay).

1.5.14. REMARK. (i) The operator L4 ; is not essentially m-dissipative on do-
main C§°(€2) in LP(Q, u) for some p € [1,00) precisely when there exists a nonzero
function h € L¥ (€, p) with p’ = p/(p — 1) such that the measure h - u satisfies the
equation (L, — 1)*(h - p) = 0. It follows from the proof of Theorem 1.5.12 that
(under our assumptions on A and b, of course) this is equivalent to the following:
there exists a nonzero function h € LP' (€2, y1) N Wﬁ;’f(ﬂ) such that L, 3h = h a.e.

(ii) The proof of this theorem employs some properties of our special semigroup
(T}")t>0, and we do not know whether in assertion (ii) one can use any associated
semigroup.
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Our next goal is to study relations between infinitesimal invariance and invari-
ance. As we shall see, these two concepts are different, but under some additional
assumptions they coincide. First we mention a useful technical result which shows
that any reasonable invariant measure v of the semigroup (7}');>0 on L' (€2, i) asso-
ciated (as explained in Theorem 1.5.7 above) with a probability measure p satisfying
the equation L7 ,u = 0 also satisfies this equation.

1.5.15. PROPOSITION. Let Q be an open set in M. Assume that conditions
(A1) and (A2) in (1.5.2) are fulfilled and p € Msl’b. Let (T}")i>0 be the associated
semigroup specified in Theorem 1.5.7. Suppose that v is a probability measure on 2
such that v < p and

/Tt“fdu:/fdz/ VfeCe(Q), Vi > 0.

Assume, in addition, that b* € L{ (Q,v) for some ¢ > 1. Then v € Mgib.

loc
In particular, if |b] is locally bounded, then any absolutely continuous measure
v that is invariant for (T}')¢>o satisfies our elliptic equation, hence has a positive

continuous density and is equivalent to p.

It should be noted that this proposition is not true without the assumption
that v < p. Indeed, let zy € Q be fixed. Let us consider versions of T} f, where
€ C§°(2), such that T} f(zo) = f(xo). Then Dirac’s measure at zg is invariant
for T!. We do not know, however, how essential the assumption that b € L(£,v)
is. It will be explained below that in the case when p > d + 2, there exist uniquely
defined sub-probability kernels K;(-, -) such that K;f is a version of T}' f for each
f € LY(Q, ) and the assertion of this proposition is true for any invariant measure
v of the semigroup (K;)¢>o.

The next result, slightly extending [4, Proposition 2.6(ii)], gives a sufficient con-
dition for a solution of the elliptic equation to be invariant for our special associated
semigroup.

1.5.16. PROPOSITION. Let p1 € Mgif’md and let (T}")i>0 be the corresponding
semigroup specified in Theorem 1.5.7. Suppose that v is a bounded Borel measure
on 0 such that L7 ,v = 0 and the function o := dv/du is bounded. Then v is
(T}")i>0-invariant. The same is true in the case of Lap.

A criterion for invariance of infinitesimally invariant measures in terms of mar-
tingale problems is obtained in [73].

The next proposition shows that the semigroup (7}");>o cannot have invariant
measures with positive densities if u itself is not invariant.

1.5.17. PROPOSITION. Suppose that T is a sub-Markovian operator on L*(§2, i),
where p is a probability measure on § that is sub-invariant with respect to T. Let
v be a probability measure on ) equivalent to p. If v is invariant for T, then u is
mvariant as well.

1.5.18. REMARK. When applied to (T}*):>¢ in the case of locally bounded |b],
this result (along with Proposition 1.5.15 and subinvariance of p with respect to
(T}")1>0 taken into account) shows that if x is not invariant for (7}*)¢>¢, then no
measure equivalent to p can be invariant for (7}');>0. In §1.7 we return to this
question.

For related results, see also [2], [3]. Concerning the existence of invariant mea-
sures for finite-dimensional diffusions, see [18], [19], [93], [135], [180]. General
problems relating to ergodicity of diffusions and convergence to invariant measures
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are considered in [9], [51], [60], [177], [110], [132], [141], [142], [164], [166],
[175], [176], [180]. Properties of diffusion semigroups in LP-spaces with respect to
invariant measures and related problems for elliptic operators are studied in [66],
[81], [122], [131]. Hypercontractivity of diffusion semigroups on finite-dimensional
spaces, Poincaré, log-Sobolev, and other related inequalities for them are studied in
[12], [54], [87], [112], [149]. In these works one can find additional references.

1.6. On non-uniqueness of solutions

The problem of uniqueness for solutions of elliptic equations in the class of all
probability measures on the whole space will be addressed in the next section. Here
we present some negative results in the case A = I and infinitely differentiable b. It
is easy to construct such examples for singular drifts b.

1.6.1. EXAMPLE. Let ¢ be a smooth probability density on the real line such
that 0(0) = 0 and o(z) > 0 if z # 0. Let b = Vp/p away from the origin and let
b(0) = 0. Then the probability measure o dx satisfies the equation L yp = 0, but
this equation has another solution coljg 4 o) dz, where ¢ is a normalization constant.
The function o’/p serves as a logarithmic gradient also for this second solution since
(—0o0, 0] has measure zero for it.

In dimension 1, the singularity of b is the only reason for non-uniqueness.

1.6.2. PROPOSITION. Suppose that b is locally Lebesgue integrable on the real
line. Then the equation L7 ,u = 0 can have at most one solution in the class of
probability measures.

PROOF. According to Proposition 1.1.2 any solution is given by a density

(k1+k2/01w28)ds>¢(m), V() = /Ozb(t)dt.

Suppose that we have two linearly independent solutions. Hence there are two lin-
early independent vectors (k1, ko) for which the corresponding density is integrable
over the real line. Then it is seen from the above formula that ¢ € L!(R'). There-
fore, 1/4 is not integrable on (—o0,0] and [0, +00). Since 1/¢ > 0, the indefinite
integral of 1/¢ tends to +oc0 as © — 400 and tends to —oo as ¢ — —oo. This
shows that for nonnegative solutions we must have ko = 0, so there is at most one
solution in the class of probability measures. (]

However, in any dimension d > 1 there are examples of non-uniqueness with
smooth b. It is not easy to find such examples, since, as we shall see in the next
section, the existence results presented above always produce unique solutions. For
several years the problem remained open until the following simple example was
constructed in [46], [47].

1.6.3. EXAMPLE. Let
bi(2) = —a; — 2y (a2,

where o: {1,2,3,...,d} — {1,2,3,...,d} is one-to-one and such that o(i) # i.
Then our equation has at least two solutions: one is the standard Gaussian measure
p on R? and another is the measure v = v - p with

d .,
v(x) = c¢q Z/ e /2 ds,
i=1" 7%

where ¢4 is a normalizing constant.
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More generally, let f € C2(R!) be bounded, with f, f/ > 0 and f’, f € L*(R').
Define b = (b%): R? — R% by

.z =(x1,...,2q) €RY,

iy I @) (@)
@)= Tl T o)

and set
d d
pi=a H f(xi)de, v:=co Zf(fﬂi)/ﬁ(dfﬂ%
i=1 i=1

where ¢1, co > 0 are normalizing constants. Then p and v are two different elements
in ./\/li’lll’

However, even in this explicit example it remained unknown whether there
exist other linearly independent probabilistic solutions. The phenomenon of non-
uniqueness was investigated by S.V. Shaposhnikov [158], [159], who obtained the
following results.

Until the end of this section we assume that A = I and b* € C>(R9) for each
1 < i <d. Then any solution of the equation L ,u = 0 has a density ¢ € C>=(R%)
and the equation can be written as the following equation for p:

diV(VQ — bg) =0.
Let us set
L:=1IL1, a:=bp—Vop.
Then a € C*°(R4,R9) and
div a = 0.
If o is a probability density, then we know that ¢ > 0, hence the coefficient b is
expressed in the following way:
\Y a

= 7‘9 + —.

0 0

Let us seek another solution of the equation L*p = 0 in the form v = v- u. The
measure v = v - u satisfies the same equation if and only if the function v satisfies
the equation

b (1.6.1)

L, :=div(oVv — av) = 0. (1.6.2)
Certainly, every constant will be a solution to equation (1.6.2). We would like to
find a sufficient condition for the existence of a bounded positive solution which is
not constant. By analogy with [181] let us introduce the following bilinear skew-
symmetric form on C§°(R?):

[f 9] == /Rd<a,Vf>gda:.

Note that [f, g] is defined if g is bounded and (a, V f) is integrable, but it can fail to
be skew-symmetric. The next theorem gives sufficient conditions for the existence
of a bounded positive solution to (1.6.2) which is not constant.

1.6.4. THEOREM. Assume that there exists a function p € CZ(R?) such that
(a, V) € L'(RY),
[0, 1] =0, and [p,¢] <O. (1.6.3)

Then equation (1.6.2) has a bounded positive solution which is not constant.

Obviously, by multiplying v by a positive constant we obtain a probability
measure v - 4 satisfying the equation L*(v - u) = 0.



35

1.6.5. REMARK. For the verification of the conditions of Theorem 1.6.4 it is
useful to keep in mind the following expressions for [p, ] and [p, 1]. Let £, be
increasing domains with piecewise smooth boundaries and R? = U2, Q. Since

div @ = 0, we have

1
[, ¢] z/ (a,Vp)pdr = lim (a,Vp)pdr = lim f/ (a,yn><p2 ds,
R 2 Joa,

n

[, 1] :/ (a,V)dr = lim (a,Vyde = lim (a,vn)pds,
Rd

n—oo Qn n— o0 aQn

where v, is the outward normal on 912,,. Consequently, in order to ensure (1.6.3)
it is enough to have

lim (a,v,)p?ds <0, lim (a,vn)ypds = 0.
n—oo Jaq, n—oo Jaq,

To get an example of equation L*p = 0 with at least two different probability
solutions, it is sufficient to do the following. First of all, we find a smooth vector field
a with diva = 0 and a function ¢ satisfying the conditions of Theorem 1.6.4. Next,
we fix an arbitrary infinitely differentiable positive function o with ||ol|z1 ey = 1.
Finally, we take the vector field b given by (1.6.1). Then the equation L*p = 0 with
this coeflicient b has at least two different probability solutions: one is the measure
1 = odz and another is the measure v = c;v- u, where ¢ is a normalizing constant,
and the function v is a (non constant) solution of equation (1.6.2), which exists by
Theorem 1.6.4. Let us present some examples of a and ¢ such that div a = 0 and
conditions of Theorem 1.6.4 are fulfilled.

1.6.6. EXAMPLE. Let d = 2. Let us take odd functions ¢, ¥, 0 € CZ(R') such
that

g, @, o' € L'(RY),  lim o(n) = 1,
and g1 > 0 does not vanish identically. Clearly, this is possible. Let

a(z,y) = (0,—q(x)), @(x,y):=()+o(y).

Clearly, diva = 0. Let us verify the conditions of Theorem 1.6.4 using Remark
1.6.5. Let Q,, be the square with vertices at the points (n,n), (—n,n), (n, —n), and
(=n,—n). Then

n

/ (@, 1) ds = —(o(n) — o(—n)) / 4(@) (20(z) + o(n) + o(—n)) dz,
o0,

—n

n

/agn {a,vn)p ds = —(a(n) = 0(*71))/ q(x) da.

—n

Consequently,
1 Foo
ool = Jim 5 [ fam)tds =2 [ q@ie)ds <o
n—0o0 [J97% —o00
“+oo

[p,1] = lim (a,vp)pds = —2/ q(z)dx = 0.

n—0 Joq, P

Hence the conditions of Theorem 1.6.4 are fulfilled. Therefore, choosing an arbi-
trary strictly positive smooth probability density o, we can construct a drift b (as
explained in the remark above) such that the corresponding equation L*p = 0 is
satisfied by at least two probability measures, one of which is the given probability
measure p = pdx.
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1.6.7. EXAMPLE. Let d = 2 and let functions ¢, ¥, 0 € C?(R') not vanish

identically and satisfy the following conditions:
q, 0’ € L*RY), ¢ >0, lim o(n) =1, lim o(—n)=0.
n—oo n—oo
Set
a(z,y) = (0,—q(2)), ¢(z,y):=v(x)o(y).

Again, diva = 0. We calculate [p, 1] and [p, ¢] by using Remark 1.6.5. Let 2, be
the square with vertices at the points (n,n), (—n,n), (n, —n), (—n, —n). Then

n

1;fmu0wcwz-waow—a<—my[%amw<mda

/89"’ (a,vn)pds = —(o(n) — 0(—n))/ q(z)yY(x) dx.

—n

Consequently,

+o0 +o0
[%@:_1/ q@w%mmwguz—/ g(@)(x) d.

2 ) o —o0
To satisfy the conditions of Theorem 1.6.4, it is sufficient to require the orthogonality
of the functions ¢ and 1 in L?(R!, gdz). Again, Remark 1.6.5 enables us to construct
an equation L*p = 0 with different probability solutions, one of which is a given
measure p = pdzx.

It is easy to extend the last example to the case d > 2.

1.6.8. EXAMPLE. Set 2’ := (x1,%2,...,74-1). Let ¢, ¥ € CZ(R?™1), and o €
CZ(R') not vanish identically and satisfy the following conditions:

g€ LYR¥Y), o' € LY(RY), ¢ >0, lim o(n) =1, lim o(—n)=0.

Set
al(z) =0 if 1 <i<d—1, a¥(z) := —q(2'), o(z) =@ )o(zq).
Then diva = 0 and

pel= =5 [ a@a o)== [ g a

Rd—1
To satisfy the conditions of Theorem 1.6.4 it is sufficient to require the orthogonality
of the functions 1 and 1 in L?(R4~1 ¢ dx’).

We fix a with diva = 0 and two different functions ¢; and g9 satisfying the
conditions of Theorem 1.6.4, and we construct two solutions v; and vy according
to this theorem. This theorem guarantees that 1,v; and 1,vs are pairs of linearly
independent functions. Under what conditions on 1 and @5 will the three functions
1, v1 and vy be linearly independent? The following theorem answers this question
and gives some additional information.

1.6.9. THEOREM. Let n > 1. Assume that there exist functions p1, @2, ...,
nt1 in CZ(RY) satisfying the conditions of Theorem 1.6.4. Let v1, va, ..., Unt1
be solutions of equation (1.6.2) generated by these functions according to Theo-
rem 1.6.4. Assume also that the functions 1, vy, ..., v, are linearly independent
and that for every vector o = (aq,...,an) € R™ the following inequality holds:

[g@nﬂ - Zakgok, Ont1 — Zakwk} < 0. (1.6.4)
k=1 k=1

Then the functions 1,v1,...,0,,Upt1 are linearly independent.
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1.6.10. REMARK. Let ® = (q)ij)i,jﬁn and h = (hz)zgna where
Py = ([es, 5] + @i, wil)/2, hi = [@i, Pnta] + [Pnr1, 01, 1< 4,5 <.
Let ho := [@n+1, Pn+1). Then inequality (1.6.4) can be written as
(Par, ) — (h,a) + hg < 0.

Consequently, to ensure condition (1.6.4) it is enough to have the following: the
matrix @ is strictly negative and

4ho < (®'h, h). (1.6.5)

In particular, if n = 1, then inequality (1.6.5) has the following very simple form:

(le1, p2] + [2, @1])2 < 41, 1][p2, p2].

1.6.11. REMARK. To verify condition (1.6.4) it is useful to keep in mind the fol-
lowing expression for [p;, p;]+[p;, ¢i]. Let €, be increasing domains with piecewise
smooth boundaries and R? = |J°7_, ©,,. Since div a = 0, we have

[s, 03] + [05, 0i] = /Rd (a, Vi)p; dz + [p;, il =

lim (a, Voi)ypjdx + [pj, ;] = lim (a,vy)pipj ds,

n—oo Qn n—oo aQn
where v, is the outward normal on 0¢,,.

1.6.12. REMARK. Suppose that for a given smooth vector field a with diva =0
there exist functions 1, ..., @n,+1 such that the conditions of Theorem 1.6.9 hold.
Assume that we are given a strictly positive infinitely differentiable function ¢ with
ol L1 (rey = 1. Then the equation L*p = 0 with the coefficient b that is expressed
via a and p by formula (1.6.1) has at least n + 1 linearly independent probability
solutions, one of which is the measure p = pdz, and n others are the measures
Vi = ¢;v;- b, where ¢; are normalizing constants and the functions v; are nonconstant
solutions of equation (1.6.2) generated by the functions ¢;.

Let us present an explicit example of a, ¢1, and @5 such that the conditions of
Theorem 1.6.9 are fulfilled.

1.6.13. EXAMPLE. Set 2’ := (21,%2,...,%4-1). Let q,¢1,12 € CZ(R?"1), and
o € CZ(R') not vanish identically. Assume that

g€ LYRYY), ¢>0, o' € LY(RY), nlingo o(n)=1, lim o(—n)=0.

Let
a¥(z) =0 if1<k<d-1, a%(z):= —q(z'),
p1(x) == P1(a")o(za), pa(x) :=ha(a)o(xq).

Then diva = 0 and, whenever 1 < 4,5 < 2, we have

Lo, e5]+ s il = — /RH bi(@)ih;(2")g(a") do,

[pi, 1] = — Vi) q(a') da’.
Rd—l

To satisfy the conditions of Theorem 1.6.9 it is enough to require the orthogonality
of the functions 1,1,y in L2(R4™1, ¢gda’).
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This example can be easily extended to the case of an arbitrary number of
functions ;. Moreover, we can give an example of an equation L*u = 0 which has
a countable sequence of linearly independent probability solutions. In particular, the
space of solutions to such an equation in the class of bounded measures is infinite-
dimensional. It is enough to find a sequence of positive bounded solutions {v;};>1
to (1.6.2) such that the functions 1, {v;};>1 are linearly independent. According to
Theorem 1.6.9 and Remark 1.6.10, it suffices to find a vector field a with diva =0
and a sequence of functions {¢; };en satisfying the conditions of Theorem 1.6.4 such
that, for each n, the functions @1, @, ..., v,4+1 satisfy condition (1.6.5).

1.6.14. EXAMPLE. Set 2’ := (21,22,...,%q-1). Let q,¢; € CZ(R?"1), where
i €N, and let 0 € CZ(R'). Assume that

g€ LYR¥™), ¢>0, ¢ € L*RY), lim o(n) =1, lim o(—n)=0.

n—oo n—oo

Let
a*(2):=0 if1<k<d-1, al(z):=—q(z'), @i(z):=vi(z")o(zq), i €N.

Then, for any i,7 > 1, we have

o)+ ool == [ @@t

[i, 1] = — /Rdi1 i (2" )q(x') da’.

Let 1,{t;}ien be an orthonormal system in L?(R9~! gda’). Then, for each n,
condition (1.6.5) holds for the functions 1,¢1,...,@,+1 because the matrix @ is
diagonal with ®;; = —1/2, hence is negative, h = 0, and hg = [¢n41, ¥Ynt1] < 0.

1.6.15. ExXAMPLE. We have already mentioned the example in [46], [47], where
the equation L*u = 0 has at least two different probability solutions. We can now
show that it actually has a countable sequence of linearly independent solutions
that are probability measures. We have

() = 1 — 2200y ep((0 — #20))/2), 0la) = (2m) /% exp(~|af?/2),
where o: {1,2,3,...,d} — {1,2,3,...,d} is one-to-one such that o(k) # k. Then
a*(z) = —2(27r)d/2wa(k) exp(—xi(k) —21 Zw%)

ik
Let RY ' := R {2y > 0} and 2’ := (21,22,...,24_1). Let us take functions
w, ;¥ e CF° (Riﬁl), where ¢ € N, with disjoint supports such that

7/ w(z)al(z') da’ = 1.
]Rd—l
%

Let

V) = 0@ ) [ )y o R

Note that diva =0 and

Vi (2)a%(z") dz’ = 0 for each i > 1.
R4!
It is easy to see that the functions ] are linearly independent. We apply the
orthogonalization process in the space LZ(IRi_l, —a (") dz’) to the system {1} }i>1
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and obtain functions {¢;};>1. We observe that the obtained functions have the
following properties: lim ;(2’) =0 and

|z’ =00
Yi(2)a(z') da’ = 0, / iz ) (2)a(2') dx’ = 0 for all 4,5 > 1.
RG! RE!
Let us extend 1); to the whole space R%~! by zero outside Rﬂlr*l. Clearly, we obtain
functions from C§°(R9~1) since w and 1** are of compact support in Rflfl. Let o be
a smooth function such that ¢/ € L}(R!), lim o(n) =1, and lim o(—n) = 0. Set

i(x) == Yi(a)o(xq). According to Theorem 1.6.4, we can construct nonconstant
solutions corresponding to the functions ;. Similarly to the previous example, we
obtain a sequence of solutions 1,v1,vs, ... that are linearly independent.

Finally, we present one more sufficient condition for the existence of a noncon-
stant positive bounded solution of equation (1.6.2).

1.6.16. PROPOSITION. Assume that there exists a function ¢ € CZ(RY) such
that

2 sup [o(a)] [ |Luelde < [ [VePoda.
zERT R R

Then there exists a bounded positive solution of equation (1.6.2) which is not con-
stant.

The following example demonstrates an application of this proposition.

1.6.17. EXAMPLE. Let d = 2 and let 1,00 € C®°(R!)( L' (R!) be positive
functions such that ||e1]|rr = ||e2]lzr = 1. Set o(z,y) := 01(z)02(y),

o) = [ o+ [ a)as

a'(z,y) == =205 (y)02(y) + c(v)o2(y), a®(x,y) := —20) (x)oa(x) + d(x) 01 ().
Then div a = 0 and
Lup(z,y) = (d(z) + c(y))o(z,y).

To satisfy the conditions of Proposition 1.6.16 it is enough to have the following
estimate:

[ @)+ cwlotepdedy < [ o + a0 ofo.p) dady
1.6.18. REMARK. Under the assumptions of Proposition 1.6.16 we have

/ div(pVy) dx = 0.
R4

Hence the estimate in the condition of that proposition can be replaced by the
following one:

L,p>0 and / |Vo|>odz + 2 sup |g0(x)|/ (a, V) dz > 0.
Rd z€Rd Rd
It should be noted that it remains unknown whether the equation L*u = 0
can have only finitely many (but more than one) linearly independent probability
solutions in the case of smooth b. For singular b such examples can be easily
constructed on the real line.
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1.7. Uniqueness problems

Here we give sufficient conditions on A and b that ensure that Mgl’b contains
at most one element (the sets Mgib and MSl’f’md are defined in (1.1.2) and (1.5.9),
respectively). For the best possible results it is necessary to separate the issue of
uniqueness from that of existence. We have seen above that in the case d = 1 for
any locally Lebesgue integrable function b the equation Lj, = 0 has at most one
solution in the class of probability measures. First we mention a result from [4].

1.7.1. THEOREM. Let |b| € L} (R9) for some p > d > 2. Then there exists at

loc

most one measure | € Miilf such that its density o has the property that
lbo — Vo| € L*(RY).

No examples of non-uniqueness are known for the case A =1 if b is smooth and
bl € L1 (n).

There are also results that do not use any assumptions on the logarithmic
gradient of a solution.

1.7.2. THEOREM. Assume that conditions (A1) and (A2) in (1.5.2) are fulfilled
and that § is connected. Then

Ab Ab _
M ma D = #M;" =1

We note that the converse result is false for d = 1 in any case (see Remark 1.7.19
below).

The importance of this result is seen from the fact that the uniqueness of solu-
tion is ensured by information on some solution.

1.7.3. COROLLARY. Under the assumptions of Theorem 1.7.2, if there exists a

measure p € ./\/lg{b invariant with respect to the corresponding semigroup (T}')i>o,

then #M5" = 1.

1.7.4. REMARK. Suppose that €2 is connected. Then, under the assumptions of
Theorem 1.7.2, #Mﬁ{b < 1 if and only if for any u,v € Mﬁib, one has |u—v| €
Mﬁ{b. Indeed, the indicated condition yields that u = v, since otherwise |y — V|
must have a strictly positive continuous density. The converse is trivial.

This leads us to the following question: if a signed measure p satisfies the
equation L7 ,u = 0, then does |u| also satisfy the same equation? In general, this is
not true even if A =1 and b is smooth. Indeed, as explained above, in the situation
where any probability measure satisfying the equation L ,u = 0 possesses a positive

continuous density, which is the case if a”/ € WP (R?), |b| € LP. (R?) with p > d,
and A is nondegenerate, the non-uniqueness of solutions to this equation in P(R%)
always yields signed solutions whose absolute values are not solutions. Of course,
this is not surprising for locally integrable solutions. For example, the absolute value
of a harmonic function may not be harmonic, but for globally integrable solutions
this phenomenon is more interesting. It is worth noting here that if 4 is an invariant
measure for a semigroup (7});>0 whose generator extends (L4, C§°), then |u| is
also an invariant measure, which again exhibits some difference between invariant
measures for semigroups and infinitesimally invariant measures. As we shall see
below, under our typical assumptions on A and b involving Lyapunov functions, the
equation L 4 = 0 has one solution in P(R?). However, we do not know whether
in such a case the space of all solutions in the class of bounded signed measures is
one-dimensional.
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We know from the previous section that it can really happen for Q = R¢ that
#/\/lgl’b > 1. The above results give conditions on A and b under which #Mgib =1.
Other results will be given below. However, the following question (already touched
upon in Remark 1.5.18) arises:

Can the semigroup (T}");>0 have invariant measures if p is not invariant or can
it have invariant measures distinct from p in the case when p is invariant?

The following result from [33] answers this question in the case p > d + 2 (this
result complements an earlier result from [4] and under only local assumptions gives
an affirmative answer to a question posed by S.R.S. Varadhan in [174]). The same
is likely to hold with our standard assumption that p > d.

1.7.5. THEOREM. Suppose that p € Mgl’b and that (A1) and (A2) in (1.5.2)
are fulfilled. Assume also that p > d + 2. Then, there exist sub-probability kernels
Ki(-,dy), t >0, on Q such that

Ki(z,dy) = pas(t,z,y)dy,
where pay(t,z,y) is a locally Holder continuous nonnegative function defined on
the set (0,+00) x Q x Q, and for every f € L*(, ), the function

x— K f(z) = /Qf(y)pA,b(tamvy) dy

is a p-version of T!'f such that the function (t,z) — K. f(x) is continuous on the
set (0,400) x Q. The function pay is positive if Q is connected.

In addition, if Q is connected and v is a bounded Borel measure on € that is
invariant for (Ki); > 0, i.e.,

v=Kv(dy) = / Ki(z,dy)v(dz) VYt>0,
Q

then v = cu for some constant c. In particular, if v # 0, then p is also invariant.
Hence (Ky)i>0 cannot have invariant probability measures different from fu.

1.7.6. REMARK. By this theorem, the semigroup (7}');>¢ is strong Feller: it
takes bounded Borel functions to continuous functions. In addition, it is stochasti-
cally continuous in the sense that }in% Tt#IB(z,r)(x) =1 for every z € Q and r > 0

such that B(z,r) C Q. This follows from the last assertion in Theorem 1.5.7 and the
estimate T{'Ip(. .y > T}"1), where 1) € C§°(€2) is such that 0 < ¢ <1, ¢(z) = 1 and
1 = 0 outside B(z,r). If Q is connected, we have the equivalence of all measures

B TV Ip(x) = K{6,(B) = / pas(tz,y) dy.
B

Therefore, if 4 is invariant for (7}*);>¢ (which is not automatically fulfilled in our
situation!), then, by Doob’s theorem (see [69] or [67, §4.2]), for every Borel set
B C Q) we obtain

lim T/ In(x) = u(B) Ve

where the jointly continuous version of T}'Iz(x) is considered. Certainly, this yields
that tlim ITE f = fllor(u = 0 for all f e LP(u).

1.7.7. REMARK. Thus, one of the main results of this section is the follow-
ing alternative under local assumptions (A1) and (A2), in case when the equation
L% p# = 0 has a solution p in the class of probability measures: either 4 is a unique
probability measure satisfying this equation and its associated semigroup (T7")¢> is
unique, and if 4 is invariant for (7}*);>¢ (which is not implied automatically by the
uniqueness of p even on the real line, see Remark 1.7.19), then there are no other



42

invariant probability measures for (T}');>0; or no probability measure p satisfying
this equation is invariant for its semigroup (7});>0, and then for every such mea-
sure p1 necessarily there are different associated semigroups in L!(u). An important
qualitative conclusion is that, under reasonable local assumptions on A and b, one
has uniqueness of invariant probability measures for our special associated semi-
groups, but not uniqueness for the elliptic equation, and that better smoothness
of the coefficients does not help to obtain uniqueness of solutions for the elliptic
equation.

. . . Ab
Let us make a simple observation on extreme points of the convex set M_};".

Let extMSl’b be the set of all u € Mgib which cannot be written as a nontrivial
convex combination of two other elements of Mgib.

1.7.8. PROPOSITION. Let p € Mgib. Then the following are equivalent:
(i) pe ext./\/lgl’b;

(ii) if o € L= (Q,pu) and 0- p € Mgib, then o=1 p-a.e.

1.7.9. COROLLARY. Assume that conditions (Al) and (A2) in (1.5.2) hold. Let
e ext./\/lgib. Then for all v € Mgib {p} the function dv/du is unbounded.

Clearly, it can happen that Mgib = () (for instance, if @ = R A =1, b = 0).
But even in the case when Q = R? A =1, and b is infinitely differentiable, it can
also happen that #M;‘}l’b > 1, and, therefore, Mﬁ{f’md is empty (see Example 1.6.3).

We now consider some examples borrowed from [47].

1.7.10. EXAMPLE. Let conditions (A1) and (A2) in (1.5.2) be fulfilled and let
be connected. Suppose that there exist an unbounded compact function V € C?(),
a number « > 0, and a compact set K such that

LapV(z) <aV(z) forae zeQ\K. (1.7.1)
Then #M:ﬁ{b < 1. The analogous result holds for the operator £4 .

For example, considering the function V(z) = In(|z|> + 1) on R¢ and noting

thet Alz)  4HA()z,z) | 2(b(z), )
2traceA(z 4{A(x)x, x 2(b(x), x
L — _ 9 )
AV (@) 2P +1  (@P+12 " a1

we arrive at the following result.
1.7.11. EXAMPLE. Let conditions (A1) and (A2) in (1.5.2) be fulfilled. Suppose

that Q = R? and that there exists a number C' > 0 such that a.e. outside some ball
one has

2
1+ |zf?

Then #./\/l?l{b < 1. In particular, if A is uniformly bounded, then it suffices to have
the estimate

(A(x)z, z) + traceA(z) + (b(z), ) < C|z|* In|z|.

(b(x),r) < C|z[*In|z| a.e. outside some ball.

For example, an estimate

|b(2)] < ¢+ clz|In |x]
is sufficient. However, an estimate |b(x)| < ¢+ c|z|(In(2 + |z|))” with » > 1 is not
enough: in Example 1.6.3 we take a smooth function f with f/(s) = |s|~!(lns)™"
outside [—2,2]. Here one can take any positive integrable function f’, which will
give an example of non-uniqueness with |b(x)| < C/f'(|z|).
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1.7.12. REMARK. (i) The same reasoning as in [168, Remark 1.11(ii)] shows
that if there exist a bounded function u € C?(R%) and a number « > 0 such that
u>0and Lapu > au, then p is not invariant for (T}");>o.

(i) Let A satisfy condition (A1) and let b* € WP (Q). Let V € C3(Q) be an
unbounded compact function and let 8(xz) = |La,V ()] + 1. Then the operator
Lajopsg = 07 Lay satisfies conditions (A1) and (A2) and condition (1.7.1), since
0=1LA,V < 1. This shows that condition (1.7.1) can always be obtained by a
proper scaling of a given operator (with reasonable coefficients). In addition, we see
that there exists at most one probability density f € L' (€, u) such that f-u € ./\/lgl’b
and 0f € L'(Q, p). Indeed, (071 LA )*(0f - 1) = 0.

In the next example, some information about pu itself is used to conclude that
1 is the only element in Mgib. This result gives weaker sufficient conditions than
[168, Proposition 1.10(a)] (where the proof requires some corrections).

1.7.13. EXAMPLE. Let conditions (A1) and (A2) in (1.5.2) be fulfilled. Assume
that Q = RY, e M4, and

lim [|a™] + [b— Bu,al] =0
170 J i< <+
for all 4, k. Then #MSI’[’ = 1. In particular, it suffices to have the integrability of
a’* and |b— 3, 4| with respect to p.
In the case of the operator £4 4 on a connected complete Riemannian mani-
fold M, a sufficient condition for u to be a unique measure in MSib is the relation

lim [IA[l + b= AB,|] du = 0.

7% JBj11\Bj
where B; is the geodesic ball of radius j centered at a fixed point o € M. In
particular, it suffices to have the integrability of ||A| and |b — AS,| with respect
to p.

Finally, we single out a special case of the above example, in which, however,
knowledge of 3, is not necessary.

1.7.14. EXAMPLE. Let Q = R? and p € ./\/lfl{b. Assume that A and A~! are
uniformly bounded, A is globally Lipschitzian, and let |b| € LY. (£2), where p > d.

loc
Ab
Let |b| € L*(R¢, p1). Then #MZ;" = 1.

1.7.15. REMARK. In the last example, one cannot omit the assumption that
|b] € LT (Q,dz), p > d, as is clear from Example 1.6.1. If in that example we take
u = odx with o(x) = Ca?exp(—2?), where C is a normalizing constant, then yu
satisfies the equation L] ,u = 0 with b(z) = 22~1 — 2z. The probability measure
with density g such that g(x) = f(x)/2 if © < 0 and g(z) = 3f(z)/2 if x > 0 is
another solution. For both solutions the operator L is even symmetric and the
coeflicient b is square-integrable with respect to both measures. One can verify that
these two measures are not merely solutions to the same elliptic equation, but are
also invariant for the same Markovian semigroup associated to the operator Ly ; (in
the case under consideration such a semigroup is unique).

The results presented above have the following character: either it is asserted
that #Mﬁ{b <1 or it is asserted that #Mﬁl’b = 1, but the existence of some
solution is part of the hypotheses. However, the existence results presented in §1.4
in terms of Lyapunov functions yield also the uniqueness of solutions, as is clear
from the results of this section.
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1.7.16. EXAMPLE. Let Q =R% A =1 b' € L} (R?) and
limsup 27" [2(y = 1) + d + (b(z),z)] = —o0

|| — o0
for some v > 1. Then #Mﬁl’b =1.

1.7.17. EXAMPLE. Suppose that = R!, A is locally absolutely continuous and
positive, and b is locally Lebesgue integrable. If
1

/. vzt [ VA

ds = oo, (1.7.2)

then #M?ﬁb <l1.

1.7.18. REMARK. Let A be a positive locally absolutely continuous function on
R! such that (1.7.2) does not hold. Then one can show that there exists a locally
integrable function b such that #Mgib = o0.

1.7.19. REMARK. Let Q = R!, A(z) = 1, and b(z) = —2z — 6¢* . Then
M:ﬁ{b = {u} with p(dz) = 7~/2¢=*" dz, but according to [168, Example 1.12] the
operator (LA’b, cge (Rl)) is not essentially m-dissipative on L'(R!, u). Hence the
converse to Theorem 1.7.2 is not true in the case d = 1.

The presented uniqueness results assumed the Sobolev differentiability of a®.
The case of a general nondegenerate measurable diffusion coefficient has not been
studied. For example, the uniqueness of solutions to the equation Ly = 0 with
uniformly bounded Borel A, A~!, b has not been studied. It is worth noting that if
a” and b’ are locally Holder continuous, det A > 0, and a probability measure p
is invariant for the semigroup (7}");>0 associated with L4 p, then it has a density
locally uniformly separated from zero and hence is a unique invariant measure (see,
e.g., [122, §8.1]).

Let us briefly discuss the so-called symmetric case, that is, the case b = 84,
(or b = ApB, for operators in divergence form). If A =1, then b is just Vo/p. This
case has attracted particular attention in the literature since the operator L = Ly
becomes symmetric nonpositive. In addition to the L'-uniqueness of this operator,
its essential self-adjointness on C§°(Q2) has also been intensively studied. Various
results can be found in [32], [53], [71], [72], [103], [117], [119], [151], [168], and in
the references therein. We merely note that, as shown in [32], if @ = R% and A =1,
then our usual assumption [b| € LP (RY) with p > d is sufficient for the essential
self-adjointness (if d > 3, then a somewhat weaker local condition is shown to be
sufficient in [117]; for instance, in terms of Li. . it suffices that p = d). Further
improvements are obtained in [103], where the following result is established. Let
0 > 0 be such that /o € W2 RY) and Vo/o € L (R%, gdzx). Suppose additionally
that for every ball By there is € > 0 such that

sup (B! [ o)) (1B [ o)< de) <o,
BCBo B B

where sup is taken over all balls B C By and |B| is the volume of B. Then the
operator Ly, with b = Vp/p is essentially selfadjoint on C§°(RY) C L?(odz). Tt is
still unknown whether the single condition Vo/p € Lﬁ)c (Rd, odx) is sufficient (but
such a global condition is sufficient). It was shown in [40] that in the symmetric
case, conditions (A1) and (A2) are sufficient for the essential self-adjointness of

L sy on C§° (M), provided that M is complete with respect to the metric generated
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by A7, It was also shown in [40] that under the same assumptions the stronger
LP-uniqueness holds for the symmetric operator L4 .

Suppose now that in the symmetric case we have A = 1. Let b be a fixed
Borel measurable dz-version of the mapping Vog/go for some probability density
00 € WI})’Cl (R%), where Voo /g0 := 0 on the set {go = 0}, i.e., we take a da-version of
the logarithmic gradient §#° of the measure pg := 09 dx. Then pg := gg dx € Mi’llf.
Our precise specification of the character of a version is due to the fact that the
measure g need not be equivalent to Lebesgue measure, so a pg-version of b may
fail to be a dz-version. Clearly, |b| € L .(uo). In this case we have the following

result (see [4]) with a much weaker local condition on b than in Theorem 1.7.1, but
again we need the global condition (1.5.1).

1.7.20. THEOREM. Let b be of the indicated form and let |b| € LE (uo)-

(i) Let pu € /\/li’llf with [b| € L (u) be such that ¢ := du/dx satisfies (1.5.1).
Then

— =b p-ae
4

and (L,Cg°(R™)) is symmetric on L*(p).

(ii) If |b| € LL (U) for some connected open set U C R whose complement has
Lebesgue measure zero, then g is the only measure u € Mi’llf such that |b| € L& (1)

loc
and o = dp/dx satisfies (1.5.1).

Assertion (i) gives conditions under which infinitesimally invariant measures are
symmetrizing. However, the following question arises: suppose that a probability
measure j solves the equation L7, = 0, where b = VV' for some V' € C>(R9); is it
true that b coincides with the logarithmic gradient of u and then p = cexp V dz?
As the following example suggested by S.V. Shaposhnikov shows, this is not true
without additional assumptions.

1.7.21. EXAMPLE. Let us take the following smooth function on the plane:
Viz,y) = —(1n(1 +a2) +In(l+ ) +o+a2°/3+y+ y3/3).

Then the measure p with density o(z) = (1+2%)~1(1+y?) ! satisfies the equation
Liyp =0 with b = VV. Indeed, this equation can be written as div (Ve — gb) = 0,
and for the indicated ¢ we find that Vo — ob = ((y*> + 1)71, (2% + 1)71), which
obviously has divergence zero.

However, one can show that the answer is positive if either |VV| € L(u) or
expV € L}(R?).
Concerning uniqueness problems, see also [2], [179].

1.8. Global properties of densities

We now proceed to some global estimates related to the regularity of invariant
measures. Unlike Example 1.2.15, the assumptions on the order of integrability of
the drift may be considerably weakened in the case of the global integrability. The
following result was obtained in [31]. Suppose that a mapping A with values in the
space of positive symmetric matrices is uniformly bounded, uniformly Lipschitzian,
and that there is a number a > 0 such that

(A(x)h,h) > a(h,h), Yz,heR™L
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Set

d
a:=(a',...;a?), a = E 0ia".
i=1

1.8.1. THEOREM. Let pu be a Borel probability measure on R%, let b be a Borel
vector fields such that [b| € L*(u), and let L yu = 0. Then

(1) p = odzx, where o = ¢ and ¢ € W>Y(RY), in particular, o € LY (4= (R?);
(2) one has

il
4 Jpa
(3) the mapping Vp/p coincides p-a.e. with the orthogonal projection of the

vector field A~1(b — a) onto the closure of the set {Vu| u € C§°(R?)} in the space
L2(u, RY) equipped with the inner product (-,-)o defined by

Vo |2 1
—g’ gdz:/ \V<p|2dx§72/|b+a|2du;
% R4 4o

(F,G)q := /Rd<AF, G) du.

In particular, if A =1, then these assertions hold with « =1 and a = 0.

1.8.2. COROLLARY. Let a probability measure p on R satisfy the equation
Liyu = 0, where [b] € L*(u). The operator Ly, on domain Cs°(R) in L?(p)
is symmetric precisely when b coincides p-a.e. with the logarithmic gradient of p.

This theorem increases the global integrability of g, but obviously cannot ensure
the uniform boundedness of p. The latter will be obtained below from the inclusion
0 € WPL(R?) with p > d under additional assumptions, but already now we can
use local estimates in §1.2 to establish a uniform bound on p.

1.8.3. THEOREM. Let u be a probability measure on B(R?) such that Ly =0,
where A satisfies the conditions listed before the previous theorem and b satisfies the
following condition with some p > d:

either sup,epa [0l Le(B(e,1)) < 00 0r Sup,ega (|0l Lo (B(2,1),0) < 0O

Then the continuous version o of the density of p is uniformly bounded.
If |b] € LP(u), then o € WPH(RY).

PRrOOF. It follows from §1.2 that the maximum of ¢ on B(z,1) is estimated by

all

a number that depends only on sup, {HA(x) [+ A(x) ] , the Lipschitzian constant

for A, and ||b]|Lr(B(2,1)) (or ||b]lLr(B(2,1),u) D the second case), hence is majorized
by a number independent of z. If [b| € LP(u), then the WPl-norm of g on a cube
K with unit edge length is estimated by C(|lol|z1(q) + ||bllzr(q.u)), Where @ is the
cube with the same center and doubled edge, and C' does not depend on the center.
Hence the WP?''-norm of g is finite on the whole space. O

The last assertion will be strenthened below.

Our next global elliptic regularity result employs the following uniform local
condition on A. For a¥ € VVﬁ)C1 (R%) we set

d d
O4(z) == Z‘Z{?@ia’j(m)‘.
j=1 i=1



47

For given p > 1 and ~ > 0 let
d it p>d/(d-1),
q=q(d,p,y) = d+~ if p=d/(d-1),
Pr=p/lp-1) (>d) if p<d/(d-1).
We say that A satisfies condition (C1) for p > 1 if a” € W, (R?) and

loc

lim sup / 0% (z)dx =0, (1.8.1)
B(z,r)

=0 ,cpd

where ¢ is defined above (in the case p = d/(d — 1) this equality must be fulfilled
with ¢ = d 4+ v for some v > 0).
We observe that this condition is weaker than

lim sup / 0% () dz = 0, (1.8.2)
=0 cRa B(z,r)

where

U

d
O4(z) = Z Z |0, 0" ()]
j=1i=1
It is clear that if there is pg > d > 1 such that
d

sup / Z |Va' (z)[P° do < oo, (1.8.3)
z€R® J B(z,1) =1

then A satisfies condition (C1) (as well as (1.8.2)) for any p € (1, po) and is uniformly
continuous (even uniformly Hélder continuous) on all of RY. In particular, both
properties hold if A is uniformly Lipschitzian.

It is worth noting that although in most of our results we assume that a® €
I/Vf)’cl(Rd), hence one can write L4 as Lap, with by := b" 4 9,,a", the case of L4
does not always reduce to that of L4 3, because the global integrability conditions
on |b| and |Va¥| are different. In some situations, it is easier to deal with divergence
form operators, in others the standard form is more convenient. In the manifold
case, usually divergence form operators lead to more natural geometric objects.
Apparently, the most natural setting for most of the problems discussed should
appeal to the geometry related to A and to weighted Sobolev spaces. However,
the corresponding techniques, in particular, embedding theorems, is less developed
than the classical Sobolev theory.

1.8.4. THEOREM. Let u € M(R?) be such that L yu = v € WP~Y(RY) for
d
)
c1-1< A(x) < ¢y -1 for some constants ci,co > 0. Then u has a density in L™ (R%)

for every r € [1,p].
In the case of Lap the same is true under the additional assumption that a¥ €

WEYRY) for all i,j and 8y,a" € L*(|u|) for every j.

loc

some p € (1 ), |b| € LY(Jul). Suppose that A is uniformly continuous and

The next result is a generalization of [129, Theorem 3.1] and a partial gener-
alization of a result in [31]. We impose weaker assumptions than in [129], where
A~ is bounded and |b| € L?(p) (in addition, in [129] the same local assumptions
as below are imposed along with a condition which is a bit stronger than (1.8.4));
as compared to [31] (where A is uniformly Lipschitzian, A and A~! are uniformly
bounded, and |b| € L?(u)), we weaken the assumptions on A, but add an extra
local condition on b. That extra condition is not needed if we know in advance that
1 has a locally bounded density in VVfocl (R%). Tt should be noted that unlike most
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other results in this section, this theorem deals with probability measures and fails
for signed measures.

1.8.5. THEOREM. Suppose that u € P(RY) satisfies the equation Ly pp =0,
where the mapping A is continuous, det A > 0, a¥ € Wf;’cl(]Rd) with some p > d,
and |b| € LY. (). Suppose in addition that |A=1/2b] € L?(u) and that

loc

lim inf / [r 2 A@)) + ' 04(@)] u(dr) = 0. (1.8.4)
=00 Jr<lal<2r
Then p has a density o € Wi} (RY) such that
AVg)?
/ v4 Q’ dp < / |A=1/2)2 dp. (1.8.5)
R4 1% R¢

In particular, under the additional assumption that A > ¢ -1, ¢ > 0, one has
Vo € WHL(RY), o € LY =2(RY) if d > 2 and o € L*(R?) for all s € [1,00)
if d = 2.

1.8.6. REMARK. (i) Condition (1.8.4) is fulfilled if
[Va' (z)| < Co + Chal.
If v is known to have finite first moment, i.e., |#| € L(p), then quadratic growth
of [Va¥| is allowed.

(ii) Condition (1.8.4) can be replaced by the assumption that for some r > 0
one has

R—o0

lim inf /R<|I<R+r [14@)] +©(2)] p(dz) = 0.

This condition is weaker on the part of © 4, but is stronger on the part of || A||; for
uniformly bounded A, it is weaker.

(iii) Note also that if A is uniformly bounded and satisfies (C1) with (1.8.1),
then (1.8.4) is ensured by the assumption that lirrgioréf r? 1 p({|z| > r}) = 0, which
is fulfilled, e.g., if |#|?~! € L'(u). The latter can be effectively verified in terms of
A and b by the Lyapunov function method.

Estimate (1.8.5) can be regarded as the estimate

2% e

with respect to the Riemannian geometry generated by A. Such an estimate was
indeed obtained in [48], [49] for a broad class of Riemannian manifolds (concerning
diffusion operators on manifolds, see also [115]).

1.8.7. THEOREM. Let M be a Riemannian manifold with Riemannian volume
measure \ such that the Ricci curvature is bounded from below and the Riemannian
volumes of balls of any fized positive radius are bounded away from zero. Let p be a
Borel probability measure on M such that L*p = 0, where Lf = Af + (b, Vf) and
|b| € L?(p). Then p= -\, where \/o € W*'(M) and

Vol
/ Soedp < [ b dp.
M 0 M
If in place of |b| € L?(n) we have |b| € L%(\), then

2
Vol o< [ 1pan.
2
M @ M
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Actually, the technical conditions imposed on M in [48] are even broader and
are expressed in terms of the heat semigroup. However, as noted in [49, Re-
mark 2.5(ii)], this estimate may fail for general Riemannian manifolds even if b = 0.
Namely, there exist complete connected Riemannian manifolds on which there are
nonconstant positive integrable harmonic functions; such a function defines a mea-
sure satisfying our equation with b = 0, and the above estimates fail for it. In the
situation of Theorem 1.8.5, we do not know whether the natural estimate (1.8.5)
holds without any extra local assumptions on b and without (1.8.4). However, there
is an important special case when (1.8.4) is not needed.

1.8.8. THEOREM. Let A be continuous, det A > 0, a¥ € VVIZ;’CI(Rd), and |b| €
Lf%chd()i for some p > d. Suppose that there exists a quasi-compact function V €
Wi (R) such that

LapV(r) — —oc0 as|z| — +oo.
Assume also that there are numbers ci,co > 0 such that
ACA’bV <ec— CQlA_l/Zb‘Z

outside some ball. Then there exists a measure p € P(R?) with a positive density
0 € WP RY) such that Ly =0 and |VAVo|?/o € L' (RY).
If, in addition, there exists a positive Borel function 6 on [0,400) such that

Jim 6(t) = +o0 and
LapV < ex = ea0(| A7) A7 202
outside some ball, then [A~1/2b] € L2(u) and (1.8.5) holds.

1.8.9. THEOREM. Let i € M(R?) be such that L% = v. Suppose that
(a) A > el with some e >0,

a” € W RY), and either [b] € LY (RY) or |b| € L. (|u]), where a > d,

loc loc

(b) |b], trace A € LA(|u|), where 8 > 1,

(c) A satisfies condition (C1) (see (1.8.1)) for the number (3 in (b) and is uni-
formly continuous.

Assume also that the density o of u belongs to L% (R?) for some 3y > 1, which
is automatically the case in (i)-(iii) below if A is bounded and 0,,a™ € LP(|u|) for
each j.

(i) Let 1 < B < d and let v € WO~ for all 6 € (1, =%—). Then o € W™!(R)

P d—B+1
for all r € (1, d—LB-H)' Moreover, if p is nonnegative, then the same is true for
d
"= T
(ii) Let B =d and v € W= (R?) for all 0 € (1,d). Then o € W™L(R?) for all
r e (1,d).

(iii) Let d < B < o and v € WO (R?) for all 0 € (1,5]. Then o € WL (RY)
for any r € (1,8]. In particular, o € L>=(R?).

The same is true in the case of Lz, provided that one has, in addition, (’“)wiaij S
LP(|u|) for each j.

1.8.10. COROLLARY. Let i € P(R?) satisfy the equation L% yp = 0. Suppose

that there is a number a > d such that |b|,trace A € L*(n), a” € W' (RY) are
uniformly continuous, (C1) and (1.8.4) hold, and A > €I, ¢ > 0. Then u = pdx,
where 0 € W*Y(R®). In particular, o € L (RY).

In particular, the conclusion holds true if one has (1.8.3) and

A>el, b € L%(p), trace A € L*(pn), (14 |z))"'0a € L (p).
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The case = 1 in the above theorem has not been studied so far. In particular,
it is unknown whether o € WH1(R?), i.e., [Vo/o| € L' (u), if |b| € L*(n) and pu is
a probability measure satisfying the equation L,u = 0. If [b] € L?(u), then this
is true by Theorem 1.8.1. In addition, it is unknown whether in the same case we
have |Vp/o| € LP(u) if |b| € LP(p) and p # 2. Additional sufficient conditions for
this are given in §1.9. So, without any additional assumptions such as the existence
of Lyapunov functions or bounds on the coefficients, the inclusion o € WH1(R9) is
established so far only under the assumption that |b| € L?(u).

It is clear that o may not belong to the class WP?2 unless we require certain
regularity of b. The following theorem extends [129, Theorem 4.7], where somewhat
stronger assumptions on A were employed.

1.8.11. THEOREM. Suppose that o > 2d, A > el with e > 0, a™,b* € VVﬁ’Cl(Rd),
A is uniformly continuous and satisfies condition (C1) for a.. Let p € P(R?) satisfy
L i = v, where |b|,trace A € L*(u) and v € L™ (RY) for all v € (1,a]. Assume
also that divb € L*(i) and |Va"| € L% (), where 0 > max(2d?, ). Then u = odz,
where o € WT2(RY) for all r € (1,a/2). If a > 2d, then o € W/22(RY) and
Vol € L>(R").

If a¥,|Va¥| € L>®(R%), then these assertions are true for any solution p from
the class of all measures of bounded variation.

We now turn to pointwise bounds of solutions. The idea is simple: in order
to show that |g(x)| < C¥(x) for some positive function ¥, one has to consider the
measure i with density o/¥ and verify that this measure satisfies an equation of
the type considered in Theorem 1.8.9. This idea was employed in [129] in the case
of exponential functions. For further developments we refer to the paper [34], where
the following results were obtained. Case (iii) of Example 1.8.13 below gives the
bound from [129] under slightly weaker assumptions.

1.8.12. THEOREM. Suppose that p is a probability measure satisfying the equa-
tion L3 ypu =0, where A and b satisfy hypotheses (a)-(b) of Theorem 1.8.9 for some

a=0>d. Let ® € Wl’l(]Rd) be a positive function such that for some 6 > d and

loc

all j =1,...,d one has
o e L'(p), |VO| € L(p), 05,a" € L (p).
Then the density o of ju satisfies the estimate o(x) < C®(x)~* with some constant C.

We shall now see that the existence of polynomial or exponential moments of
solutions yield a corresponding decay of densities at infinity.

1.8.13. EXAMPLE. Suppose that u € P(R?) satisfies the equation Ly m=0
and that A is uniformly Lipschitzian and A and A~! are uniformly bounded. Fur-
thermore, assume that |b| € LP(u) for some p > d.

(i) If ¥ € WL (R?) is a positive function such that

e Ll(p), VO € L), 0>d,
then o(x) < C®(z)~L.

(ii) Let & > 1 and suppose that |z|” € L'(u) for some r > (k — 1)d. Then,
letting ®(z) = |z|*, we obtain o(x) < C|z|~*.

(iil) Suppose that

exp(alz|”) € L' (), |b(x)| < Co + Cy explaolz|?),

where «, 3,Cy,C1 > 0, and ag < a/d. Then, for any £ < [/d, there is a number
C > 0 such that one has o(z) < C exp(—r|z|?).
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It is surprising that the above estimates, very rough at first glance, are in fact
sufficiently sharp. Below we shall see that there are lower bounds of the same order.
In a similar manner one obtains upper bounds on |Vg|.

1.8.14. PROPOSITION. Suppose that in Theorem 1.8.12 we have additionally
(ONS Wli’f(]Rd) and

o|V®| € L¥(RY), |b],|V®|,05,a"0,,®,La®, |AV®| € L™ (1), v > 2d.
Then |Vo(x)] < C®(z)~ 1.

1.8.15. EXAMPLE. Let u € P(R?) satisfy the equation £% ,u = 0, where A is
uniformly Lipschitzian, A and A~! are uniformly bounded, and |b|,divb € LP(u)
for some p > 2d.

(i) Let ®(x) = |z|*, k > 1, and let |2|™ € L'(u), where m > 2d(k — 1). Then

Vo) < C(1+ |=])~".
(ii) Let ®(z) = exp(K|x|?) and let exp(M|z|?) € L'(u), where M > 2dK.
Then
|Vo(z)| < Cexp(—K|z|?).

By using the method of Lyapunov functions, one can give effective conditions for
the existence of polynomial or exponential moments for p. For example, if A(x) <
AT and (b(z),z) < —K < —Ad outside some ball, then letting V(z) = (z,z)” with
1<y <1+ (K — Ad)/2, we obtain outside some ball

LapV(x) < 2y(z,2)" ' [Ad+2(y — 1) + (b(z), z)] < —rlz[*7 72,

where x > 0. Hence |x|?7=1 € L!(u). Stronger decay of (b(z),z), e.g., the estimate
(b(x),x) < 1 — colz|”, implies the exponential integrability (see [39], [129]). Cer-
tainly, the required integrability of the coefficients can be also deduced from such
estimates provided we know certain bounds on the coefficients. It is worth noting
that some of the conditions on A employed above can be relaxed by using the results
in [107], [108], [109].

1.9. Lower estimates

In this section, following [42], where the proofs are given, we discuss lower
bounds for densities of solutions to elliptic equations of the form

Lon=0 (1.9.1)

for Borel measures p on R%, where £ is an elliptic second order operator of divergence
form

Lo(x) = 0y, (a” ()0, (x)) + 0" ()0, ().
The interpretation of this equation is as usual: the functions ¢ and b* must be
integrable on every compact set in R? with respect to the measure ; and, for every
¢ € C§°(R?), we must have the equality

Lodu = 0.
Rd

However, the latter can be understood in one of the following two ways.
(I) One has ' € I/Vlicl (R%), the functions a'/, 9,,a", and b’ are Borel measur-
able and locally integrable with respect to |u|, and

/ (090,01, 0+ D0, 090, 0 + 10 6] dpt = 0. (19.2)
Rd
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(I) The measure y possesses a density o in the class Wb (R?) such that the
functions a*d,, 0 and b%p are locally Lebesgue integrable and

/ [—a" 8y, 00, + b0y, 0] dx = 0. (1.9.3)
Rd

Clearly, if the coefficients a® are locally Sobolev and the functions d,,a% g are locally
integrable, then (1.9.3) can be written as (1.9.2). The divergence form of operators
is used only for convenience of formulations; under our standard assumptions on A
all the main results of this section can be easily rewritten for the operator L4 .

As above, we assume that a”/ = a/* and A(x) is positive.

In the next theorem we suppose that a nonnegative locally bounded measure
p on R? has a density ¢ such that o € W2(U) for every ball U C R Let the
measure J satisfy equation (1.9.1) on R in the sense of (1.9.3), i.e., in Case (II),
where

L=0,,(a"0,,)+b'0,,,

the matrix-valued mapping A = (a")1<; j<q is measurable, the functions ||A(z)|
and ||A(x)~!| are locally bounded, and the coefficient b = (b);<4 is a measurable
locally bounded vector field. We recall that in the case where a®/ € Wf;’cl (R9)
and b* € LY (R?) for some p > d and A(z)~! is locally bounded, any solution of
(1.9.1) in the sense of (1.9.2) automatically has a density in Wlﬁ’cl (R%), hence it also
satisfies (1.9.3).

Let V be a continuous increasing function on [0, c0) with V(0) > 0.

1.9.1. THEOREM. Let |b(x)| < V(|z|/0), where § > 1. Set
a(r) = sup [A(@@) 7|, y(r) = sup || A(2)]|.

jo|<r jel<r

Then there exists a positive number K (d) depending only on d such that the contin-
uous version of the function o satisfies the inequality

o(x) = 0(0) exp{ ~K(d)(0 — 1)~ a(0]z]) " (v(Ol]) + V(|z])]]) }.
In particular, if |A(z)|| < v and ||[A(x) 7| < «, then there exists a positive number
K = K(d,«a,~,0) such that the continuous version of the function o satisfies the
inequality
o(x) = 0(0) exp{—K (1 + V(|z|)|z|) }.
1.9.2. EXAMPLE. Suppose that

Z la¥(z)|> <~4* and A(z)>a-1 forall z € RY
%,J

If, for some numbers c¢1, co > 0, for almost all z one has the estimate
b(2)| < cila]” +c2,
then there exists a constant K such that the following inequality holds:
o(x) > 0(0) exp{—K (1 + |z[7*1)}.

If we have
sup [ A(2)| + [ A() 71 + [Va (2)]] < oo,
T,
|b(x)] < cﬂx\ﬂ + ¢, 1imsup|x|_5_1(b(x)7x) <0,
|z|—o00

then we obtain the following two-sided estimate:
exp{ K1 (1 +[a|7")} < o) < exp{—K2(1 +[a|"")}.
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The upper estimate holds if
exp(M|z|%) € L' (n), |b(x)| < Co+ Cyexp(Molz|”), 0<My<d "M,

(b(2),2) < co —erll’, e1 > MBsup [Az)ll,

where M > 0 is sufficiently small. For example, if A = I and b'(x) = x;, then
the measure with density o(z) = exp(—|z|?/2) is a solution. The aforementioned
results ensure the estimate

exp(—K1(1+ [z]%)) < o(x) < exp(—Ka(1 + [z]?))

with some numbers K7, Ko > 0, which gives a sufficiently adequate description of
the decay at infinity, although it does not yield the precise asymptotics.
It should be noted that the hypothesis that lim sup |z| =%~ (b(z), ) < 0 is only

|z]— o0
needed to ensure the integrability of exp(M|z|?) and can be replaced by the latter
(however, its advantage is that it is expressed explicitly in terms of A and b).

The presented results generalize the results obtained in [129], where the theory
of nonlinear equations (in particular, well-known results of Bernstein) was employed,
which required certain additional assumptions on A.

By using the obtained estimates we can give effectively verified conditions for the
membership of the logarithmic gradient Vo/o of the measure g in LP(p). In the case
p = 2 simple sufficient conditions were obtained in [37], [31] and presented above.
The first general result for p > 2 was established in [129] (a special was considered
in [61]). The condition from [42] presented in the theorem below improves this
result since we do not require the differentiability of the drift coefficient and assume
lower regularity of the diffusion coefficient (it is assumed in [129] that a* € C3(R%)
and b € C?(R?)). This weakening of the conditions on the coefficients became
possible due to the fact that, unlike in [129], the proof in [42] did not use methods
of the theory of nonlinear equations.

In the next theorem and its corollaries we suppose that u is a probability mea-
sure on R? with a continuous positive density g satisfying the elliptic equation (1.9.1)
in the sense of (1.9.2), i.e., we deal with Case (I). In particular, the weighed Sobolev
class WP-1(u) is well-defined.

1.9.3. THEOREM. Let a¥ € CO%(RY) N WEOHRY), a1 < A < ~ -1, where

loc

a,7,0 > 0 and po > d, and let }13(1) sgp”@wia”HLd(U(m,r)) = 0 (the latter holds if

A is Lipschitzian). Let a positive continuous function ® € I/Vli)cl (RY) increase on
[0, +00) such that ®(N + 1) < C®(N)'* for some C,e > 0, and let the functions
®(|z|) and D'(|x|)P* with some p1 > d be integrable with respect to the measure p
on Re. Suppose also that there exist numbers Co > 0,0 > 1, p> 1, and v € [0,1/d)
such that

[b(@)] < Co®(lz| = 0)",  |Va"(2)|? < Cod(|z]),
Z NI®(N)™7 < 0o, where q:=1—~(p+ed) > 0.
N=1

Then Inp € WP1(pu).

1.9.4. COROLLARY. Let a¥ € CO%(RY) N WEYH(RY), a-T < A < -1, where
a,v,0 > 0 and pg > d > 1, and let lir%sup||8wiaij||Ld(U(z,r)) =0. Letp > 1
T x
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be given. Suppose that for some M > 0 and 3 > 0 the function exp(M|z|?) is
integrable with respect to the measure p and that

b(z)| < Coexp{k|z|’}, |Va" (z)| < Coexp{r|z|’}, where 0 < kdmax(p,d) < M.

Then In g € WPL(u). In particular, if for every k > 0 there is a number C(k) such
that

()| + [Va (2)] < C(x) exp{n|z|’},
then Ing € WPL(u) for all p € [1,+00).
Taking ®(r) = r® + 1, one proves the following result.

1.9.5. COROLLARY. Let 'l € CO9(RY) n WFOHRY), a-1< A < ~-1, where

loc

a,v,6 > 0 and pg > d > 1, and let 71_iir(1)81w1pH&‘miainLd(U(mm)) =0. Letp > 1.

Suppose that for some 3 > d the function |z|P? is integrable with respect to the
measure p and that

b(x)| < Co+Colz|?, |Va" (x)| < C’0+C0|sc|ﬁ/d, where 0 <y <d ', y<1l—ds L.
Then In g € W (1) for every p € [1,(8 — d)3=7~1).

We now consider lower bounds without assumptions on the growth of the drift
coefficient, but using instead a certain integrability of the drift with respect to
the solution. Until the end of this section we assume that the matrix A(z) =
(@ (x))1<i j<a is symmetric and satisfies the following condition:

(G1) for some p > d the functions a*/ belong to the class W/ (R?) and there
exist numbers m, M > 0 such that for all z,y € R? we have

mlyl> < > a¥(x)yy; < Mlyl*.
1<i,j<d

If in addition to Condition (G1) we have b* € LY (u) (or b° € LY. (R%)), then u

loc loc

is given by a continuous density ¢ € I/Vll’p (R%), which we shall deal with. Equation

ocC

(1.9.1) can be written as the equality
Ous (aijaﬂfj 9) - azi(big) =0,

understood in the weak sense.

The method of obtaining lower bounds discussed above is not applicable in the
case of locally unbounded b. It has been shown in [44] that without any restrictions
on the growth of b one can obtain estimates of the form

o(zx) > e~ flalzl +e2), (1.9.4)

where c1, ¢y are some positive numbers and the function f € C?([0,00)) satisfies
the conditions

(H1) f(2)>0, f'(2) >0, f"(2) >01if z > 0;

(H2)  the function e~/(*) is convex (that is, (e=f)” > 0) on the set z > z, for
some zg > 0 and it decreases to 0 as z — +o0.

Namely, for obtaining estimate (1.9.4) it suffices, to require the following con-
ditions in addition to (G1):

(G2) |blexp(®(|b])) € LP(u), where p > min{2,d} and ¢ is a nonnegative
strictly increasing continuous function mapping [0, c0) onto [0, 00) such that

(H3) ¢~ 1(2) < Nf/'(f~(2)) for some N > 0 and all z > 0.
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Let us give several typical examples of the functions f and . Let 6 > 0 be a
given number. If f(z) = e?, then one can take 1)(z) = ¢ - z. In this case we obtain
the estimate

o(x) = exp(—cz exp(ci|z])).
If f(z) = 2"/0=1 with ~ > 1, then () = § - 2" is suitable. Then

o(z) > Gexp(—cilz[/Y).
In the case where d = 1, A = 1, and b = ¢'/p such estimates were obtained in
[140] (and extended to the case d > 1 in [126] still with the assumption that
A =Tand b = Vp/p). It follows from (1.9.4) that the solution density has no
zeros under a condition weaker than the exponential integrability of |b| (sufficiency
eZ

of the latter condition was proved in [35]). For example, if we set f(z) = e® and

z

sufficient for positivity but is weaker than the exponential integrability of |b|. If
d=1, A=1, and b = ¢'/p, then this new sufficient condition for positivity is close
to the one obtained in [153], and in a sense the latter cannot be improved.

Let V =¢f/f".

Since (e =) = [(f)2 — f"]e=f > 0 on [z9, +0), we have

Vi =[(f)? = "l (f)72 20 on [z, +00).

In addition, V increases to +oo since the function 1/V = f’e~/ cannot be separated
from zero on [0,400). It follows from conditions (H1) and (H3) that f/(y) — +oo
as y — —+oo. Therefore, there exists yo > max{zp, 1} such that f'(y) > 1 and

V(y) > e¥© whenever y > yo. Let 10 := exp{—f(Inyo)}. Then 0 < 75 < 1.
We fix a cub @Q of unit edge. Let

A= min{T()(2||Q||Loo(]Rd))_17 1}.

1.9.6. THEOREM. Let u = odx be a solution of equation (1.9.1), where the coef-
ficients a¥ b® satisfy conditions (G1), (G2) and let conditions (H1), (H2), and (H3)
be fulfilled. Then there exist numbers C' > 0 and a > 0 such that for every measur-
able subset E C @ one has

itelg exp(f71(|In(Ao)])) < C(/E exp(—af(|In(Ao)|) dx))fl/a’

where the numbers C' and o depend only on the following quantities:

p, N, N1, 79, m, M, d, ||ol| Lo ®a), /d |b|PeP? (%D o dg.
R

— for z > 2 and 0 < k < 1, then we obtain a condition that is

1.9.7. THEOREM. Let = odz be a solution of equation (1.9.1), where the coef-
ficients a' | b* satisfy conditions (G1), (G2) and let conditions (H1), (H2), and (H3)
be fulfilled. Then there exist numbers ¢ > 0 and co > 0 such that

o(x) > e flerlz] + 62), r € R

This result gives lower bounds for the density of the stationary measure of the
diffusion process with diffusion coefficient v/2A and drift b.

1.9.8. EXAMPLE. Let condition (G1) be fulfilled and let a number r > 1 be
given.
(i) In order to obtain the estimate

o(x) > czexp(—cy|z|”/ V), (1.9.5)
it suffices to have exp(§|b|") € L (u) for some & > 0.
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Indeed, the function 9 (z) = 62" /(2p) satisfies condition (H3) with
F(z) = 2/,
There exists a number C(§) > 0 such that |z| < C(6) exp(d]z]"/2). Then
(16l exp(8o]"/(2p)))" < C(8) exp(d]b]")

and so |b] exp(0]b]"/(2p)) € LP(u), that is, condition (G2) is fulfilled.
(ii) In order to obtain the estimate

o(x) = exp(—cz exp(ci|z)), (1.9.6)
it suffices that exp(d|b|) € L (u) for some & > 0.

Indeed, whenever 0 < §; < §, the functions ¥ (z) = d; - z and f(z) = e® satisfy
(H3) with N = 1/4; and (G2) is fulfilled as well.

1.9.9. EXAMPLE. Let p = odz be a probability measure and let o € Wlicl (R%).
Then p obviously satisfies equation (1.9.1) with A =T and b = Vp/p, where b(x) :=
0 if p(x) = 0. Therefore, to get estimate (1.9.5) it suffices that exp(d|Vo/o|") €
L (u) for some § > 0, and estimate (1.9.6) follows from the inclusion exp(§|Vo/o|) €
L () for some & > 0.

For d = 1 the assertion in the last example was obtained in [140] (where in the
case r = 1 the formulation contains a minor inaccuracy: ¢; is replaced by 1; but the
function o(z) = exp(— exp(2|z|)) shows that one cannot get rid of ¢1). For d > 1
and r = 1 the assertion of the last example is given in [22, Exercise 6.8.4]; in [126]
the case r > 1 is considered. However, the methods of [140] and [126] employ in a
very essential way the fact that b is Vo/p.



CHAPTER 2

Parabolic equations for measures

2.1. A priori estimates
In this chapter we consider parabolic equations of the form
L'n=0 (2.1.1)
for Borel measures ;2 on R? x (0,1). Here L is a second order parabolic operator

_ Ou(z,1)
ot

where A(z,t) := (a¥(x,t)); j<4 is a nonnegative symmetric matrix of dimension d
and b(z,t) := (b'(z,t))i<a is a vector in R?, and the interpretation of our equation
is as follows. We shall say that a family of Radon measures p = (it)e(0,1) on R4
satisfies the weak parabolic equation (2.1.1) if the functions a® and b are integrable
on every compact set in R% x (0, 1) with respect to the measure u(dt dzx) := p,(dz) dt
on R? x (0,1) (below by u we denote also the measure j;(dx)dt) and, for every
function u € C§°(R? x (0,1)), one has

Lu(z,t) : + a7 (2, 1)y, 0z, u(w, t) + b'(x,1) 0y, u(z, t),

/1/ Lu(z,t) pe(dx) dt = 0. (2.1.2)
0o Jre

Therefore, the interpretation is the same as in the elliptic case. For divergence form
operators

Ou(z,t)

Lu(z,t) = 5

+ Oy, (aij (2,t)0z;u(w,t)) + bi(x7 )0y, u(z, t)

the equation
Lu=0
is defined similarly (here, as in §1.9, two cases are possible).

We shall say that p satisfies the initial condition g :== v at ¢t = 0 if v is a

measure on R? and
lim/ C(z) pe(de) = / ¢(z)v(drx) (2.1.3)
t—0 JRd Rd

for all ¢ € C5°(R?). In this case we write = (pt)iefo,1)-

The same definitions are introduced in the case where R? is replaced by an open
set 2 C RY or by an open set in a Riemannian manifold. In particular, in (2.1.2)
we take u € C§°(2 x (0,1)) and in (2.1.3) we take ( € C§°(Q).

Equation (2.1.1) is satisfied for the transition probabilities of the diffusion pro-
cess with the diffusion matrix v/2A and drift b provided such a diffusion exists and
the coefficients A and b satisfy certain conditions (see, e.g., [170, Chapters 2, 3]; the
conditions there can be further relaxed on the basis of recent progress in the theory
of equations with VMO coefficients, see, e.g., [107], [108], [109]). This diffusion
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process may exist in different settings, for example, as a suitable solution to the
stochastic differential equation

dft == U({t)dwt + b(ft)dt, A= %O’U*. (214)

However, (2.1.1) can be considered regardless of any probabilistic assumptions.
Moreover, a study of this equation in a purely analytic setting may be useful for
constructing an associated diffusion (see [168], [169]).

It is worth noting that (2.1.2) can be written as

o _ ijN i
a - 89618% (CL M) 617<b :u)

in the sense of distributions on R? x (0, 1). It turns out that under mild restrictions
on A and b specified below, any solution p admits a density o possessing certain
Sobolev regularity with respect to « such that this equality can be further rewritten
in terms of classical weak solutions.

For a function u on (0,1) x R?, we set

Owu(z,t) == Ou(x,t)/0t, Vu(z,t) = (0gu(z,t),...,0p,u(x,t)).

This section is devoted to some a priori estimates of solutions; the proofs can
be found in [26].

2.1.1. LEMMA. If p = (ut)efo,1) satisfies (2.1.2) and (2.1.3), then, for every
¢ € C°(RY), for almost all t € [0,1) one has

[ (@) (o) i / /R L) mldn)ds = [ (@), (215)

If, for each ¢ € C$°(RY), the function t — / C(z) pe(dz) is continuous on [0,1),

Rd
then (2.1.5) holds for allt € [0,1) and is equivalent to (2.1.1) and (2.1.3). The same
s true in the case when our equation is considered on an open set.

Note that if every p; is a probability measure and there is a u-integrable function
O such that L{(x,s) < O(x,s) p-a.e., then the function

he s /R LC(a, 5) poda)

is integrable on [0, ¢] (so that the limit of the integrals over [e, t] equals the integral
over [0,¢]). Indeed, in this case the function h, which coincides with the derivative
of the continuous version of the function

£5)i= [ cla) mlao)

on (0,1), is majorized by the integrable function s — / O(z, s) ps(dx). Since f is
R4

bounded, this implies that the continuous version of f has a finite limit at 0 and is
absolutely continuous on [0,1]. Certainly, all this is true if the functions a* and b°
are y-integrable on every set B x [0, 1], where B is a ball in R

It is worth noting that one of the reasons why we require below that all the s
measures p; (and not just almost all) be probabilities is that this is the case when
one deals with transition probabilities. From the analytic point of view, this is
not essential, of course. Another reason is that, as we shall see, this assumption
simplifies certain technical issues.

The following lemma from [26] is a straightforward extension of [24, Lemma
2.2], where M = 0 and O is a constant.
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2.1.2. LEMMA. Let p1 = (pt)iejo,1) be a family of probability measures on R4
satisfying (2.1.1) and (2.1.3), where v is a probability measure on R%. Suppose that
there erist a p-integrable function ©, a nonnegative function ¥ € C%(R%), and a
number M such that ¥ € L' (v), | lim ¥(z) = +o0, and

z|—00
LY(z,t) < O(z,t) + MU(x) pdt-a.e. (2.1.6)
Then, for a.e. t € [0,1), one has

t
/ \I/dutg/ \I/du+/ Odusds
Rd R 0 Jrd

t s
+Mexp(Mt)/ exp(—Ms) {/ \I/dVJr/ / Odu, dr} ds
0 R4 0 JRrd
< (MM + D[]l + 1Ol ] (2.1.7)
If M =0 and © = K is constant, then, for a.e. t € [0,1), one has

/ U(z) p(de) <tK —|—/ U(z)v(dr). (2.1.8)
R4

Rd
Furthermore, if the functions

t /C(x) pe(dz),  where ¢ € C3°(RY),

are continuous on [0,1), then (2.1.7) holds for all t € [0,1), and in the case M =0
so does (2.1.8).

If (2.1.1) and (2.1.3) are fulfilled on the open set {U < c}, then the same
assertions hold with R? replaced by {¥ < c}. Finally, the assumption that every
e s a probability measure can be replaced by the assumption that py > 0 and

el < vl

2.1.3. COROLLARY. Let = (ut)ieo,1) be a family of probability measures on

R? satisfying (2.1.1) and (2.1.3), where v is a probability measure on R?. Let ¥ €
C%(R?) be a nonnegative function such that

| l‘im U(z) =400 and LY(z,t) <C+ MY(z) pdi-a.e.,

xr|—0o0
where C' > 0 and M > 0 are constants. Then one can find a nonnegative function
Uy € C*(R?) such that

Uy € LY (v), ‘ llim Uo(z) =400 and L¥g(z,t) <C+ M pdt-ae.
Moreover, if M is a uniformly tight family of probability measures on R% and for
every v € M there exists a solution p’ = (uf)iepo,1) of the problem Lyu” = 0,
u§ = v in the sense of (2.1.1) and (2.1.3), where each operator L, satisfies the
same conditions as L, and for some nonnegative compact function ¥ € C?(R?) one
has
L,U(xz,t) <CH+ MY (z) pYdt-a.e.,

then one can find a function ¥y as above such that

sup esssup/ Voduy <C+ M + sup Uy dr < 0.
veM tel0,1) JR4 veM JRd

If the functions t — [ (dug, where ¢ € C°(RY), are continuous on [0,1], then
esssup can be replaced by sup. The same assertions are true in the case where R?
is replaced by {¥ < c}.
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Let us consider examples of how (2.1.6) can be verified in terms of the coeffi-
cients of L.
2.1.4. EXAMPLE. (i) Suppose that
la™ (z,t)] < e1 + ealz|?,  (b(x,t),2) < c3 + cq|z)?

for some constants c;. Then, letting ¥(z) := |z|?*, k > 0, we obtain L¥ < C + C¥
for a sufficiently large number C' > 0. Consequently, if a solution p exists and
|z|?% € L' (o), then, for a.e. t, we have

[ JaP* atdn) < e [ 1o potda) + 0.
R R

(ii) Suppose that

la™ (z,t)] <1 +eoIn(z> +1), (b(x,t),z) < 3+ calz]? + es|z)® In(|z]? + 1),

for some constants ¢;. Then, letting ¥(z) := In(]z|> + 1), we find that
02, V() = 2 (|z|> + 1)1,
0,00,V () = 20,5 — dai;(|z|* + 1) 72,

which yields

LV(x,t) = 2trace A(z, t) — 4(|z|? + 1) 2 (A(x, t)z, z) + 2(|z|* + 1)~ {b(x, 1), x)

<C+C¥(x)

for a sufficiently large number C' > 0. Consequently, if a solution p exists and
In(|z|? + 1) € L (uo), then, for a.e. t, we have

/ (|22 + 1) ju(da) < ec/ (|22 + 1) o (dar) + CeC.
Rd Rd
Moreover, letting ¥(z) = | In(|]z|? 4+ 1)|2, we also have LY < C' + C'V, hence
[ ol + D (o) < € [ in(laf? + P po(de) + €.
R R
(iii) Suppose that
(Alz, )z, z) <y +alz[*, (b(x,t), ) <79 — (2ack +&)|z[*H2072
with some positive constants y1,y2, &, 5, ¢, k,e. Let U(x) = exp(c|ac|2k). Then
LU(2,t) = 2ck trace A(x, t)|z|** 72U (2) + dck(k — 1)(A(z, t)z, z)|z|** ¥ (z)
+ (2¢k)? (A(x, t)z, z)|z)* =40 (z) + 2ck|z|?* 72U (2) (b(x, t), )
< co — elx RT3y (2)

with some constant cg. Hence, if 3 > 1 and ¥ € L*(pg), then

esssup/ exp (c|z|**) p(dz) < oc.
tef0,1) Jra

Let us introduce the following conditions on A, b, p € [1,4+00), and a bounded
open set B C R%:

(CP1) there exist two numbers My = My(B) > 0 and My = Ms(B) such that
for alli,j one has

Az, t) > My -1 V(z,t) € Bx (0,1), sup [a”(-,t)|lwra(p) < Mo.
te(0,1)
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(CP2) there exists M3 = M3(B) such that for all i one has

sup [1b°(+,)|lze(B) < Ms.
te(0,1)

It follows from (CP1) and the Sobolev embedding theorem that if p > d, then
every function a* has a jointly measurable version such that all functions z —
a¥(z,t), t € (0,1), are Holder continuous of order 1 — d/p and bounded on B
uniformly with respect to ¢ (their Holder and sup-norms on B are estimated by a
constant depending on p, d, B, and Ms). Below we use the same notation a'/ for
these particular versions.

The main existence result presented below is based on the following lemma.
Let

bo:=AY2b-T), T:=(,....,TY, TV=20,a".

2.1.5. LEMMA. Let Q be a bounded open set in R? with a C'-boundary and
volume |Q| and let the functions a¥ and b be uniformly bounded on Q x (0,1)
along with their first and second derivatives in the first argument. Suppose that
u = o(z,t)dx dt, where every function o(-,t), t > 0, is nonnegative on Q with
bounded second order derivatives in x on Q x (0,1), and satisfies

in Q% (0,1). Suppose also that the functions o and O, 0 are continuous on Qx [0, 1],
o(x,0) = go(x), where oy € C3(Q), and

(AVo(z,t) + [[(z,t) — b(z, t)]o(z, 1), npa(x)) =0, (z,t) € 02 x (0,1),

where ngq is the outward unit normal on 0. Then the following inequalities hold:

/Qg(xat)zdl’+/Ot/ﬂ|\/ZVg(x,s)|2d:rds

S/QQ(QL‘?O)de—l—/Ot/Qbo(x,s)Qg(:v,s)dxds, (2.1.9)

/QQ(ffvt)de+/Ot/Q|\/ZVQ(9C,S)|2 dx ds

1
S et/2 /{; Q(CE,O)2 dfl? + §et/2||b0”i4(ﬂ><[0,l])‘ (2110)

If A(z,t) > a -1 for some number a > 0 and each o(-,t), t € [0,1], is a probability
density or, more generally, 0 < p(Q) < up(£2), then

/1/ IVAVo(z,t)|?o(x,t) " dz dt
0o Jo

1
§2/ /|b0(1;,t)|2g(x,t)dxdt+2/go(ac)lngo(x)daj+2\ﬂ|. (2.1.11)
0 Q Q

2.1.6. COROLLARY. In the situation of the above lemma, there is a constant
C(9) such that

1 (d—2)/d
/ (/ |lo(, )|/ (@=2) da:) dt
0o \Jo

o @, t)? o(x,t) do z)In oo () dz (2d—2)/d
= (/0 /leo( el t)d d”/g@o( ) In go () d +|Q>+2|Q

«
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if d > 2. In the case d < 2 a similar estimate holds with any r < oo in place
of d/(d — 2).
Finally, for every p > d, there is a constant C(Q2, p) such that

/1/ VAV o(z,t)|?o(x, t) " da di
0o Jo

2d/(p—d)
< C(@p) sup ( |bo($7t)|pd$> +2 [ o) eo(e) o + €@,
te(0,1) \JQ Q

2.1.7. COROLLARY. Suppose that in Lemma 2.1.5 there exist a monnegative
function U € C2(R?) and a constant M such that Q = {z € R?: ¥(x) < c} and

LY(z,t) < M+ MU(x) and |bo(z,t)]* < U(z).

Then we have

/Qg(x,t)de+/ol/Q|\/Zv@(x,t)|2dxdt

<2(MeM + 1)/52\11(1‘)@0(37) dx +2M(MeM + 1) —I—/QQQ(JL‘)2 dx,

/01/Q|\/ZV,Q(33,1§)|2,Q(33,1§)_1 dx dt
< 2(MeM—|—1)/ ‘I/(x)go(x)dx—l—QM(MeM—l—l)—i—Q/ oo(x) In go(z) dx + 2|9|.
Q Q

In particular, this is true for ¥(x) = |z|>* with k > 1 provided that
trace A(z,t) < C + Clz|?,  |bo(x,t)|? < C +Clz|**, (b(z,t),2) < C + Clz|*.

2.2. Local regularity

Let J be an interval and let U be an open set in RY. Let HP*(U, J) denote the
space of all measurable functions u on U x J such that u(-,t) € H?*(U) and the

norm
1/p
lwllge.s 0,0 = (/J flu(- at)”%p,s(U) dt)

is finite. The space Hf*(U, J) is defined similarly with H{"*(U) instead of HP*(U),
and HP'—* (U, J) denotes its dual. In connection with parabolic equations, it is

useful to introduce also the following spaces. Let HP'1(U,.J) be the space of all
functions u € HP*(U, J) with d,u € HP~1(U, J) and finite norm

[ullserr @,0) = 10vullme. - ,5) + lullmer @, 5)-
We denote by Br an open ball of radius R > 0 centered at some point in R?

(in the case where the center is important we use the notation B(a,R)). Let

HEP#Y(Bg,[0,T]) denote the closure of the space of smooth functions u on the
cylinder Br 1 := Br x [0,T] that vanish on (0Br x [0,T]) U(Br x {0}) (i-e., have
zero limits on this part of the boundary) with respect to the norm

lull gp21 (B 0,1y = NullLeBrxio.ry + 110l Lo (B xj0,11)

d
+ IVaull Lo (Bgx(0,1) + Z 10:0;ul| Le (B x[0,1])-

i,j=1
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In this section, we extend the local regularity results in the previous chapter
to the parabolic case. The proofs of the presented results are given in [33]. Let us
start again with the existence of densities.

d

Let Qp = Qx (0,7), T > 0, and let A(-,-) = (a”(-,-)) be a Borel

ij=1
mapping on 7 with values in the space of nonnegative symmetric operators on R?.
2.2.1. THEOREM. Let p be a locally finite Borel measure on Qp such that one
has a¥ € L (Qp, 1) and

[ oo+ av0i05] die < Clsup ol + 5up |90
Qr Qr Qr

for all nonnegative p € C§° (). Then the following assertions are true.
0
(i) If p is nonnegative, then (det A)Y/(@+Vy = odx dt, where o € ASaR (Qr).

loc
(ii) If, on every compact set in Qr, A is uniformly bounded, uniformly nonde-
generate, and Holder continuous in x uniformly with respect to t, then p = odz dt,
where o € LT _(Qr) for every r € [1,(d+ 2)').

loc

~ 2.2.2. COROLLARY. Let p be a locally finite Borel measure on Qr such that a',
b', c € L, (Qp, p), and

/ [&gp +a" 0,0, + b 0ip + cap} dp=20 Yo e C5°(Qr). (2.2.1)
Qr

Then statements (i) and (ii) of Theorem 2.2.1 are true. In addition, in case (ii), if
J = [Ty, T1] € (0,T), B is a ball with compact closure in 2, and W is a neighborhood
of B x J with compact closure, then, for each r < (d +2)’, one has

lellz () < C(d,r, A, W) (11l (W) + lell s wy + 6l wi) )

where C(d,r, A,W) depends only on d, r, the Hélder norms of a* with respect to

on W, ial/f det A, supsup|a¥|, and the distance from B x J to OW. An analogous
i W
statement is true in case (i).

2.2.3. REMARK. Assume that in the situation of Corollary 2.2.2, one has, in
addition, that |b] + |¢| € LY (), where p > r’. Then one has

loc
rBxJ) < C(d, TaA7W)(|N|(W) + (lellr(wy + Hb||LP(W))||Q||Lv’(W))~

2.2.4. REMARK. (i) If there exists a diffusion process £ = (£;'") governed by
the stochastic differentiable equation

dep™ = \J2A(E)" ) dWy + (&7 t)dt, 57 =,

then the above results apply to the transition probabilities P(s,x;t,dy) of the dif-
fusion £. Namely, for any fixed (z,s), the measure p = P(s,x;t,dy)dt satisfies
(2.2.1) with ¢ = 0. Hence, for almost every ¢, the measure P(s,x;t,dy) is abso-
lutely continuous. This fact is well known for locally bounded b (see [106, Ch. II,
§2], [170, Ch. 7, Ch. 9]). However, the measure P(s,z;t,dy) can fail to be ab-
solutely continuous for all . In [80], an example is constructed such that b = 0
and A(z,t) is uniformly continuous, uniformly bounded, and uniformly positive,
but, for some fixed ¢, the measures P(s,z;t,dy) are purely singular with respect to
Lebesgue measure for all s € (0,¢) and all 2 (a similar example is constructed in
[152]).

(ii) It is worth noting that Portenko [145] employed analogous assumptions
on A and b in his study of generalized diffusion processes. In particular, it is

el
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shown in [145, Chapter II] that if A is uniformly bounded, uniformly positive, and
uniformly Hoélder continuous, and b is a measurable vector field on R™ such that
|b] € LP(RY) for some p > d+2, then there exists a continuous function G(s, x,t,y),
0<s<t<T,ux,y¢cR? that is the transition probability density for a continuous
Markov process (x(t)7 Mz, PS@), where P; , is a probability measure generated on
the o-field M3 on the space Q of continuous paths z(-): [0,4+0cc) — R by the
evaluation mappings #(-) — x(u) with u € [s,t], Pso{z(s) = 2} = 1, and P, ,-
almost surely

z(t) —x(s) = /St b(CE(T), 7') dr + /: 1/A(x(7'), 7') dws(T)

with a certain Wiener process (ws(t), M3, Py ;).

(iii) We also note that parabolic equations considered in Corollary 2.2.2 have
been used in [55] for the study of certain flows of probability measures. The above
results yield the absolute continuity of such measures. Stronger regularity properties
will be established for them below under certain additional assumptions on the
coefficients.

We shall now assume that the functions a*(x,t) are continuous in x uniformly
with respect to t, i.e., one has

lim sup sup |aij($7t) - aij(yatﬂ =0.
0—0 ¢ |lz—y| <5

Note that a” has a modification with such a property provided that
sup || (+,t)lwra (Bg) < 0, where p > d. (2.2.2)
t

2.2.5. THEOREM. Letd > 2, p>d, q € [p',+00). Let A and A~1 be uniformly
bounded and let (2.2.2) hold. Suppose that p is a finite measure on Br r such that,
for some N > 0 one has

‘/{8¢Q0 + aijai(’?jcp] d,u‘ < N”VI@”LEI(BR,T) VQD S CgO(BRyT). (223)

Then p € HYY(Bg,[to,t1]) and p € HY Y (Bgs,[to, t1]) for every R < R and
[t t2] (0, 7).

It should be noted that the proof of this result in [33, Theorem 2.7] contains a
certain inaccuracy: it is asserted at the very beginning that by multiplying a solution
by a compactly supported smooth function ¢ one can easily pass to the case of
solutions with compact support. In principle, this is true but is not straightforward
and requires some extra work, because the inequality for the product will be of
somewhat different type (in particular, a term with the integral of (V{, V) with
respect to u will appear). However, the case of a priori compact support is sufficient
for subsequent applications of this result in [33]. Nevertheless, if one wishes to
justify the result as it is stated, it is necessary first to apply the previous results
and the parabolic embedding theorem in order to ensure that the density o of the
solution belongs to Lf;c (this is done in several iterations) and only then multiply by
a compactly supported function; once the required integrability of o is established,
the term with (V({, V) is easily estimated by Hélder’s inequality, which gives an
estimate of type (2.2.3) for ¢ - p.

2.2.6. THEOREM. Let A and A~ be locally bounded on Brr and let (2.2.2)
hold, where now p > d + 2. Let i1 be a finite Borel measure on Br 1 such that p €
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L"(Bgr,r) with somer > p'. Let 8 € LP(Bgr). Suppose that for all p € C§°(Bg,T)
one has

[ [0+ av0.00] dul < [ (161 + 1V.61) 51l d

Then u has a density that is locally Hélder continuous on Br x (0,T) and belongs
to the classes HP'(Bp, [Ty, Th]) and HP'(Br:,[To,T1]) for all R" < R and any
interval [To, Th] C (0,T).

2.2.7. COROLLARY. Let p > d + 2 and let A and A~' be locally bounded on
Qr, and let (2.2.2) hold with p > d + 2 for every ball Br with closure in . Let

b, ce LY (Qr). Assume that p is a locally finite signed Borel measure on Qp such

that b, c € L}, (Qr,p) and

loc

/ [8,5(,0 +a"9;0;0 + b 00+ cp| du=0 Yo € C3°(Qr). (2.2.4)
Qr

Then i has a locally Hélder continuous density that belongs to the spaces HP-1 (U, J)
and HPY(U, J) for every interval J and open set U such that U x J has compact
closure in Q.

It is worth noting that if 1 is nonnegative, then, by Harnack’s inequality, the
continuous version of its density is strictly positive in every component of Q7 in
which it is not identically zero. This will be considered in more detail in §2.4.

2.2.8. COROLLARY. Assume that, for all ¢ € C§°(Qr), one has

/ [at@ +a19,0,0 + b9 + cw} du= | fiospdadt, (2.2.5)
QT QT

where f* € LY (Qr) and a',b', c satisfy the same hypotheses as in Corollary 2.2.7.

Then the assertion of Corollary 2.2.7 with (2.2.4) replaced by (2.2.5) is still true.

2.2.9. COROLLARY. Let p satisfy the hypotheses of Corollary 2.2.7, let Bg, be
an open ball with closure in Q, and let [t1,t2] C (0,T). Then, for every closed
interval [11,72) C (t1,t2) and any R < Ry, there exists a constant N depending on

tq, ta, T1, T2, RO; R, ||CHLP(BR0><[t1,t2})7
inf  detA, su a7 (-, t)||lwea 108 1 ,
BRrg X[t1,t2] te[tll,)tz] e Olhwe (Bro) | HLP(BROX[M’QD
such that N is a locally bounded function of the indicated quantities and one has

H/’L||HP’I(BR7[7'1772]) < NHILLHLP/(BROX[tl,tQ])'

Moreover, one can choose N so that if p is nonnegative, then
lllr 1 (Brtrr ) < NIl L (Bry x [t t2])-

2.2.10. REMARK. The assumption that p > d + 2 was used in the proof of
Theorem 2.2.6 in order to improve the initial integrability of a solution and also to
guarantee its Holder continuity (by an appropriate embedding theorem). It is clear
from the first step of that proof (or from Theorem 2.2.5) that if we assume only
that p > d, then we obtain that u € H*!(Bg,[To, T1]) and u € H*>Y(Bg/, [Ty, T1])
with s = pr/(p +r) > d provided that r > pd/(p — d).

We now give a modification of Theorem 2.2.6 obtained in [43], which differs
in that the integrability condition on the coefficient (5 (which was absent in the
above theorem) is expressed in terms of the measure p and not in terms of Lebesgue
measure.
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2.2.11. THEOREM. Let A and A™' be locally bounded on Brr and let (2.2.2)
hold, where we assume now that p > d + 2. Let p be a finite Borel measure on
B, with a density 0 € L"(Bgr) with some r > p'. Let f1 € Li, (Brr) and
B2 € LY (u). Suppose that for all ¢ € C§°(Bg,r) one has

loc

/ [3ts0+aijazi3zj<ﬁ]dﬂ‘</ (lel + Vo) (|Bro] + |B20]) dx dt.
Br, T Br,r

Then o has a version that is locally Holder continuous on Br X (0,T) and belongs
to the classes HPY(Br, [Ty, Th]) and HPY(Bgs, [Ty, T1]) for every R’ < R and every
interval [Ty, Th] C (0,T).

2.2.12. COROLLARY. Letp > d+2 and let A and A~' be locally bounded on Qr
and let (2.2.2) hold with some p > d+2 for every ball Br with closure in Q. Assume

that p is a locally finite signed Borel measure on Qp such that bt,c € LY (1) and

/ [0 + aijawiawj‘p + awiaijawg"ﬂ + bi@m‘ﬂ +epldu=0 Ve C(Qr).
Qr

Then p has a locally Hélder continuous density that belongs to the spaces HP* (U, J)
and HPY(U,J) for every interval J and every open set U such that U x J has
compact closure in Q.

Let us return to the stochastic equation (2.1.4). It is known that if A and b are
bounded, A has two bounded derivatives and is nondegenerate on R?, and b has
a bounded derivative, then there exists a diffusion process & that satisfies (2.1.4)
with €& = z, z € R%. Its transition probabilities P(t,x,dy) have densities p(t, z,y)
satisfying the following equations:

2 9
el — g% i
atp(t,z,y) a %iaxjp(t,x,yHb agcip(t?a:,y), (2.2.6)
0 0? g o /.
— — %] _ 7
8tp(t,%y) 9.9, (a p(t,w,y)) o (b p(t,m:y)) (2.2.7)

for all t > 0, x,y € R?; in addition, P(0,z, dy) = 6,. This means that the measures
P(t,x,dy) dt satisfy (2.1.2). It should be noted that these equations bear many
names in the literature; in particular, they are called the Fokker—Planck equations,
the Fokker—Planck—Kolmogorov equations, the forward and backward Kolmogorov
equations, and so on (Kolmogorov himself in [105] refer to both as the Fokker—
Planck equations). To avoid confusion, in this survey we call (2.2.6) the Kolmogorov
equation and call (2.2.7) the Fokker—Planck equation. The transition semigroup
(T})¢>0 of &F is defined on Cy(R?) by the formula

T,f(x) = / F(y) Plt, . dy).

If a probability measure y is invariant for (7});>0, then u satisfies the elliptic equa-
tion L7 ,p = 0, and, conversely, if p satisfies this stationary equation, then it is
invariant for (T});>0. As we know from §§1.5, 1.6, there is no such equivalence in
the case of unbounded coefficients even if we have our semigroup (7}')¢>o. Let us
explain how we can consider analogs of equations (2.2.6)—(2.2.7) for this semigroup
in the situation of Theorem 1.7.5. In order to obtain a function of three arguments
(t,z,y), we take K;0,, where 0, is Dirac’s measure at x. The next result shows
that K}, = pasp(t,z,y)dy if t > 0, where pa is the function from Theorem 1.7.5,
and that an analog of equation (2.2.7) holds.
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2.2.13. THEOREM. Suppose that in the situation of Theorem 1.7.5 we are given
a bounded measure pg on ) and

KMMM:AM@@MM@ZAmemeMy

Then the measure K j1o(dy) dt satisfies (2.1.2) for all T > 0. In particular, K 1o

has a positive continuous density in W ().

2.2.14. REMARK. It follows from the proof in [33] that for every compact set
E C Q x (0,+00), there exists a constant C'(E) such that

sup sup py(z,y) < C(E),
(x,t)EE yeQ
where pi(z, y) is the jointly continuous version of the Radon—Nikodym density of the
measure Ki(x,dy) with respect to the measure y = pdx from Theorem 1.7.5, i.e.,
pab(t,z,y) = pi(z,y)o(y). Hence the continuous density of the measure K 11o(dy)
is given by

/ pe(, ) po(dz) o(y).
Q

In [130], under stronger assumptions on the coefficients A and b, useful global
estimates and inclusions in parabolic Sobolev classes are obtained for the transition
density pap(t,z,y) from Theorem 1.7.5. In [124] the situation where V,o(z, 1)
exists even for not necessarily differentiable coefficient A is studied.

Certainly, once the existence of densities is established, in many cases one can
apply the results known for functions (but taking special care of the form of the
equation), in particular, the results from [108], [111], [116], [123].

2.3. Upper estimates for densities

Here we present upper bounds on densities in the case of an unbounded drift.
On the one hand, the assumptions and techniques applied in this situation differ
considerably from those used for obtaining Gaussian decay of densities in the case
of bounded drifts or zero drifts (see [75], [143], [144], [77], [161], and also [8],
where some assumptions on divb are used). On the other hand, the ideas and
methods used for bounded coefficients turn out to be very useful also in the situ-
ation under consideration. First we discuss the case when the initial distribution
has a sufficiently nice density, and then briefly comment on the case of a Dirac
initial distribution (i.e., fundamental solutions or transition densities) studied in
[84], [130], [167] under some additional assumptions. For the proofs of the results
below, see [41].

We shall say that a nonnegative measure o has finite entropy if po has a
density oo with respect to Lebesgue measure such that ggIn oo € L'(R?), where we
set 0In0 := 0.

2.3.1. THEOREM. Suppose that p, where each p; is a probability measure, sat-
isfies (2.1.1) and (2.1.3) and assume the following hypotheses:

(i) the mapping A be uniformly bounded with A(z,t) > « -1 for some con-
stant a > 0, and let the functions x — a*(x,t) be Lipschitzian with constant \,

(i) o] € L2(n).

Assume also that the function A(x) := Inmax(|z|,1) is in L?(u) (which is the
case if, e.g., (b(z,t),z) < Ci|z|?A(x) + Oz with some constants Cy and Cy and A €
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L?(uo)). If o has finite entropy, then puy = o( -, t)dx, where o(-,t) € Wli’cl(]Rd),
and for each T <1 one has

T 2
/ / Vo@.F 4 gt < oo, (2.3.1)
0 Rd

o(z,t)

In particular, we have /o € H*?(R?x [0,7]) and o € LY @=L (R x [0, 7]) if d > 2,
and o € L>* (R4 x [0,7]) for all s € [1,00) if d = 2.
If

lim sup/ oz, t)A(x) dr < oo,
t—1 R4

which is the case, e.g., if (b(z,t),z) < C1|z|?> + Cy with some constants Cy and Cy
and A € L (o), then (2.3.1) is true for 7 = 1.

The proof in [41] yields a useful estimate

T 2
/ / Vel 4 ar
0o Jre O

2
< a_2(|\b||2’,J + )\d3/2\f'y) +2a ' In2+ 227t /Rd oo(x) In oo () dx

+ 207 (d + 1)/ o(r,x)A(z)dx. (2.3.2)
Rli

2.3.2. REMARK. It is seen from the proof in [41] that in place of the integra-
bility of the function o(z,0)ln o(x,0) it suffices to require only the integrability of
o(z,0) max(0,1n o(x,0)). This leads to the effect that in estimate (2.3.2) one obtains
o(z,0) max(0,1n o(x,0)) in place of the function o(x,0)1n o(x,0). However, the es-
timates obtained and (2.1.10) show that if we keep all other assumptions, then the
entropy of o(x,0) is finite anyway. But if no p-integrability of A is required, then
the situation may change. For example, if d = 1, b = 0, and a = 1/2, then for
any initial distribution pg, the solution is given by the convolution g * g;, where
gi(x) = (2mt)~ Y2 exp(—x2/(2t)). If o has a density oo such that |g|?/0o € L*(RY),
but the function gg In g is not integrable, then for all ¢ the solution o(z,t) does not
have finite entropy, although the quantities

/ 0u0(z, 1) Po(z, 1) da

are uniformly bounded. The same example shows that for the validity of estimate
(2.3.1) certain conditions on the initial distribution are necessary. It suffices to take
o to be Dirac’s measure at the origin. Then the function |9, 0|?/0 is not integrable
on R! x (0,1). Some sufficient conditions on A and b ensuring finite entropy of
o(-,t) for ¢ > 0 and Dirac’s initial distribution are mentioned at the end of the
section.

In Example 2.3.9 below one can find conditions on the coefficients A and b
ensuring that |b| € L?(p).
Estimate (2.3.2) can be improved under additional hypotheses on A and b.
Let
bo == (b)), b=V —9y,a".

2.3.3. THEOREM. Suppose that u satisfies (2.1.1), (2.1.3), where v = gq dx,
and g has finite entropy and is locally Holder continuous. Let A and b satisfy (CP1)
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and (CP2) with some p > d+2. Suppose that |A~/?bo| € L (), In(14|z]) € L*(p),
and

1
lim inf/ / [7’74||A(x, 2 + 7720 4(x, t)?| i (de) dt = 0.
0 Jr<|z|<2r

T —00

Then o( -, t) € WP (RY), for almost all T € [0,1] one has

loc
0 R4

o
< [ [ euPdu2 [ lo(w.0)tngw,0) - o) nole )] do,
0 JRrd Rd
and the right-hand side is finite. Under the extra assumption that A > o -1 for
some a > 0, one has \/p € H*?(R? x [0,1]), o € LY@ (R x [0,1]) if d > 2,
and o € L1 (R4 x [0,1]) for all s € [1,00) if d = 2.

2.3.4. REMARK. If A is uniformly bounded, then the assumption that In(1 +
|z|) € L*(u) can be relaxed to In(1 + |z]) € L?(u).

2
9’ i

2.3.5. THEOREM. Under the hypotheses of Theorem 2.3.1 suppose that also

sup [[b(, 1)l pau,) < o0
te[0,1]

and po = o(-,0) dz, where o(-,0) € LP(RY) for all p € [1,+00). Then

T /
/ ( |Q(:c,t)\pdx)qut<oo
0 \Jrd

for all p,q € [1,+00) and 7 € (0,1).

2.3.6. THEOREM. Under the hypotheses of Theorem 2.3.1 suppose that |b| €
LP(p) for some B> d+2 and o(-,0) € L>(R?). Assume that either
sup [|b( -, )|l pa(u,) < o0,
te[0,1]
or 0 € LP(R? x [0,7]) for all 7 < 1 for some p > 1. Then o € L>(R? x [0,7]) for
every T < 1.

2.3.7. REMARK. (i) In view of Remark 2.3.2, there is no need to require the
integrability of the function o(x,0)1n o(x,0) in the last two theorems, since the in-
tegrability of the function p(z,0) max (0, In o(x, 0)) follows by the inclusion o( -,0) €
LP(RY) with p > 1.

(ii) The assumption in Theorem 2.3.5 and Theorem 2.3.6 that the integrals
of o(z,t) with respect to x equal 1 can be replaced by the assumption that these
integrals are uniformly bounded.

(iii) If in Theorem 2.3.6 it is given in advance that o € LP(R? x [0, 7]) for some
p > 1, then we need not require the integrability of the function |In(1+ |z|)[?o(x, ),
but the boundedness of o(x,0) is important.

These theorems enable one to obtain global upper bounds on g. As in the elliptic
case considered above, the idea is this: in order to obtain a pointwise estimate
o(z,t) < ®(x,t)~ L, one has to consider the measure v := ® - 4 and establish the
boundedness of its density. We shall consider functions ® that do not depend on t.
If ® has locally bounded first and second order derivatives, then the measure v
satisfies the equation

L*v = (a"0y,0,,®) 0 + 205,90, (a" 0) — b0y, P0 = —L® - 0 + 20, (a0, o)

understood in the same sense as (2.1.1).
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2.3.8. THEOREM. Suppose that all hypotheses of Theorem 2.3.6 are fulfilled
and we are given a function ® > ¢ > 0 on RY with locally bounded second order
derivatives such that o(z,0) < C®(z)~!, ® € L*(po), and

e |Lo|P/21A2 |AVDPDt P e LY (u), sup / ®(z)o(z,t) dr < oo
t€[0,1] JR4
for some € > 0. Then for every T < 1 there is a number C, such that
o(z,t) < C,®(x)~  for almost all (z,t) € R x [0,7].

2.3.9. EXAMPLE. Suppose that A and A~! are uniformly bounded, A is uni-
formly Lipschitzian in x, and for some 8 >d+2,r >0, >0, K > 0 one has

bl € L% (), exp[(2K + &)|a|"] € L' (u),
(2.3.3)

sup / exp(K|z|")o(x,t) dr < co.
t€0,1] JRe

Let supyeo,1) 160+, )|l Lagu,) < oo. Finally, let the function exp(K|z|")o(x,0) be
bounded and integrable on R%. Then for every 7 < 1 there is a number C(7) such
that

o(z,t) < C(r)exp(—K|z|"), (x,t) € R x[0,7].
To ensure condition (2.3.3) and the stated assumptions on b and o( -, 0) it suffices
to have the estimates

|b(x,t)| < Cexp(2KB z|"), o(x,0) < Cexp(—K'|z|")
with some K’ > K and the estimate
(x,b(x, 1)) < 1 —calz]", ca > 2rK sup ||A(x, t)]]. (2.3.4)
t,x

Indeed, let ® € C%(R%) be such that ®(z) = exp(K|z|") if |z| > 1. All hypotheses
of Theorem 2.3.8 hold. Under condition (2.3.4) we pick ¢ € (0,¢) such that

r(2K + ) sup ||A(xz, t)|| < e2,
x,t

and take a function V € C?(R?) that equals exp[(2K + §)|z|"] if |#| > 1. Then, for
some ¢, we have the estimate LV < c. It follows from the existence results in §2.6
below that a solution exists and the norms ||V o(-,t)| 11 (ga) are uniformly bounded.
The remaining assumptions of Theorem 2.3.8 also hold. In a similar way, one can
obtain a power bound under weaker conditions.

Under some additional assumptions, time-dependent bounds for solutions are
obtained in the recent papers [84], [130], [167]. For example, the following result
is proved in [130].

2.3.10. THEOREM. Suppose that the mappings A and A~ are uniformly boun-
ded, a” € C'T*(RY), b € C2 (RY), and

loc

limsup || =% (z,b(2)) < —¢,  |b(z)| < erexp(ealz]”~%),

|| — o0

where ¢,c1,c9 > 0, € > 0, and B > 2. Then the following estimate holds for the
fundamental density pay(t, z,y) in Theorem 1.7.5:

pas(t,z,y) <cs exp(04t_ﬁ/(5_2)) exp(—’y|y|ﬁ)7 te(0,1),z,y € R%.
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If [b(z)] < e(1+[z|7), then
pA,b(tvxay) S Ctig(l + |y‘)70
for some constants c,0,0 > 0.

Analogous estimates are established also for 0¢pap, Dypap and Dgp Ap in the
case where a¥ € CZ(RY), b* € C*(R?), and |Db(z)| and |D?b(x)| admit the same
bound as |[b]. Some of these estimates are refined in [167] by using Lyapunov
functions depending on t. For example, the previous estimate is refined to

pA,b(t7 Z, y) S C3tin exp(iéta|y|ﬁ)a

where 0 = ak(—1)/8—1, k> d+2,a> (/(8—2),d < c/(AB), A = sup,, || A(z)]|.
These results have recently been strengthened by S.V. Shaposhnikov.

It would be interesting to study the behavior of solutions at infinity under the
above assumptions on the coefficients in the case where the initial distribution is a
measure; there are many results in this direction for solutions in various classes of
functions and typically in the case of bounded coefficients (see the survey [68]).

2.4. Harnack’s inequality for parabolic equations

We now consider Harnack’s inequality for the parabolic equation. Let €2 be a
bounded domain in R, let Q = Q x (0,1), and let A = (a¥);<; j<4 be a measurable
matrix-valued mapping on @ with a” = a’/? such that there exist constants v > 0
and a > 0 such that

Z la¥ (x,t)|> <4* and A(z,t) >a-1 forall (z,t) € Q. (2.4.1)
J
In addition, let b: @ — R be a measurable vector field such that
sup |b(z,t)| < B < oc. (2.4.2)
(z.t)eqQ
Suppose that a nonnegative function u € H?1(Q) satisfies the equation
Oyu = 0Oy, (aijaxju - biu), (2.4.3)

i.e., for every function ¢ € C3(Q), one has the equality

// {—@cpu + 8xi<p(aijazju — biu)} dx dt = 0.
Q

It follows from the general theory of parabolic equations (see, e.g., Theorem 8.1
in §8 and Theorem 10.1 in §10 in Chapter 3 of the book [111]) that under our
assumptions any solution u has a version that is locally Hoélder continuous.

Let us fix a point (Z,t) € Q x (0,1]. Let R(Z,) be the open cube with the edge
length r centered at the point Z. Let

Q(r) = R(z,7) x (t—721), Q*(r)=R(z,r) x (t — 82,1 —7r?).
The following classical theorem is true (see the paper [10, Theorem 3], gen-

eralizing a result of Moser [137]). Concerning methods of obtaining Harnack’s
inequality, see also [143] and the references there.

2.4.1. THEOREM. Let Q(3r) C Q. Then, for the continuous version of the
function u satisfying equation (2.4.3), we have

sup u(z,t) <C inf wu(z,t),
(x,t)eQ*(r)( ) (r,t)eQ(r)( )

where the number C = C(d, o, vy, Br) depends only on d, «,~y, and Br.
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As in the elliptic case, we are interested in a more precise form of dependence of
C on the indicated parameters from (2.4.1), (2.4.2). The results below are proved
in [42].

2.4.2. THEOREM. Let Q(3r) C Q. Then the following inequality holds for the
continuous version of the function w:

sup  u(x,t) <C inf  wu(wz,t),
(z,t)EQ*(r)( ) (r,t)eQ(r)( )

where

C:=C(d,a,vy,B,r) = exp{c(d) [L+a '+ (a2 +a ' )(Br "‘7)}2}

Our next result further refines the obtained estimate with respect to dependence
on r. Its advantage as compared to the previous theorem is that now B appears in
the estimate without the factor r.

2.4.3. THEOREM. Suppose that B(zg,0r) C Q for some 6 > 1 and r > 0. Then,
whenever 0 < s <t < 1 and x,y € B(zo,7), the following inequality holds for the
continuous version of u:

12
u(y, s) < u(z,t) exp{K(u

t—s
2
L+ (B+1 5+ 1) ],
where 6 = min{(6 — 1)r,+/s} and the number K depends only on d,a, and vy as
follows, with some number c¢(d) depending only on d:

2

K = c(d)‘l +a (a7t + a_1/2)7’

2.5. Lower bounds in the parabolic case

We proceed to lower bounds for densities of solutions to parabolic equations
for measures. As we shall see, there are lower bounds similar to the upper bounds
discussed in §2.3; however, the difference between the upper and lower bounds is
more significant than in the elliptic case. The proofs are given in [42].

Let A = (a")1<; j<a be a measurable matrix-valued mapping on R%x (0, 1) such
that A(xz,t) is positive definite and let b be a measurable vector field on R? x (0, 1)
with values in R?. As in the elliptic case, in our study of lower bounds it is more
convenient to consider the divergence form operators £ = L 4.

A Borel measure p on R% x (0, 1) satisfies the weak parabolic equation (2.1.1)
if the functions ¢ and b° are integrable on every compact set in R? x (0, 1) with
respect to u and, for every function ¢ € C§°(R? x (0, 1)), we have the equality

/ Lodu =0,
R4 (0,1)

which is understood in one of the following two ways.

(I) For every compact interval J C (0,1) and every ball U C R?, the functions
a® belong to the class H1 (U x J), the functions a¥, 9,,a", and b® are Borel
measurable and locally integrable with respect to |u|, and

/ [Orp + aijaxiaxjgo + 8%(1”8%.@ + bjﬁxj ]l du = 0. (2.5.1)
R x (0,1)

(IT) For every compact interval J C (0,1) and every ball U C R?, the restriction
of the measure p to U x J has a density o in the class H"1(U x J) such that the
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functions a*d,, 0 and b%p are locally Lebesgue integrable and
/ [0rp0 — a1 0y, 00,0 + b0y, p0] d dt = 0. (2.5.2)
R (0,1)

Below we always specify which case we are considering by referring to (2.5.1) in
Case (I) and to (2.5.2) in Case (II). Our assumption that the matrices A(z,t) =
(a"(z,t));, j<a are symmetric and strictly positive guarantees the absolute continuity
of p in Case (I). For this reason, we consider measures p represented in the form
p(dt dz) = py(de) dt by means of a family of Borel measures (p:)e(0,1) on R%. In
this case (2.1.1) can be written as

1
/ Lo(x, t)us(dr) dt = 0,
0o Jre

which is understood in one of the two ways described above. It should be noted
that the alternative assumption in Case (II) that p has a locally Sobolev density
is fulfilled automatically if, in Case (I), the coefficients A and b satisfy certain
additional assumptions specified in §2.2. For this reason, in some results we consider
solutions a priori possessing locally Sobolev densities and make no assumptions
on the regularity of A; however, in other results, which deal with applications to
transition probabilities, we impose a suitable local Sobolev regularity of A in order
to guarantee that all solutions are Sobolev regular.
Let V be a continuous increasing function on [0, 00) with V' (0) > 0.

2.5.1. THEOREM. Let sup |b(x,t)| < V(|z]/0) for almost all z € RY, where
te(0,1)
0>1. Let

a(r):= sup  [JA(z,0)7 ', ()= sup  [A(z, ).
t€(0,1),|z|<r t€(0,1),|z|<r

Let i be a nonnegative measure with a density o on R x (0,1) such that
o € H*Y(U x J) (2.5.3)

for any ball U C R? and any closed interval J in (0,1). Suppose that u satisfies
equation (2.1.1) in the sense of (2.5.2), i.e., we deal with Case (I). Then, there
exists a positive number K = K (d) such that the continuous version of the function
o satisfies the inequality

oz, t) = Q(Ovs)exp{—K(d)ll +a(Blz)) 7! + [a(@le)) ™" + a(Ble)) "]y (0l2])] %
t—s 9 1 9

2V (Je))? + — ) |
where 0 < s <t < 1, x € R, In particular, if |A(x,t)|| <7 and ||A(z,t)7| < a,

then there exists a positive number K = K(d, 7, 0) such that the continuous ver-
sion of the function o satisfies the inequality

><(1+

t— 1
o(@1) = 0(0, s)exp{ ~K (1+ —"V(a)* + —l2*) }, 0<s<t<1 aeR.
s -8
2.5.2. COROLLARY. Suppose that in the situation of Theorem 2.5.1 one has
[A(z,t)]| <y and [A(z, )| < a

and that for almost all t € (0,1) the function x +— o(x,t) does not vanish iden-
tically. Then, for every closed interval [r1,72] in (0,1), there exists a number
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K = K(d,a,7,0,7,7) > 0 such that for all t € [ry, 7] and x € R? the follow-
ing inequality holds:

exp(—K (14 V(2)? + [22) ) < olw,t) < exp(K(1+ V(a))? + o) ).

2.5.3. EXAMPLE. Suppose that in the situation of Theorem 2.5.1 the matrices
A(z,t) and A(x,t)~! are uniformly bounded and for some constants ¢; > 0 and
co > 0 the inequality

sup [b(z,1)] < exfal? + ez
te(0,1)
holds for almost all z. Then there exists a positive number K such that

t— 1
o(z,t) > 0(0,s) exp{—K(l + TS|:Z:|2’8 + EL’C\Z) }, s,t€(0,1),s <t
For example, if
1
L == at + §A7

then the measure (27rt)_1/2e_‘“5|2/2t dx dt is a solution. For any § > 0, our results
yield a number K (8) > 0 such that o > e~ K®I=I*/t in the strip R? x (§,1). Similarly,
our lower estimate is sharp in the case of a linear drift coefficient, but it becomes
less precise in the case of quadratic growth of [b|; e.g., if o(z,t) = Cexp(—|z[?),
then exp(—K|x|*) appears in our lower bound.

Let us give conditions on the coefficients A and b ensuring two-sided exponential
estimates of the density of the solution in the parabolic case.

2.5.4. EXAMPLE. Suppose that A(z,t) is symmetric and positive, A(x,t) and
A(z,t)~! are uniformly bounded, the functions x — a%(x,t) are uniformly Lips-
chitzian with a common constant, and that for some r > 1, ¢ > 0, K > 0, and
K’ > K we have

b(z,t)] < C + Cla|""7,  o(x,0) < Cexp(—K'|z|"),
(z,b(x,t)) <c1 —eolz|”, co>2rKsup|A(z,t)].
x,t

Suppose that a probability measure y on RY x (0, 1) satisfies equation (2.1.1) in the
sense of (2.5.1), i.e., we deal with Case (I). Then p has a continuous density o such
that, for every closed interval [r1,72] C (0, 1), there exist numbers Cy,Cy, and Ky
for which

Ci eXp(—K0‘$|2T+20_2 —Ko\x|2) < oz, t) < Cyexp(—K|z|"), (z,t) € RY x [T1, T2].

The upper bound follows from §2.3, and the lower bound follows from the above
results. Unlike the elliptic case, here there is no coincidence of the powers of |z| in
the lower and upper bounds. We observe that the indicated conditions also give the
existence of a solution p = p; dt, where every u; is a probability measure, for an
arbitrary initial distribution (see §2.6). The uniqueness problem is also considered
in §2.6.

One more application of our results is concerned with the proof of the existence
of finite entropy for any solution with respect to the space variable at any positive ¢
for every initial distribution. The existence of finite entropy, which is useful in many
respects, is necessary for applying those results of §2.3 which give integrability of
[Vo(z,t)]*/ oz, t).

Let W be a continuous increasing function on the half-line [0, 00) such that
W(0) >0 and rlig)lo W (r) = 4o0.
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2.5.5. PROPOSITION. Suppose that the matrices A(x,t) are positive definite and
uniformly bounded along with the matrices A(x,t)~% and that, for some 6 > 1, the
following inequality holds:

sup |b(x,t)|*> < W(|z|/0), xR
te(0,1)

Let p be a measure of the form p = p; dt, where every p; is a probability measure on
RY, and let p satisfy condition (2.5.3) and equation (2.1.1) in the sense of (2.5.2).
Suppose that

/1/ [l[* + W (|2])] e (d) dt < o0.

Then, for every closed interval [T1,72] C (0,1), we have

/ / (z,9)|Ino(z, s)|drds < .

2.5.6. COROLLARY. Suppose that a’ € HQOl(Rd x (0,1)), A(z,t) is positive
definite, and that A(x,t) and A(x,t)~! are uniformly bounded. In addition, suppose
that for some 6 > 1 the following inequality holds:

sup [b(x,1)|* < W(|z|/6), «eR%
te(0,1)
Let p be a measure of the form pu = u; dt, where every u; is a probability measure,
and let p satisfy condition (2.5.3). Assume that p satisfies equation (2.1.1) in the
sense of (2.5.2) and has the initial distribution uo such that the function Wy(z) :=
W (|x|) is integrable with respect to po. Finally, let

W(r) > e +cor® and LWy(z) <C
for some constants cy,co,C > 0. Then, for the continuous version o of the density
of i we have

sup /Q(a:, $)|Ino(z, s)| dx < oo.
sE(O,l)Rd

We emphasize once again that if the functions x +— a%(x,t) are locally Lips-
chitzian uniformly with respect to ¢ € (0, 1), then in Theorem 2.5.1, Corollary 2.5.2,
Example 2.5.3, Proposition 2.5.5, and Corollary 2.5.6 any solution p of (2.1.3) in
the sense of (2.5.1) is a solution in the sense of (2.5.2) as well.

2.5.7. EXAMPLE. Suppose that in Corollary 2.5.6 it is known additionally that
the functions z +— a%(z,t) are uniformly Lipschitzian with a common constant.
Then, for every closed interval [r1, 2] C (0, 1), according to §2.3 we have

t 2
/ / ‘VQ %5 ‘ dz dt < oo.
Rd

2.5.8. EXAMPLE. Suppose that the matrices A(z,t) and A(x,t)~! are uniformly
bounded, the functions z +— a*(x,t) are uniformly Lipschitzian with a common
constant and that there exist numbers ¢, ¢cg, ¢1, co, 7 > 0 such that

|b(x,t)| < coexp(clz|™), (b(x,t),z) < c1 —colx|”, co > 2crsup||A(x,t).
x,t

Let ;1 be a probability measure on R? x (0, 1) satisfying equation (2.1.1) in the sense
of (2.5.1) with an initial condition pg such that the function exp(c|z|") is integrable
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with respect to pg. Then

T2 2
/ / Vo@D 1 4 < oo
T1 R4 Q(x’t)

for every closed interval [r,72] C (0,1). To prove this, it suffices to take Wy (z) =
exp(M|z|"), where M > 2c is sufficiently close to 2c.

We now turn to lower bounds without conditions on the growth of the drift
coeflicient; the proofs can be found in [160]. Until the end of this section we
assume that the matrix A(z,t) = (a¥(x,t))1<;, j<q is symmetric and satisfies the
following conditions:

(GP1) there is a constant A > 0 such that for all x,y € R? and ¢ € (0,1) one
has

ja (@, ) = a” (y, )] < Alw —yl,

(GP2) there are constants m, M > 0 such that for all x,y € R? and t € (0, 1)

one has
mlyl> < Y aV(x, iy < Myl
1<i,j<d

If, in addition to (GP1) and (GP2) we have b € L (p) for some p > d + 2, then
the solution u has a continuous density ¢ belonging to the class HP-*(U, J) for each
ball U and each interval J C (0,1).

It turns out that without any assumptions of local boundedness or local integra-
bility of the coefficient b with respect to Lebesgue measure one can obtain estimates
of the form

2
o(z,t) > e flalzl +e2) oy erd e (2.5.4)

where J = [11,72] C (0,1) is any closed interval, ¢; = ¢1(J),c2 = c2(J) are some
constants, and f € Cz([O, +oo)) satisfies the following conditions:

(HP1) f(2)>0 f'(2) >0 and f"(z) > 0 for z > 0;
(HP2) for some 0 < v < 1 the function e~(*="f(2) is convex (its second
derivative is nonnegative) on (zg,+00) for some zy > 0.

For obtaining estimate (2.5.4) in addition to conditions (GP1) and (GP2) it
suffices to require the following conditions:

(GP3) |blexp(¢(|b])) € LP(p), where p > d+ 2 and 9 is a nonnegative strictly
increasing continuous function on [0, 00) such that for some N > 0 one has

(HP3) %~ 1(2) < N\/f'(f~1(2)) for all z > 0.

According to (HP1) and (HP3), f'(y) — oo. Hence there exists a number
Yo > max{zg, 1} such that f'(y) > 1 and (f'(y))~'/2ef®) > ¥ whenever y > yo.
Let wg = e fm%0) Then 0 < wg < 1. Let

A = min{wo(2[lo]z=)"", 1}

Let us fix a cube Q@ = Q(y,1/2) and numbers s; < s2 < t; < tz such that
81, 82,t1,t9 € [To,Tl], where [To,T1] C (O, 1). Let

K™ :=Qx[s1,52], KT :=Q x[t1,ta].

2.5.9. THEOREM. Let u = pdx dt satisfy equation (2.1.1), where the coefficients
a¥ b® satisfy conditions (GP1)~(GP3) and let conditions (HP1)—(H3) hold. Then

sup el (Im(Aa) < C(/ =M1 (|In(Ag)) dmdt)’”ﬂ
K+ -
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where C' depends only on the following quantities:

81752at17t25p7 N7w07m7M577d7 ||Q||L°°(1Rd><[To,T1])7

Th
[ [ wpesuonyodsar
To R4

2.5.10. THEOREM. Let i = pdx dt satisfy equation (2.1.1), where the coefficients
a, bt satisfy conditions (GP1)~(GP3) and let conditions (HP1)—(HP3) hold. Let
us fix an interval J = [11,72] C (To,T1). Then there exist positive numbers ¢y and
¢ such that

2
o(x,t) > e_f(clmCI + 02), zeRte
2.6. Fokker—Planck—Kolmogorov equations

Here we discuss sufficient conditions for the existence and uniqueness of solu-
tions to parabolic equations for measures. Our presentation follows [30] and [26].

We shall say that a compact function ¥ € C?(R?) is nondegenerate if there is a
sequence of numbers ¢,, — +o0o such that the level sets ¥=1(c,,) are Cl-surfaces (in
fact, we only need that Lemma 2.1.5 be applicable to the domains {¥ < ¢,}). For
example, if ¥ is convex, then it is nondegenerate; the same is true if ¥(x) = v (|z|?),
where 1y € C?([0, +00) is increasing to +oo.

2.6.1. THEOREM. Let p > d+ 2 and let A and b satisfy the conditions
sup [[la® (-, t)lwra () + 16, )]l o)) < o0,
te(0,1)
(2.6.1)
A(z,t) > M(B)-1 V(z,t) € Bx(0,1)

for every ball B with some M(B) > 0. Assume that there exist a nondegenerate
nonnegative compact function ¥ € C%(R?) and a constant C > 0 such that

LY(x,t) <C+C¥(x) ae inR?x(0,1). (2.6.2)

Then, for every Borel probability measure v on R?, there exists a family p =
(1t)eefo,1) of probability measures on R? satisfying (2.1.1) and (2.1.3) such that

Rd

is continuous on [0,1) for every ¢ € C§°(RY).

Let us note that this theorem (established in [26]) is stronger than the analogous
result of [24] in all respects except that here the Lyapunov function ¥ is supposed
to be nondegenerate. However, this is a rather mild restriction, which is fulfilled in
all interesting cases.

2.6.2. REMARK. (i) In the case when the functions b’ are bounded on bounded
subsets of R? x (0, 1), the nondegeneracy condition on A can be slightly relaxed as
follows: it suffices to have

inf det A(z,t) >0
(z,t)EK X[11,72]
for every [11, 7] C (0,1) and every compact set K C R%.

(ii) Condition (2.6.2) can be relaxed as follows: there exists a compact set
K C R? such that LY(z,t) < C a.e. in (0,1) x (R}\K).

(iii) For almost every ¢, the measure u; has a density in the Sobolev class

Wf)’cl(]Rd). This is true for any solution of (2.1.1) under our local assumptions on
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A and b. Hence, under these assumptions, equation (2.1.1) can be written in the
classical weak form after integrating by parts in the term with 0,,0, u. Below we
consider more general equations whose solutions do not have such a property.

2.6.3. COROLLARY. Suppose that there is a constant C such that
|A(z,t)|| < C+ Cln(|z[* + 1), (x,t) € (0,1) x RY, (2.6.3)
and, for every compact set K C R? and every [r1,m2] C (0,1), one has

inf det A(z,t) > 0, sup [b(x,t)] < 0.
(z,t) €K X [71,72] (z,t)€K x(0,1)

Assume also that there is a constant M such that
(b(z,t),2) < M+ |z|*)In(|z]*> +1), (2,t) € R x (0,1). (2.6.4)

Then, for every Borel probability measure v on R?, there exists a family (1t)eefo.n)
of probability measures on R? satisfying (2.1.1) and (2.1.3) such that

tH/ Cdus
Rd

is continuous on [0,1) for every ¢ € C°(RY). The same is true if we replace (2.6.3)
and (2.6.4) by

|A(z, t)|| < C+Clz|?,  (b(x,t),z) < C+Clz|?, (x,t) € RYx (0,1).

If the functions b and o™ are continuous in x for a.e. fized t, then the same is
true without the assumption that det A is strictly positive.

2.6.4. COROLLARY. Suppose that the functions x — a(xz,t) and x — b*(z,t)
are continuous for each t € (0,1) and are bounded on bounded sets in R? x (0,1).
In addition, suppose that, for every fized ball U C R?, the functions x +— a¥(x,t),
t € (0,1), are equicontinuous on U. Finally, assume that there exist a nondegenerate
nonnegative compact function ¥ € C%(R?) and a constant C > 0 such that

LY (z,t) <C+C¥(x).

Then, for every Borel probability measure v, there exists a family p = (pt)ieo,1) of
probability measures on R? satisfying (2.1.1) and (2.1.3) such that

R4

is continuous on [0,1) for every ¢ € C§°(RY).
Moreover, if det A is bounded away from zero on compact subsets in R% x (0,1),
then the continuity of b in x is not needed.

We observe that these results are applicable to degenerate A, in particular, to
A=0.

2.6.5. COROLLARY. Ifv = oo dz, then the solution from Theorem 2.6.1 satisfies
inequalities (2.1.9), (2.1.10), and (2.1.11) for any domain Q@ C R? such that the
right-hand sides are finite. If |b(z,t)| < CVU(z), ¥ € L*(v), and 0y € L*(R?), then
it satisfies (2.4.3) as well.

Under appropriate assumptions it is possible to construct a solution defined for
t in the whole real line.
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2.6.6. COROLLARY. Suppose that the coefficients A and b are defined on the
whole space R x R and satisfy condition (2.6.1) on every bounded interval in
place of (0,1). Suppose also that there exist a nondegenerate nonnegative compact
function W € C?(RY) and positive numbers c¢; and co such that

LY (z,t) <c1 —c¥(z) for almost all (z,t).

Then, there exists a family p = (ju¢)ierr of probability measures on R satisfying
(2.1.1) such that u; has a density o(-,t) and g is jointly continuous and positive.

Under some stronger assumptions, there are similar uniqueness results. Let us
introduce the following conditions.

(HU1) There exists p > d + 2 such that for every open ball B C R? one has
(a) inf(y nepx(o,r)det A(z,t) >0, sup,cpo 7). 1<ij<alla”? (-, O)lwea(s) < oo,

(b) /OT/B|b(x,t)|p dudt < .

We introduce the following set of measures on R? x (0, T):
Mot = {p| p(de, dt) = py(de)dt, py € P(RY) Vi€ (0,T) and p
satisfies (2.1.1), (2.1.3), where |b| € L*(B x (0,T), 1) for every ball B C R}.

2.6.7. THEOREM. Assume (HU1). Suppose, in addition, that the following con-
dition holds:
(HU2) each a* is Hélder continuous in t € [0,T)] locally uniformly with respect to
r € R%

Let K C Mg‘éf’” be such that IC is conver and for all p € K

(1= L)(C(RY x [0,T))) is dense in L' (R x (0,T), ).
Then #IC < 1.
We now give constructive conditions on the coeflicients which enable us to use

the above result.

Define the logarithmic gradient (8, = (8

.,6z) of p with respect to the

R
metric given by A as follows:
B, = Z(Bwja” + a”g_lawjg), 1=1,...,d.
j=1

2.6.8. PROPOSITION. Assume (HU1) and (HU2) and define K to be the set of
all measures p € ./\/l‘g‘?;f?’” satisfying the following three conditions for all1 < i,j < d:

(i) 0,,a"% € LY(B x (0,T), ) for all open balls B C R,

(i) a' € LY(R? x (0,T), 1),

(iii) b — B, € L*(R? x (0,T), ).

Then #K < 1.

2.6.9. PROPOSITION. Assume (HU1) and (HU2). Let V € CY2(R9 x [0,T]) be
such that lim V(z,t) = 400 uniformly with respect to t € [0, T]. Let K be the set

|| —o0
of all measures | € Mﬁéf’” satisfying condition (i) in Proposition 2.6.8 and such

that for some o = () € (0,00) one has
LA,Qﬁ“—bV — 3tV S CvoV
Then #IK = 1.
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2.6.10. THEOREM. Assume (HU1) and (HU2). Suppose that the following global
conditions hold for A, b, and v:

(iv) the measure v has finite entropy, i.e., v = oo dz and goln gy € L*(RY),

(v) there exists € € (0,00) such that

el < A(x,t) < e ' for all (x,t) € R? x [0,T],
(vi) there exists A € (0,00) such that for all v,y € R? one has
sup{[a’ (2, ) — ¥ (t,y)|: t € [0,T], 1< <j < d} < Alo —y),
(vii) there exists ¢ € (0,00) such that for all (x,t) € R% x [0, T] one has
(b, £),2) < (1 + [2]?),

and either for some k € N one has
b(z,8)] < c(1 + [2]2*)  and / 12[2% p(dz) < 0o
Rd

or there exist numbers a,, 6, ¢,k € (0,00) such that for all (z,t) € R x [0,T]
(b(z,t),z) <~y — (26 ek + 0)|z|?,

with € as in (v), and
c c
< —_ 2k = 2k )
|b(x,t)| < aexp (2 |z| ) , /]Rd exp (2 || ) v(dz) < oo

Then there exists a unique family {us,t € (0,T]} of probability measures on R?
solving (2.1.1), (2.1.3).

The equations for measures considered above are the Fokker—Planck equations
according to the terminology indicated above. We do not discuss here the closely
related Kolmogorov equations for functions (see, e.g., [29], [28], [62]). Finally,
we note that similar existence results have been recently obtained for nonlinear
equations for measures in [45].



CHAPTER 3

Infinite-dimensional case

3.1. Equations for measures on infinite-dimensional spaces

The problems considered in the previous two chapters arise also in the infinite-
dimensional case; as it was noted in the Introduction, the infinite-dimensional case
even served as one of motivations for the study of such problems. We shall briefly
discuss elliptic equations because a detailed account of the whole area deserves
a separate survey. Moreover, our discussion will be restricted to problems directly
connected with the finite-dimensional case. First of all, it should be noted that many
of the principal objects considered above such as stochastic equations, transition
probabilities, stationary distributions, Fokker—Planck and Kolmogorov equations
are defined on very general spaces and bear no finite-dimensional features. However,
in the infinite-dimensional case new phenomena arise. Partly this is due to the
absence of exact analogs of Lebesgue measure, but there are also other reasons.
One of the starting points is again a Markov process with a state space X whose
transition semigroup (7});>0 defined on a suitable function space F (such as Cp(X)
or LP(u)). If this process has an invariant probability measure p on X, i.e.,

/ f(@) p(de) = / T,f(x) uldz), | € F,
X X

then, under broad assumptions, (7;);>0 extends to a strongly continuous semigroup
on L'(u) which has a generator L on some domain D, and y satisfies the equation

L'u=0 (3.1.1)

in the sense that the integral of Lf vanishes for all f € D. Typically, there is a
smaller class Dy C D of functions for which Lf is defined explicitly without any
reference to the semigroup and the domain of its generator. Then we can consider
equation (3.1.1) as the identity

/X Lf(z)u(dx) =0, f€Dy. (3.1.2)

Therefore, questions arise about the relation between (3.1.2) and the invariance of u
with respect to the semigroup, as well as about the properties of solutions to (3.1.2),
i.e., the same questions that we have discussed in the finite-dimensional case. For
example, let 1 be an invariant measure of a diffusion process in [? or in the space
R of all real sequences governed by the stochastic differential equation

A&, = V2dW, + b(&,)dt, (3.1.3)

where W; is a Wiener process (in a suitable sense, see [21, Chapter 7]) and b is a
Borel vector field. Then one can take for Dy the class FC;° of all functions of the
form
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where f € Cp(R™) and [y,...,1, are continuous linear functionals (e.g., just func-
tions of x1,...,x,). Then L has the form

Lf = trace f” + (f',b).

However, as we shall see below in concrete examples, in the infinite-dimensional
case it is often desirable to have a broader setting where b cannot be interpreted as
a vector field with values in the original space (e.g., when dealing with [? it may
happen that v takes values in R*®). For this reason, the following more general
framework is used.

Suppose that X is a locally convex space with dual X* and that H C X is a
dense separable Hilbert space such that the embedding operator is continuous. The
inner product in H is denoted by (u,v),. This embedding defines the embedding
Ju: X* — H since for each [ € X* there is a unique element j,, (I) € H with

(L,h) = (j,(),h),, YheH.

Suppose also that a family {l;} C X* is given such that the vectors e, := j, (In)
form an orthonormal basis in H. Let FC;°({l;}) denote the class of all functions
of the form (3.1.4). Suppose also that we are given Borel functions a*, b’ on X.
The infinite matrix with entries a*(x) will be denoted by A(x) and the collection
of scalar functions b* will be denoted by b, although we do not assume that A(z)
and b(z) correspond to some operator or vector. Then we can consider the elliptic
operator

Lapf(z) = Z a' ()0, e, f () + Z b ()0, f (). (3.1.5)

We shall say that a Radon measure p on X satisfies equation (3.1.1) with respect
to the class FC°({l;}) if a¥,b" € L'(p) for all 4,5 and (3.1.2) is fulfilled with
Do = FC°({l;}). The parabolic operators and equations are defined similarly in
complete analogy with the finite-dimensional case.

Infinite-dimensional equations for measures have been considerably less studied
so far as compared to the finite-dimensional case. There are sufficient conditions
for the existence and sometimes for the uniqueness of solutions, but not much is
known about their properties and connections between infinitesimal invariance and
proper invariance with respect to the associated semigroups (the very existence of
such semigroups has also been less studied). There exists an extensive literature on
stationary distributions of infinite-dimensional diffusions (see, e.g., the book [67]),
especially connected with stochastic partial differential equations (see [11], [52],
[57], [58], [62], [63], [70], [74], [79], [82], [90], [91], [128], [150], [163]), infinite
gradient systems, Gibbs measures, and stochastic quantization (see [5], [6], [56],
[83], [85], [86], [96], [138]); in these works numerous additional references can
be found. Standard methods of proving the existence of stationary distributions
are based on Prohorov’s theorem and Lyapunov functions combined with a priori
estimates (see, e.g., [59], [113], [114]) or on convergence of transition probabil-
ities (which in turn employs various assumptions of dissipativity and Lyapunov
functions). The same techniques are used for the proof of existence of solutions
to elliptic or parabolic equations. Generally speaking, existence results for elliptic
equations can be obtained under broader assumptions on the coefficients, since they
do not assume the existence of the corresponding diffusions (the latter is usually
more stringent). However, there are cases where there is no direct proof of the
solvability of the elliptic equation for measures, and one has to construct a process
and analyze its transition semigroup.
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For solutions to elliptic and parabolic equations for measures on infinite-di-
mensional spaces we can consider various properties of their finite-dimensional pro-
jections, their mutual absolute continuity or singularity, and directional properties
such as continuity or differentiability. We recall that a Radon measure p on a locally
convex space X is continuous along a vector h € X if }gr(l) lgeer, — ol = 0, where

wen(B) := u(B 4+ th) for every Borel set B. If, for every Borel set B, the function
t — p(B + th) is differentiable, then pu is called Fomin differentiable along h. This
is equivalent to the existence of a function 8} € L'(p), called the logarithmic de-
rivative of p along h, such that the following integration by parts formula holds for
all functions f € FCp°(X):

[ onrt@yntdn) == [ $(@)5% () ntda).
X X

If X = R, then a measure y is Fomin differentiable along all vectors precisely when
it has a density o € W1 (RY); then 84 = (Vp, h). In the infinite-dimensional case,
only the zero measure is differentiable along all vectors. A detailed account of the
theory of differentiable measures is given in [20], [22]. There is also a reasonable
infinite-dimensional analog of the logarithmic gradient V /o, although neither g nor
Vo exist separately. Namely, suppose that we a have a continuously and densely
embedded Hilbert space H C X generating the embedding j: X* — X as explained
above. If there exists a pu-measurable mapping 3,: X — X such that for each
[ € X* the measure p is differentiable along j(I) and

ﬁ;(h) = <l7/3H>7

then 3, is called a logarithmic gradient of p associated with H. However, it can
happen that the measure p is differentiable along all vectors j(I), where | € X*,
but there is no logarithmic gradient. Concerning this object, see [22, Chapter 7].

Let {l;} C X* be such that for the vectors e; := j(l;) we have ;(e;) = d;;. We
shall assume additionally that the functionals I; separate points in X. Then, under
mild assumptions on X (see [21, Chapter 7]) there is a process Wy in X, called a
Wiener process in X associated with H, such that the scalar processes (I;, W) are
independent Wiener processes. It is known (see [7], [22, Chapter 12]) that under
broad assumptions, for a given probability measure u possessing a logarithmic gra-
dient 3,,, there is a diffusion process in X governed by the stochastic differential
equation (3.1.3) with b = 3,, such that p is its invariant measure and the corre-
sponding transition semigroup (7});>0 is symmetric on L?(u); its generator is given
by

Lf= Z[aif + (Ui, B11) e, f]

on functions f € FC°({l;}), where fo € Cg°(R™). An efficient method of con-
structing more general processes is based on perturbations of the drift 3,,.

As in the finite-dimensional case, the symmetry of the operator Ly ; is equivalent
to b being in some sense of gradient type. The exact result is as follows.

3.1.1. PROPOSITION. Let b* € L?(p). The operator

Lf=Y [02f+b0c,f]

i=1
is symmetric on FC°({l;}) C L?(p) precisely when the measure p is differentiable
along each vector e,, = j(l,,) and B! =b" p-a.e.
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Proor. If B exists, then

/X a(2)02. () p(da) = — / B0, 9(2)0%, () + 9(2)00, f(2) 2 ()] p(dr),

b'e
whence we obtain the equality of the integrals of gLf and fLg for all functions
f,9 € FC*({l;}). Conversely, suppose that L is symmetric on FC;°({l;}). Let
f =exp(il), g = exp(itl,), where ! is a finite linear combination of the functionals I;.
Let (I,b) := Y52, l(ex)b*, where the sum is finite since only finitely many numbers
l(er) are nonzero. Then
Lf ==Y l(ex)’e" +i(l,b)e, Lg=—t’"" it e,

k=1

whence by the symmetry of L we obtain the equality

/ e [ 3™ Uen)? + (1, 6)| puldar) = / ettt [ 2 4 it | ().
X k=1 X
Letting £ := [ + tl,, and replacing [ by £ — tl,,, we can write this as follows:
/ e€[= D elen)? +ile,b)| ulda) =2 / e[ te(en) +ith" ] (da).
X k=1 X

Since the left-hand side is independent of ¢, the right-hand side must vanish. There-
fore, we obtain

—it(en) [ e utd) = [ ula

for any functional £ that is a finite linear combination of the functionals I;. Since p
is a Radon measure and {I;} separates points in X, it follows that the same is true
for any £ € X*. This identity yields that u is differentiable along e, and 3£ = b"

(see [22, Theorem 3.6.7]). Note that without the assumption that {I;} separates
points in X we could obtain the same assertion for p on the o-algebra generated by

{l:}. O

The case of non-constant A is studied similarly in [121].

The case of gradient-type drifts (this concept in turn admits different inter-
pretations in infinite dimensions) has deep and interesting connections with the
study of Gibbs measures, i.e., measures with given conditional distributions. For
example, for a broad class of models, constructing a Gibbs measure is equivalent
to constructing a measure with a given logarithmic gradient; the latter problem is
studied in [5], [6], [20], [22], [99], [100], [101], [102]; in particular, the method of
reconstructing a measure with a given logarithmic gradient by means of Lyapunov
functions was initiated by A.I. Kirillov. For general elliptic equations for measures
this method was developed in [37], [39], [48]. The uniqueness problem for elliptic
equations for measures becomes especially difficult in infinite dimensions. There are
simple examples where there is no uniqueness even for A = I and drifts b that are
bounded linear operators on Hilbert spaces (see [37], [22, §7.6]). In the framework
of Gibbs measures, such examples arise in cases of phase transitions, i.e., distinct
Gibbs distributions with equal conditional distributions. Concerning existence and
uniqueness of solutions to parabolic equations, see [27], [29], [127].

Let us give a number of typical examples, in which the described framework
is applied to the study of stochastic partial differential equations of the type of
stochastic porous media equations, reaction-diffusion equations, and Burgers and
Navier—Stokes equations. The precise formulations and additional references can be
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found in [39], [25]. A general plan of studying such equations is as follows. The
primary object is a nonlinear partial differential equation of the form

08 (u, t)/0t = A[T(&)] (u, t) + (&) (u, 1),

where ¥ and ® are some functions on the real line, e.g., polynomials. The analysis
of this equation usually turns out to be very complicated (e.g., the Navier—Stokes
equation). However, it turns out that adding a stochastic noise in the right-hand side
leads to substantial simplifications (it is even possible that the stochastic equation
has at least the same physical significance). This stochastic partial differential
equation is heuristically written as

déy = V2aW, + (A[(E)] + @(&) ) dt.

But a rigorous interpretation in the case of nonlinear functions ¥ and @ is not ob-
vious. One possible approach to this problem is to consider the associated infinite-
dimensional elliptic operator L on a suitable domain, find an infinitesimally invari-
ant measure p for L, construct a Markov semigroup on L?(p) with 4 as an invariant
measure in such a way that the generator of this semigroup extends L, and finally
construct a Markov process solving the martingale problem corresponding to this
operator. One can also try to solve the parabolic equation for the transition prob-
abilities of the expected process. The case U(s) = s™ and ¢ = 0 corresponds to
the porous media equation and the case ¥(s) = s and ®(s) = s™ to the reaction-
diffusion equation.

Let D C R? be a bounded open domain with smooth boundary, let {e,} be
the orthonormal basis in L?(D) formed by the eigenfunctions of the Laplacian A
with Dirichlet boundary condition, and let A; be the minimal (in absolute value)
eigenvalue. Let ¥ be a C'-function with ¥(0) = 0 such that for some positive
numbers kg, Co, k1, and r > 1 we have

kols|"™t < W/(s) < Co+ kyls|"! for all s € R,
and let @ be a continuous function satisfying the condition
[®(s)] < C+dls|",

where 0 < § < 4k (r +1)72 and C is a constant. For example, it suffices that
|®(s)| < kg + K3|s|?, where g € (0,7), K2, k3 € (0,+00). We are interested in the
existence of infinitesimally invariant measures for the infinite-dimensional elliptic
operator L which is informally given by

Lf:=Aqf+ (b, VS, blx)=AT(z)+ P(x)

on smooth cylindrical functions defined on X := L?(D) or on the negative Sobolev
space H>~1(D). A rigorous interpretation is as follows. Let

b (z) = /D [\I'(x(u))Aei(u)—|—<I>(a:(u))ei(u)} du, x € L"(D).

Let g; > 0 be such that S := 3.2, ¢; < co. The operator

Lf =) [@:0Zf+b'0..f]
i=1
where 0., denotes the partial derivative along e;, is well-defined on FCp°({l;}),
where [;(x) = (z,€;)2 and (z,y)2 is the inner product in L?(D). The second order
part in L can be regarded as trace (QD?f), where Q is the operator on X defined
by Qe; = g;e;. The operator @ is the covariance operator of a Wiener process W;
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in the indicated stochastic equation. A minor nuance is that the functions b?, hence
also Lf, are defined not on all of X, but only on L"(D).

3.1.2. THEOREM. Under the stated assumptions, there exists a Borel probability
measure on (i on L™(D) that is infinitesimally invariant for L.

For example, if U(t) = t", where 7 is an odd number, then we can take for ® any
polynomial of degree r with a sufficiently small leading coefficient (the smallness
of which depends on A1, in particular, one can take ®(x) = z" provided that Ay
is sufficiently large). Similarly, one considers the parabolic equation with a time-
dependent drift b formally given by b(x,t)(u) = Ay [¥(z(u),t)] + ®(z(u),t), where
U and ® are real functions on R x [0, 1]. Set

b (1) = /D [\I'(J;(u),t)Aei(u) du + @(a:(u),t)ei(u)] du, z e L"(D).

The corresponding parabolic operator L is given by

Lf=0f+> q0i.f+Y bo.f.
i=1 i=1
Suppose that ¥ and ® are continuous functions, ¥ has a continuous partial
derivative 0,9 (s, t), and

Kols|" ! < 0sW(s,t) < C1+ kals|" ™", @ (s, 1) < Co + kals|",

where kg, k1, ke, C1,Cy € (0,400) are some constants and r > 1. Under these
assumptions there exists a probability measure p on L"(D) x [0,1) satisfying the
parabolic equation L*y = 0 with a suitable initial data.

A stochastic Navier—Stokes type equation is considered in the space X of all
Re-valued mappings ¢ = (£%,...,¢%) such that &7 € Woz’l(D) and divE = 0. The
space X is equipped with a Hilbert norm ||£]|o defined by ||£[|2 := Z?Zl Ve |2,
The equation is written formally as

d
de(x,t) = V2dW (2, t) + [Axg(x, t) = & (2,0)0,,E(x,1) + Fla,&(x, 1), t)] dt,
j=1

where W is a suitable Wiener process in X and F: D x R? x (0,1) — R? is a
bounded continuous mapping. Since the Laplacian A is not defined on all of X,
this equation requires some interpretation. Our approach suggests the following
procedure. Let {n,} be the eigenbasis in the closure of X in L?(D,R%) formed by
the eigenfunctions of A, where 7,, € X. Let us introduce the functions
d
V() = (€ Am)e = D (00,6 M) + (F(-,€() )

j=1
These functions are defined already on the whole X. It is easily verified that they are
continuous on all balls in X with respect to the topology from L?(D,R%). Choosing
an appropriate Wiener process we arrive at the parabolic operator

LE(E) =0 f(E1)+ Y and2 f(E4) + DV (E1)Dy, f(E,1).
n=1 n=1
Here we also have a probability measure p on X x [0,1) satisfying the parabolic
equation L*; = 0 with any initial distribution uo for which ||€||2]|€]|5 € L' (o) for
all k. If F does not depend on ¢, then one can consider similarly the elliptic equation
and establish the existence of infinitesimally invariant measures of the stochastic
Navier—Stokes equation.
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3.2. Properties of solutions

The results of Chapter 1 yield certain properties of the finite-dimensional pro-
jections of a measure p, satisfying an infinite-dimensional equation, generated by
the mappings P,z = (I1(z),...,l,(z)). We shall assume that we are given an em-
bedding H C X generating the embedding j: X* — H, and the functionals [; are
such that the vectors e; := j(I;) have the property l;(e;) = d;;. Let pu be a probabil-
ity measure satisfying the equation L% yu = 0 with A = (a); j>1 and b = (b");>1
in the sense explained above.

Let E,, denote the conditional expectation with respect to the o-field generated
by P, and let

o ==Eyo%, b, :=E,b".
We consider the elliptic operator
Lof =" a(2)0s,0,, f(x) + Zbl )0y, f(z
ij=1
on R™. For the measures j,, := po P, ! on R, where po P, Y(B) := u(P;(B)),
we obtain
Ly, =0.
Indeed, if f(z) = f(l1(x),...,l,(x)), then

fo Bt = [ [ 3 a0,0, 50001 o)

+Zb’ Desplli (), .. 1n(a))] pu(der)
:/X[Z aij(f)aeiaejs@(l1($)7...,ln(x))

+ Z b (2)0e, (11 (), . . . ,ln(m))} p(dx) =0

i<n

3.2.1. EXAMPLE. Suppose that the functions @/ are constant and the matrices
(a"); j<n are positive and that b* € LP(u) for all p < co. Then p,, has a bounded
continuous density g, of the class W?}(R"™) for all n.

If we have only that b® € L?(u), then p, has a density g, € WH(R") and
[Von/onl? € L?(ptn)-

If we have exp(c;|b']) € L' () for some ¢; > 0, then the continuous density gy,
is positive.

Other applications of the results in the first two chapters to finite-dimensional
projections of solutions of infinite-dimensional equations for measures are given
n [43]. For some special equations, there are other results, e.g., certain uniform
local estimates for measures of balls and densities, see [14], [1], [163]. However,
the following question remains open. Let a probability measure p on a separable
Hilbert space satisfy the equation L}, = p =0 with a continuous or even locally
Lipschitzian drift b; is it then positive on all balls of positive radius? In a number of
special cases positive results are known; for example, this is the case if the measure
1 is equivalent to some measure possessing the indicated property (say, Gaussian).

It is more difficult to obtain infinite-dimensional properties of solutions which
could be regarded as infinite-dimensional analogs of absolute continuity and dif-
ferentiability. There are results asserting that, under rather special assumptions, a
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stationary distribution of an infinite-dimensional diffusion or a solution to an elliptic
equation is absolutely continuous with respect to a given measure (typically Gauss-
ian) and its density belongs to some Sobolev class; see [23], [31], [36], [37], [64],
[65], [67], [78], [88], [90], [95], and the references in [22, Chapter 12]. It should
be noted that Tolmachev [171] constructed an example of an infinite-dimensional
diffusion with smooth coeflicients and bounded and uniformly nondegenerate dif-
fusion coefficient such that its transition probabilities and stationary distribution
have no directions of continuity (in the sense defined above). A long-standing open
problem is whether this can happen if A = 1. Some positive results for special drifts
b can be found in the works cited above, here we mention only one typical example,
which is a result in [37] solving a problem raised by Shigekawa [162]. For notational
simplicity we formulate this result for the space R*, although it is valid for general
locally convex spaces.

3.2.2. THEOREM. Let v = (v') be a Borel vector field on X = R> with values
in H = 1? and let p be a Borel probability measure on R satisfying equation (3.1.1)
with A =1 and b(x) = —x + v(z), where |v|,, € L*(n) and I; € L*(p), Li(x) = ;.
Then p is absolutely continuous with respect to the Gaussian measure v that is the
countable power of the standard Gaussian measure on the real line.

Related problems for infinite-dimensional manifolds are studied in [48], [49],
[146], [147], [148], [97]. Concerning various problems connected with essential
selfadjointness and uniqueness properties of infinite-dimensional elliptic operators
and their generated semigroups, see [13], [118], [139], and also [22, Chapter 12],
and the references in these works. All these problems will be considered in detail
in a separate survey devoted entirely to the infinite-dimensional case.
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