ON DIVERGENCE-FREE DRIFTS
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ABSTRACT. We investigate the validity and failure of Liouville theorems and Harnack in-
equalities for parabolic and elliptic operators with low regularity coefficients. We are particu-
larly interested in operators of the form 9, — A+b-V resp. —A+b-V with a divergence-free
drift b. We prove the Liouville theorem and Harnack inequality when b € Lo.(BMO™1)
resp. b € BMO~! and provide a counterexample demonstrating sharpness of our conditions
on the drift. Our results generalize to divergence-form operators with an elliptic symmetric
part and a BMO skew-symmetric part. We also prove the existence of a modulus of continuity
for solutions to the elliptic problem in two dimensions, depending on the non-scale-invariant
norm ||b]|,. In three dimensions, on the other hand, bounded solutions with L, drifts may
be discontinuous.

1. INTRODUCTION

This paper is motivated by questions about the behavior of solutions of elliptic and para-
bolic equations with low regularity drift terms. A classical example is

Ou+b-Vu—Au=0 (1.1)

considered in R™x]0, oo[, where b is a time-dependent vector field in R”. Of particular interest
to us will be the case of divergence-free b (i.e., divb = 0), which is relevant for applications
to incompressible flows.

To describe the regularity conditions on the drift term, it is useful to recall some elementary
dimensional analysis. Equation (1.1) is invariant under the following scaling transformations:

u(z,t) = uM(x, t) = u(dz, \%) | (1.2)
b(z,t) — bN(z,t) = Ab(Ax, N?t) | (1.3)

where A > 0. Following the usual convention (see, e.g., [3]), we can say that u has dimension
0 and b has dimension —1. The classical theory (see, e.g., [18]) studies the question of under
which conditions (1.1) can be considered as a perturbation of the heat equation. The required
regularity on b is usually expressed as b € B, with B a suitable function space. Typically the
borderline spaces for which one can still prove most of the deeper results! are scale-invariant
under the scaling (1.3) of b, that is, |[b™ ||z = ||b||s (see, e.g., [18, 29]) 2. The reason for this
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Isuch as, for instance, the Harnack inequality for positive solutions

2For example, the Lebesgue spaces Ly, = LY LY are scale-invariant if and only if 2/p + ¢/n = 1.
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2 ON DIVERGENCE-FREE DRIFTS

is as follows. The arguments in the proofs of the “deeper properties”® typically have to work
on all (small) scales and we therefore need to control b on all scales, which naturally leads to
the scale-invariant spaces.

Similar considerations can be made for elliptic equations of the form

—Au+b-Vu=0, (1.4)

with the elliptic scaling
u(z) = uMN(z) = u(dz) | (1.5)
b(z) = o™ (z) = Ab(\z) . (1.6)

Let us now consider the condition divb = 0 and its consequences. (The relevant references
include, for example, [36, 31] in the parabolic case and [22, 15] in the elliptic case.) Among
the most important consequences are the following?.

(i) The energy identity

to
/\u(x,t2)|2dx+/ / |Vu|2dxdt:/ lu(z, 1) 2 da (1.7)

is exactly the same as for the heat equation.
(ii) The integral [, u(x,t) dx is conserved:

/n u(z, ts) do = /nu(x,tl)d:v. (1.8)

J. Nash showed in his famous paper [28] (inequality (8) on page 936) that one can obtain
from (i) and (ii) the point-wise upper bound

C

Gl 13,9 € =i
on the fundamental solutions G(z,t;y, s), with C' depending only on the dimension. There-
fore, this bound also holds for solutions of (1.1) when divb = 0, with practically no other
assumptions on b. The heuristic behind this estimate is that in an incompressible fluid, mix-
ing can enhance the decay of, say, a temperature field but it cannot slow it down. Nash’s
simple argument proving this heuristics is very elegant. There are many other results in this
direction, see for example [36, 31]. Bound (1.9) can also be integrated in time to obtain
(global) estimates of sup, |u(z)| for the elliptic problem

~Au+b-Vu=f, (1.10)

with f € Ly 245, a divergence-free b, and practically no other assumptions.
Since the condition div b = 0 has such strong consequences for the L,.-bounds, it is natural
to ask about its effects on other properties of the solutions. For instance, can the standard

(1.9)

3The definition of what is meant by a “deeper property” is of course somewhat ambiguous. We already
mentioned the Harnack inequality as an example. On the other hand, the weak maximum principle would
not be considered as such in this context.

4To derive these consequences, one needs to assume that the formal integration by parts used to obtain
them is valid. We are ignoring this technical issue for the moment.
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assumptions on the drift term b needed, say, for the Harnack inequality be relaxed when
divb = 07 Similar questions have been considered, for example, in [31, 36].

It turns out that the condition divb = 0 can be used to relax the regularity assumptions
on b under which one can prove the Harnack inequality and other results. However, the
effects are not as dramatic as in the case of Nash’s upper bound (1.9), for which not much is
needed beyond divb = 0. In particular, it seems that even with the condition divb = 0 one
cannot significantly “break the scaling”. Indeed, to be able to prove the “deeper regularity
properties” of the solutions (as discussed above), we still need to assume that b belongs,
at least locally, to a scale-invariant space B. The norm can be weaker than in the absence
of the assumption divb = 0, but it still has to be scale invariant or stronger on the small
scales. For example, the results of [31] imply that the Harnack inequality, Holder continuity
of solutions, and the Aronson estimate for fundamental solutions® remain true when b €
Loo(L7}), where L' denotes distributions which are first derivatives of bounded measurable
functions. This should be compared to the condition b € L, ~, which naturally comes up
when the assumption divb = 0 is dropped®. Note that both L, and L! are scale-invariant.

The assumption divb = 0 can be used to reformulate equation (1.1) in the following way.
When divb = 0, we can write b = divd for an anti-symmetric tensor d = (d;;)". Moreover,
by introducing a suitable “gauge condition”®, we can assume that the derivatives of d have
similar regularity as b. Since b has dimension —1 with respect to the natural scaling of (1.1),
the tensor d has dimension 0, that is, it scales as

d(x,t) — d(Ax, \*t) (1.11)

when w is scaled by (1.2).
Replacing b by the potential d, equation (1.1) becomes

Oru — div(AVu) =0 (1.12)

where A = [+ d. This is a divergence-form equation with a non-symmetric leading term.
Such equations (including the versions with lower-order terms) have been studied in [31]
under the assumptions that the coefficients a;; are bounded measurable functions satisfying
the ellipticity condition

(AE)- &> vlgf. (1.13)

The results of [31] show, roughly speaking, that most of the results which are valid for
symmetric A are also true in the non-symmetric case. The transformation of (1.1) to (1.12)
has been used in many other works (see, for instance, [8]).

ey (t — s) ™2 explealr — y|?/(t — )] < Gz, t;y, 5) < es(t — s)"/ 2 explea|z — y[?/(t — 5)] , see [1].

6Strict1y speaking, as far as we are aware, when we do not assume div b = 0, most of the regularity results
above are proved for b € L,, with 2/p+n/q = 1 and p < oo (see [29]), but not in the borderline case
p=00, ¢g=n.

"For n = 3, this corresponds to introducing the vector potential d such that b = curld.

8such as drij + dji,g + dij i = 0, which for n = 3 and b = curld corresponds to divd=0
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In the elliptic case, Mazja and Verbitsky [22] studied (among other things) the bi-linear
form
(u,v) = | (AVu)-Vodz. (1.14)
R
The form is obviously continuous in H' when A is bounded, but it turns out that the
boundedness of the coefficients is not a necessary condition for the boundedness of the form.
The form is still continuous on H! if the symmetric part of A is bounded and the anti-
symmetric part of A is in the John-Nirenberg space BMO (bounded mean oscillation). This
is a consequence of the following two facts:

(i) If A is anti-symmetric, the form (1.14) can be factored through the determinants A%

O(zi,xj)”
(ii)) The determinants have “better than expected” regularity: when u,v are in H*, the
determinants are not only in L, but they are in fact in the Hardy space H!, the dual space
of BMO (see [5]).

It is natural to expect that much of the classical regularity results for elliptic and parabolic
equations with measurable coefficients in divergence form will remain valid if the leading part
A is of the form A = a + d, with a symmetric, bounded and satisfying the usual ellipticity
condition (1.13), and d anti-symmetric and belonging to BMO in the elliptic case, and to
L..(BMO) in the parabolic case.

Indeed, let @_ = R" x R_ (with R_ =] — 00, 0[) and assume that
A=a+d, (1.15)
where a € Lo (Q_; M™™) is a symmetric matrix satisfying
vI<a<v 'l (1.16)
and d € Loo(R_; BMO(R"™;M"*™)) is a skew symmetric matrix, that is,
d=—d* (1.17)

for all (z,t) € Q_. Here v > 0, I is the identity in the space M™*™ of n x n-matrices and
d* is the transpose of d. Let also B(x,r) be the ball of radius r centered at x € R", and
Q(z,7) = B(x,7)x]t —r? [ a parabolic ball in R"*! centered at point z = (z,t). Finally, let
B = B(0,1) and @ = Q(0,1). We then prove the following parabolic Harnack inequality and
Liouville theorem for suitable weak solutions (see Definition 2.1) to (1.12).

Theorem 1.1. If the matriz A satisfies conditions (1.15)-(1.17), then there exists C > 0,
depending only on n, v, and ||d|| 1 (—1,0,8m0(B)), such that for any nonnegative suitable weak
solution u to (1.12) on Q we have

sup u(y,s) < C inf u(y, s), (1.18)

(y,5)€Q(2r,R/2) (¥,5)€Q(2,R/2)
whenever Q(z, R) C Q. Here, zg = (z,t — R?/2).

Theorem 1.2. If the matriz A satisfies conditions (1.15)-(1.17), then the only bounded
ancient suitable weak solutions to (1.12) on Q_ are the constant functions.
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Remark. Of course, the corresponding elliptic results follow immediately by taking time-
independent solutions. In addition, in Section 3 we provide a second — short and elementary
— proof of the Liouville theorem for weak (sub)solutions (see Definition 3.1) to (1.4) in R2.

Recall that the norm in the space BMO(§2; M"*") is

1
||d||BMO(Q;M"><”) = sup )l / |d — [d]w,r| dI . B(IE,T‘) c Q s

|B(0,r
B(z,r)
with [d],, the average of d over B(x,r).

We note that the space BMO is invariant under the scaling (1.11), and hence these results
are again in line with the argument that to preserve the “deeper properties” of the solutions,
one cannot “break the scaling”. One of the goals of this paper is to present some evidence
for this based on studying the failure of Liouville theorems under appropriate conditions.

Let us first look at (1.4) in R™. By the Liouville theorem for (1.4) we mean the usual
statement that a bounded solution in R™ has to be constant. This is of course true for b = 0.
For the time being let us assume that the vector field b is locally smooth, hence the solutions
u are also locally smooth and the only obstacles to the validity of the Liouville theorem are
global.

The results of Stampacchia [34] imply the following:

(L) If b € L,(R™), then the Liouville theorem for (1.4) holds.

This is easy for n = 1, and for n = 2, there is also a relatively simple proof based on the
energy estimate. The proof for n > 3 can be accomplished by using the Holder estimate or
the Harnack inequality (see Sections 7 and 8 of [34]). If n > 2, then by Theorem 3.2 in [29],
the condition on b can be weakened to liminfg e Sup|,—g ||0]| 1, (B(z,rs)) < ¢n for some ¢ > 0,
where ¢, > 0 is a fixed dimension-dependent constant. This result implies in particular that
(L) remains true for n > 2 when

C
|b(x)] < Tl for large |x|. (1.19)
x
In dimension n = 1, condition (1.19) is sufficient when C' < 1, as one can check by direct
integration. With C' > 1, however, (1.19) is no longer sufficient. This can be illustrated by
the example
2
14 a2
which was pointed out in this context to one of the authors in 1997 by Joel Spruck. The
trivial extension of this example to higher dimensions is

b(x)

and  wu(x) = arctan(z), (1.20)

2
b(xy,...,z,) = (%, 0,... ,O> and  u(xy,...,x,) = arctan(x;). (1.21)
14+ 27
We note that the vector field b in (1.21) belongs to the space (BMO)~!(R"), since

2x d
= — log(1 2 1.22
14+22 do og(l+’) (1.22)



6 ON DIVERGENCE-FREE DRIFTS

and log(1 + 2?) € BMO(R™).

This example and Theorem 1.2, which establishes the Liouville theorem for b € (BMO)™!
and divb = 0, together show that the divergence-free condition can play an important role
in Liouville theorems for equations with drift terms. On the other hand, we now provide a
counter-example to the Liouville theorem with a divergence-free b on R? which is in some

sense not too far from (BMO)™!. Recall that the stream function of a divergence-free vector
field b on R? is H : R? — R such that

b(x) = V*H(x) = (H,,(2), — Ha, (). (1.23)

We therefore have
—A+b-V=—-div(AV), (1.24)
where A(z) = I+ d(z) has skew-symmetric part

1@ = (s 7).

Theorem 1.3. There exists a divergence-free vector field b € C°(R?) with all derivatives
bounded and a stream function satisfying |H(z)| < C'ln|x|Inln |x| for some C' and all large
enough |x| such that (1.4) has a non-constant bounded classical solution.

This illustrates, to some degree, the important role of scale invariance of the assumptions
in the Liouville result. In particular, it seems unlikely that one can significantly “break the
scaling” even if we assume that divd = 0.

We conjecture that similar negative conclusions can be arrived at when considering ques-
tions about Hélder continuity of solutions of (1.4) (as well as the Harnack inequality). For
example, it seems unlikely that the condition divb = 0 is sufficient to get a C**-bound on
solutions w in the unit ball B = B(0, 1) under the assumptions |u| < C and ||b||.,_, < C.
(Here we assume that all the functions involved are smooth, but only the indicated quantities
are controlled, and we are interested in an a-priori bound.)

Related to this are our last two main results, concerning distributional solutions u (see
Proposition 4.1) of (1.4) in B with divergence-free b € L;(B). The first establishes a loga-
rithmic modulus of continuity of such solutions in two dimensions, depending only on ||b|| 1, (5)
and ||u||... (). However, due to the low regularity assumed on the vector field b and u solving
(1.4) only in the distributional sense, our result is restricted to those solutions which can be
obtained as weak-star L..-limits of solutions with drifts in Lo(B).

Theorem 1.4. Let B be the unit ball in R* and let (by,, up) € Lo(B) X Loo(B) be a sequence
of divergence-free drifts b,, and distributional solutions wu,, to (1.4) with b = b,,. Assume that
Uy, are uniformly bounded in B and

bm — b in L1<B),
Upy > in Lo (B).
Then the function w is a distributional solution to (1.4). Moreover,

u € Hyoo(B) N Cioe(B)
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and at the origin u has the modulus of continuity

/

C(1+ ||bHL1(B))1

sup |u(z) —u(0)| < ulln
:L’EB(O,T)‘ (=) (0)] —Togr [ul[ (B)

with a universal C' > 0.

2

(1.25)

In three (and more) dimensions this result is false. Indeed, there exists no modulus of
continuity of classical solutions depending only on |||, (5) and |lu||z_ (s), and distributional
solutions u € L (B) N H'(B) with divergence-free b € L;(B) may be discontinuous.

Theorem 1.5. Let B be the unit ball in R3.
(i) There is ¢ > 0 such that for each ¢ > 0 there is a smooth divergence-free drift b with
6]l (B) < ¢ and a smooth w with ||u||r By < 1, solving (1.4) in B and satisfying

u(0,0,¢) — u(0,0,0) > ¢ .

(ii) There is a divergence-free drift b € L1(B) and a distributional solution v € H'(B) N
Lo (B) of (1.4) in B which can be approximated by a smooth sequence (b, u,,) in the sense
of Theorem 1.4, but u is discontinuous at the origin.

Our paper is organized as follows. In the next section, we develop local regularity theory
for parabolic operators (1.12) under the assumption that the skew-symmetric part of A is
in BMO, and prove Theorems 1.2 and 1.1. The important step of our approach is a higher
integrability of suitable weak solutions. This allows us to adopt Moser’s method for proving
the Harnack inequality that implies Holder continuity of suitable weak solutions and Liouville
type theorems for ancient suitable weak solutions. All these results hold true for the heat
equation with a drift b € Lo (BMO™") as a particular case. In this connection, we would like
to mention the recent paper [10], of which we learned while writing the present manuscript.
In [10], among other questions, the Cauchy problem for the heat operator with the drift term
from L.,(BMO™') has been considered and Holder continuity of solutions has been proved.
The authors of [10] follow the Caffarelli-Vaseur approach [4]. In Section 3, an elementary
proof of a Liouville theorem in the two-dimensional elliptic case is provided and Theorem 1.3
is proved. Theorems 1.4 and 1.5 are proved in Section 4.

Acknowledgement. GS was partially supported by the RFFI grant 08-01-00372-a. The
other authors were supported in part by NSF grants DMS-1001629 (LS), DMS-0800908 (VS),
DMS-1113017 and DMS-1056327 (AZ). LS and AZ also acknowledge partial support by Alfred
P. Sloan Research Fellowships.

2. SOME RESULTS FOR PARABOLIC EQUATIONS

The main goal of this section is to prove Theorems 1.2 and 1.1. We consider (1.12) in
Q- = R* x R_, with the matrix A satisfying (1.15)-(1.17). We will study the so-called

-

suitable weak solutions to (1.12). In what follows we will use the abbreviated notation
B(r)=B(0,r), B=B(1), Q(r)=0Q(0,r), Q=«(),

as well as z = (z,1).
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Definition 2.1. Function u is said to be a suitable weak solution to equation (1.12) in the

parabolic ball Q(R) if it satisfies

u € Laoo(Q(R)) N Wy (Q(R)), (2.1)
/ uOppdz = / (AVu) -Vedz Yo e CP(Q(R)), (2.2)
Q(R) QR)

and for a.e. ty €] — R?,0[, the local energy inequality

to
L / oz, to)ulx, to)[2dx + / / oV aVudz <

2
B(R) —R? B(R)
to to
< % / / lu|?0ppdz — / / (AVu) - Vpudz (2.3)
—R2 B(R) —R2 B(R)

holds for all non-negative test-functions ¢ € C§°(B(R)x] — R?, R?[).
The function u : Q- — R is called an ancient suitable weak solution to (1.12), if it is a
suitable weak solution to (1.12) in Q(R) for any R > 0.

It is not clear whether one can show that any solution to (1.12), subject to assumptions
(2.1) and (2.2), satisfies local energy inequality (2.3). In this respect the situation is similar to
the Navier-Stokes equations: there is a certain cancelation due to the skew symmetric matrix
d which works well in global setting, i.e., when initial-boundary value problems are under
consideration. The corresponding procedure is relatively routine and leads to the existence
of global solutions which satisfy the inequalities in Definition 2.1 at least locally.

We now outline the main points of our approach. The structure of equation (1.12) admits a
modification of the technique developed by J. Moser in [25]-[27] and get Holder continuity of
suitable weak solutions. This property, together with scaling invariance, leads to the Liouville
theorem. The main tool of proving Holder continuity is the Harnack inequality. We prove
the Harnack inequality for smooth solution by the method of J. Moser. Extension of the
Harnack inequality to suitable weak solutions is provided by higher integrability of the the
spatial gradient. Here, our arguments use an approach due to M. Gianquinta and M. Struwe,
see [12].

2.1. Local set-up and higher integrability. Equation (1.12) is invariant with respect to
translations and the following scaling

ut(z,t) = u(Az, A*t), AMx,t) = A(dx, N*t) (2.4)

for any positive A. This allows us to reduce all considerations to some canonical domain, say,
to @ = Q(1).

So, we consider equation (1.12) in the unit parabolic cylinder. Matrix A is split into
two parts as in (1.15) with matrices a € Loo(Q;M"™*") and d € Lo (—1,0; BMO(B;M"*"))
satisfying conditions (1.16) and (1.17)
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In what follows, we shall denote by ¢ positive constants depending only on n and v. We

let ||d||z.Bmoy = ||d|| oo (=1,0,BMO(B)) and denote mean values by
1 1
[-ﬂu’cﬂ” = f(y)dya (u)z T TN / u(z)dz
| B(r)] Q)]
B(z,r) Q(zo0,r)

The main result of this subsection is the following theorem.

Theorem 2.2. Assume that u is a suitable weak solution to (1.12) in Q and matrices A,
a, and b satisfy conditions (1.15)-(1.17). Then there exist two positive constants p > 2
and C depending only on n, v, and ||d|| 1 smoy such that u € L,(Q(R)) for any R €]0,1].
Moreover, the following estimate is valid:

(o | 1vre) <(gmy [ I190Pe)’ (25)

Q(ZmR) Q(Zo,ﬁR)
for all Q(z9,6R) C Q with 6R < dist(zg,dB) and ty — (6R)* > —1.

This theorem is a consequence of the reverse Holder inequality, see [12] for further ref-
erences. To prove the reverse Holder inequality, we need a Caccioppoli’s type inequality.
To formulate it, let us introduce additional notation. Fix a non-negative cut-off functions
p € C§°(B(2)) and xo(t) with the following properties:

pr)=1 zeB, x()=0 t<—4
xo(t)=(t+4)/3 —4<t<—1, xo(t)=1 t>—1.
Now, for a point zy = (¢, tp) and for R > 0 such that Q(zo,2R) € Q, we let
Xto2r(t) = Xo((t — to)/R?), Pao2r(z) = o((x — 20)/R).

And then we can introduce a mean value of u as in [12]

wart) = [ ule 2@ [ i)

B(z0,2R) B(z0,2R)

In our particular situation, we have

Lemma 2.3. (Caccioppoli’s type inequality) Under assumptions of Theorem 2.2, the follow-
ing inequality is valid:

to
1 [ . ~
5 [ 1P @)z v [ [ an?, el Vs <
B

-1 B

to to
1 u ~~ ~
< 5//|U|28092m,235t><§0,23d2—//X?OVQR(QVU)-thiOQRUdz (2.6)
-1 B -1 B
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to

- / / 32 ar(d = [l ) V) - Vg2, i,

1B
where
u(z,t) = u(z,t) — Uy, 2r(t).
Inequality (2.6) holds for a.a. ty €] — 1,0[, for all zo € B, and for all R > 0 subject to the
additional condition Q(z, R) C Q.

Proof. There are two important points to note. The first one is that for any skew-symmetric
matrix dy, depending on ¢ only, we have

/dOVu -Vpudz =0 (2.7)
Q

whenever ¢ € C5°(Q). The proof is straightforward integration by part.
The second point is that, see [12],

ﬁtuxo,m € L%(—l,O) (28)

To see this, we take as test function in (2.2) the function @2 ,g(x)n(t) and conclude

dngan®) =~ [ ARV VR pp@de/ [ s (29)
B(z0,2R) B(x0,2R)
Next, we replace u(z,t) with u(x,t) + uz,2r(t) in local energy inequality (2.3) and take
¢ = xX*¢2, or With x from Cj(—1,1). Then terms which do not contain spatial derivatives
can be transformed as follows

1 ~
5 [ 1At anlta) P2, o) =
B(z0,2R)
1 ~ 2 2 1 2 2
=3 u(, to)|" P, 2r(x)dz + §|Umo,2R(to)| Pieo2RAT,
B(z0,2R) B(z0,2R)

and
to

1 ~
3 / / P02k ()W, ) + Uz 20 (1) O (t)d dt =

1 B

-1 B

to
1 ~
5 | [ St oo wdndi-
to

_ / (Ot 2 (1) Ot 2 (1) / 2 ndt

-1 B(z0,2R)
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1
+3lanto) X t0) [ ande
B(z0,2R)
Now, the local energy inequality, together with the last two identities, implies

1
5 / X2 (to) U, o) daH—y// )02, 0r(2)|Va(z, 1)) *de dt <

B(z0,2R) -1 B

= 2 //%:0 or(@)[U(, 1)|?0* (t)da dt — //XQAVQ- V2, optdz dt—
S B 1B

to

j/f@%wmmmmmmm /’¢AMM—
-1 B(z0,2R)

0
— / / X AVU - V@2 o ptiag 2rda di.

1B
By the (2.9), the sum of the last two terms is zero and from (2.7) it follows that
1 .
3 [ )P (o)
B(z0,2R)

—I—V// )02, 2r(@)|V(z, t)|*de dt <

-1 B

to
1 —~
S5//gpio’?R("E”“(L’5)|23tx2(t)dxdt—

-1 B

- / / X’aViu -Vl ,pudz di—

-1 B

to
- / / X2 (d = [d)sg2r) VU - Vo2 Hptdz dt.

-1 B

[d]zo,2R(t):W;R)| / d(z,t)dz.

B(z0,2R)

Here,

So, inequality (2.6) follows if we choose the cut-off function x in an appropriate way. O
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Proof of Theorem 2.2. Using known simple arguments, we can derive from (2.6) the following
estimate

to
1 N ~
I'= 5/|u(x7t0>|290io,2R<x)dx+//X§0’2R90§072R|VU|2CZZ S
B

-1 B

1 N 1 ~ ~
<c(g [ fAPieg [ (VAlenamnanl@ld - daards).
Q(z0,2R) Q(20,2R)

We now fix an arbitrary number s €]1,2[. Let us denote as usual s’ = s/(s—1). Then the
right hand side of the latter inequality can be estimated with the help of Hélder inequality
by

to 1
C ~ C s S
ﬁ / |u|2dZ + E / ( / |d — [d]xo,2R| de) X
Q(20,2R) to—(2R)?  B(0,2R)

1

X( / (\Vak@mo,mxto,m)s|ﬂ!sdx) °.
B(z0,2R)
Applying Holder’s inequality one more time, we find
C ~
I< ﬁ / |u\2dz+
Q(20,2R)

C _n 1 p 7
+—R ess sup sup <— / |d — [d]zy.2r|° dm) X
R to—(2R)2<t<to B(z0,2R)CB |B(2R)| ’
B(z0,2R)
to

1 s
~ 2 28 2s
< [ (] VAR i) ([ ) T <

to—(2R)2 B(Io,QR) B(xo,zR)

c I c(8) n
dz + —-R¥
/ |ul“dz + R

1
d|| L (BMO) ( / !V@Ps&io,szi,szZ) “x

Q(20,2R) Q(20,2R)

< —
_R2

to

><< / ( / |ﬂ22—Ssdx>255dt>;.

to—(2R)?2 B(z0,2R)

Summarizing our efforts, we have

to

/me%wmw+//@ﬂﬁwwwms

B -1 B

DO | —
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t,
Q 2—s

< ¢s)(1 + D2)REF 12 / ( /m\afwﬂscw (2.10)

to—(2R)2  B(z0,2R)

where I' = ||d|| . (smo)- Now, let us discuss simple consequences of (2.10) following [12]. By
Poincare-Sobolev inequality, we have for

(2.11)

the following inequality

2—s
( / |ﬂ|2assdm) ) SC(S)R”2§S+2_” / |Vul?dz.

B(z0,2R) B(z0,2R)
Combining (2.11) and (2.10), we find

/ [, to) P2, pl(@)dr < cfs)(1 +T2) / Vuldz.
B Q(z0,2R)

Hence, assuming that Q(zp,3R) C (), we have the second estimate

ess  sup / ) (z, t)dz < c(s)(1 +T'?) / |Vul*dz. (2.12)
to—R2<t<tg
B(x0,R) Q(20,3R)
Now, our aim is going to be the so-called reverse Holder inequality. We first assume that
the number s satisfies the condition

2n

1 =23, .. 2.1
<s< g7 n=23, (2.13)
Obviously, (2.13) implies (2.11) and

2 4 4

oot T 2o =23 .. (2.14)

2n—17"3 " 3n—-2 "~
It is not difficult to show that under assumption (2.13) there exist numbers 0 < A < 1,
0<p<l1, and 1 <r < 2 such that

2
s ot nr y
2—s n—r
Ap=1
9 _
m"'u Szl.
n—r s

Using these exponents, we derive from (2.10)

t() 2—s
‘/ IVul2dz < e(s)(1 + T2 R —D2 / ( /'umHﬁwm)sﬁg

Q(ZQ,R) t()f(QR)2 B(x(),ZR)
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t
Q 2—s

< ¢(s)(1+ T2 RF 1?2 / ( / IaIQdm)ZSSA( / @l dx .

to—(2R)?  B(x0,2R) B(z0,2R)
The last multiplier can be estimated with the help of Sobolev’s inequality

1

/ |Vul?dz < ¢(s)(1 +T?)R&D2%ss sup < / |u(z, t)|2dx> %

to—(2R)2<t<to
Q(20,R) B(z0,2R)

2(r—1) %
xR ( / |vu|rdz).
Q(20,2R)

To estimate the first multiplier on the right hand side of the last inequality, one can apply
(2.12) in the following way

/ (2, ) — sy 2(t) 2 < ¢ / (2, ) — tay an(t)2de

B(z0,2R) B(x0,2R)
< c(s)(1+1?) / (Vul?dz
Q(z0,6R)

for a.a. t €]ty — (2R)?,ty[. Combining the latter inequality, we arrive at the reverse Holder
inequality

1 / 2 212 1 2, \2
|Vul|*dz < ¢(s)(1+T7) |Vul|*dz )~ x
|Q(R)] <\Q(GR)! )
Q(z0,R) Q(20,6R)
1 / .
X | —— Vul|"dz
(gemy | 19ure)
Q(20,2R)
which holds for some r €]1, 2] and for any Q(zo, 6R) C (). This leads to a higher integrability,
see [12]. O

2.2. Moser iteration. To avoid some technical difficulties, we will assume that matrices a
and b and solution u are sufficiently smooth in ). Later we shall show how to remove this
assumption. We also assume that our function v is strictly positive in the following sense

u(z) > ag >0 Vz € Q(R) (2.15)

for any 0 < R < 1. Sometimes assumption (2.15) is not necessary, but for simplicity we will
assume it is satisfied. We fix the following notation

1 2(n + 2)
2
—— _1 _ArTe
and, assuming that condition (2.13) holds, let
2
¢=-— y=2>1
q
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Lemma 2.4. For any my > mqg > 1/2 and for any 0 < o < r with Q(z,7) C Q, we have

1

r
ap ) < LBLELD ([ )

2€Q(20,0) —
0,0 (r—o) « o

where g9 = £(my).

Proof. Set w = u™. For any m # 0, we can derive from (1.12)

/ V20w dx+ / Y2aVw - Vwdr =
B(CEO r) B(zo,r)
= —( / aVw - wVidr + / dVw - wV@/Jde) )
B(zo,r) B(zo,r)
with a cut-off function ¢ satisfying:
(1) = o(z)x(1),
p(r) =1 z€B(xo,0), ¢ )—0 z & B(xo,r),
0<p<1, <
—0
X(t) =0 t<ty—r? Mﬂzl t>ty— 0,
t— (tg—1?
x(t>=r§+02) to—1* <t <ty— o

Next, we introduce the following sequence of exponents
lOZQ7 li:’yil(b i:Oa]-?"'a
If we let
mi:liml/p, i:1,27...,

then we have

miq = li_1myq, 52(7"%') = om.

Letting m = m; in (2.17) and taking into account (2.19), we find

sup / |w(x,t)*dr + eqv / V2 Vw|?dz <

t0792<t<t0
B(xo,g) Q(ZOJ')

<o [ ewiare [ vl
Q(z0,7) Q(zo0,7)

te / 1d — [}y 14Vl e0| Vol dz,

Q(zo0,7)

—1> ¢, i=1,2, ...

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)
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The same arguments as in Section 2 show that the latter inequality gives us:

(W[5 0000 = SUP /]w(w,t)|2d$+ / IVw|?dz <

to—o2<t<to
B(zo,p) Q(z0,0)

2
< A8,) (1+F2)T7(ZT)< / |w|qdz>q

(r—o0)?
Q(zo,r)

with s satisfying condition (2.13). By the known embedding theorem, see [18], we have

[0l < clwlzoee with p =222 and, hence,

1

(@ / ]wypdz)g < c(s,g0)(1+ 1) (7“ i Q> X
Q(z0,0)

X(%)%@bﬂ / |w|qczz>5. (2.21)

Q(zo,r)

It is worth noting that, under assumption (2.13) we have p > q.
Our further steps are routine. We let

R R .
Q:Rzzg‘f‘ﬁ, T:Ri_l, 221,2,...,
in (2.21) and find
1 / N
ju™tdz) " <
<’Q(Rz)|
Q(207Ri)
< (c(s, €0 F)Qi)vill<—1 / |7,L|mlli1al,z)liil
- |Q(Ri-1)|
Q(z0,Ri—1)
for i = 1,2, .... After iterations, we arrive at (2.17) with o = R/2 and r = R. General case
is deduced from this particular one with help of known arguments. U

To see what happens if 0 < m < 1/2, we have to introduce additional notation

Q"1 (20, R) = B(wo, R)xto, to + R?|, QT (R)=Q"(0,R),

Q(z0, R) = Blxo, R)xto — R%to+ R?[,  Q(R) = Q(0, R).

Lemma 2.5. For any 0 < my < 1/2 and for any 0 < o < r provided @(ZO,T) C Q, we have

1

sup u™(z) < CQ(L’SH’E)( / umlq(z)dz>a. (2.22)

2€Q(20,0) (r—o)« *_
Q(z0,7)
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Proof. We replace the function y with the following one
X®)=0 t>th+r2,  x{t)=1 t<ty+o,

_ —t+ (ty +12)

x(t) DR

Then from (2.17), we can derive (an analog of (2.20))

sup / |w(x,t)*dx + *(m)v / V2| Vw|?dz <

to<t<to+o?

3\ 2
: e+ <t<ty+rt,  thi=to—(5)0"

B(zo,e) Q+(zh)r)
< e _CQ)2 / V|wldz + e / VIV|lw|Vw|dz (2.23)
Qt(zf,r) Q+(2h,7)

+c / |d — [d]zor ||V |w|Vw|dz, 20 = (g, ty)-
Qt (2pr)
Next, it is not so difficult to check that there exists a natural number £ with the following
property
—mi <my =77
And then, for this number £, we have

m’1<m’2<...<mk<§<mk+1<...,

where
l;m) : .
P N s T e
P 2
and numbers [; is defined by (2.18). It is easy to check that

E2m)) >z —1, i=1,2,..k
and then repeating derivation of (2.21) for w = u™ with the same indices i, we find

<W1@)| / \w‘Mz)E < C<8’F)(r i Q) X

Q(z},0)

x <£> <\er)\ / \w\%iz)g. (2.24)

Q(z),m)

Now, we consider (2.24) for

N -
N =

+

e~ 3

T =T 0 = Ti-1, Ty =
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and find
|u]m“dz> "<
(|Q(T2)|
QT (z{rs)
1 1 L "
< (cs, )27 (m / ulmitrdz) "

QF(z(,mi-1)
fori =1,2,...,k. After exactly k iterations, we have

1

(m / |U|m;“+1qdz>m = <—!Q(3%r’/4)! / |U|m2+1qdz>a <

Qt(2),3r/4) Q(z0,3r/4)

< ¢(s,T) <W17")| / |u|m/1qdz> .

Q*(z:m)
Since mj,_, > 1/2, we are in a position to apply Lemma 2.4 letting there m; = mo = mj_,
and conclude that

! 1 / l
sup  u™1(z) < ¢(s, F)( — / umk+1qdz> ‘.
2€Q(z0,7r/2) r
Q(20,37/4)

Taking into account definition (2.18) of [, and combining the latter inequalities, we find

IV | , ris
sup  u™(z) < [C(S,F)} ! < - / |u]m1qdz> T
2€Q(20,7/2) T

QT (z)r)
and, by Holder inequality, we have
1 ' i
sup  u™(z) < c(s,F)( - / |u|m1qdz> . (2.25)
2€Q(z0,7/2) rr
QF (zm)

We may shift in time this estimate and show that

1 , 3
swp () el (s [ i)’ (2.26)

2€Q* (20,r/2) 0+ ()
2,

where 2 = (xg,ty) and tj =ty — %. From (2.25) and (2.26), estimate (2.22) with o = r/2
follows. General case is deduced from this particular one with help of known arguments. [

Lemma 2.6. For any ¢ > 0 and for any 0 < o < r such that Q(z,7) C Q, we have

sup u °(z) < %(L’?};)( / usq(z)dz);. (2.27)

€Q(20,0) _
z 0,0 (7’ Q) q Qo)
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Proof. We let v = u~¢ and observe that by (1.12), the function v satisfies
oy — divAVo < 0.

We can repeat the proof of Lemma 2.4 with m; = 1 for v instead of v and then show
(2.27). O

2.3. Estimates of Inu.

Lemma 2.7. Assume that u i a sufficiently smooth positive solution to equation (1.12) and
Q' (20, R) = B(z0,2R)x]to — R%,to + R*[C Q. There exist two constants ¢y = cy4(n,v) and a'*
such that

n+2

2€Q (20,R): —lnu—a®>s §C4R , 2.28
s
n—+2

2€Q(z,R): —lnu—a® < —s §C4R . 2.29
s

Proof. To simplify notation, we shift and scale our variables in the following way
uft(y, s) = u(wo + Ry, to + R?s), ARy, s) = A(zo + Ry, to + Rs)

for (y,s) € Q" = B(2)x] — 1,1[. Since equation (1.12) is invariant with respect to this
transformation, we may reduce our considerations to the cylinder ()" and, after proving our
result for this particular case, get all the statements of the lemma with the help of inverse
translation and dilatation. Without ambiguity, in what follows, we drop upper index R in
the notation of functions uf* and AF.

So, if we let v = Inw, then by (1.12)

o — div(AVv) + Vo - aVo =0 (2.30)

in @'. Take and fix a smooth nonnegative cut-off function ¢» = ¢)(x) so that » = 1 in B and
¥ = 0 outside B(2). Multiplying equations (2.30) by 1? and integrating the product in z
over B(2) and in ¢ over the interval ]t1, t5[, we find

/U@Z) dx //V@D AVvdxdt—F//@DVv aVudxdt =0
t1 B(2

B(2) t1 B(2)
and thus
t2
/ wds| 4 / / D2V - aVudz dt <
B(2) " t1 B(2)

e [ [ wlvulvel(al + 14 - doal)ddr

t1 B(2)
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After application of the Cauchy-Schwartz inequality, we have the following estimate

/ vpide f + g/ / V2| VoPdr dt < c(T)(ty — t1). (2.31)

B(2) t1 B(2)

From this point we essentially repeat arguments of J. Moser in [25], see Lemma 3 therein.
We do this just for completeness. As it is pointed out in [25], we can choose our cut-off
function 1 so that the following Poincare-type inequality takes place

/|vmt V)P dx<c/|vat|¢()

B(2

V(t):/( ) /w )dz) -

B(2)

where

Making use of this inequality, we can derive from (2.31) the following relation

V(te) = V(t1) + ¢y //"U z,t) (t)|*dx dt < cs(n,v,T)(ty —t1)

which can be reduced to the dlfferentlal form

dt t)+cy /]v (z,t) — V(t)|’dx < cs.

One may make this inequality homogeneous with help of the shift
w(x,t) =v(x,t) — V(0) — cst, W(t)=V(t)—V(0) — cst.
This give us the inequality

t)+cy /|w x,t) — W(t)Pdr <0 (2.32)

and the initial condition
W(0) = 0. (2.33)
For 0 <t <1 and s > 0, we introduce the family of sets
Bft)={x e B: w(x,t)>s}.

As it follows from (2.32) and (2.33), for those values of parameters ¢ and s, we have w(-,t) —
W(t) >s—W(t) >0 on Bf(t) and, hence,

dw -1 2
W0+ B~ W) <0
exs — )2 5 gy

dt
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The latter identity can be integrated and, as a result, we find

/|B:(t)|dt ={(z,t) eQT: w(x,t)>s}< %

which implies the first estimate (2.28). Other estimate (2.29) can be established in the same
way. U

2.4. Harnack inequality.

Theorem 2.8. Let u be a positive sufficiently smooth solution to (1.12) in Q). Then for any
Q(z0, R) C Q we have the inequality

sup  u(z) < cg(n,v,s, I’ inf  u(2), 2.34
2€Q(20r,R/2) ( ) 6( )ZEQ(ZO»R/Q) ( ) ( )

where zor = 2o — (0, R?/2).

Proof. Using translation and dilatation similar to those described in Section 4, one may
consider our problem in a canonical domain, say, in (). Now our aim is to make use of
estimates proved in Sections 3 and 4 plus some iteration technique in order to find a particular
version of the Harnack inequality. It can be extended to the general case of Theorem 2.8
with the help of covering methods. So, in this section, we follow [27] with minor changes.
By Lemma 2.7, see (2.29), we know that
c
{zeQ: —lnu—a<—s}|<— (2.35)
s
for some constant a. As in [27], we introduce the following function
o(r) = sup Inw(z)
zeé(zo,r)
with zy = (0,1/2), r €]1/2,1/v/2[, and w = eu.
Now, our aim is to show that there exist a constant § > 2 depending only on n, v, s, and
¥ € [1/2,1/4/2] such that

(V) <. (2.36)
To this end, we derive from (2.35) the estimate
2 p
/ wPdz < ePe 2L Bel) (2.37)
B o(r)
Q(z0,7)

being true for any positive m; = p/q and for any r > 1. Let us choose m; so that terms on
the right-hand side of (2.37) contribute to the sum equally. This suggests the following value
for my

1
my = In M (2.38)
qp(r)  2c
Obviously, there exists a constant §; > 2 depending only on s and ¢4 such that if

o(¥) > &, (2.39)
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then m; defined above belongs to the interval ]0,1/2[. If not, then 6 = ;. If (2.39) holds,
estimate (2.22) of Lemma 2.5 give us the relation

1
mip(o) < th—zW + —1In ( / wpdz>
(r—eoy« 4 *
Q(Z(),T)

for any ¥ < p < r. Recalling the choice of m;, we find from (2.37) that

/ wPdz < 2e5#(")

Q(z0,m)

and thus . .
Co
0) < —In———5 + -0(r).
o0 < i 5ol

The latter inequality can be rewritten with the help of (2.38) in the following way

n(cy(r — - ncl(r — o)~
(o) < ot [P O] ] S [P0 ],

In Ser

Then one can consider two cases. In the first case,

Inci(r — o)~ ("+2) < 1
In %72 -2
and thus
(o) < zw(r)
In the opposite case, we have
pi(n,v,s,T)

p(o) <p(r) < (r — 0)2 )

Combining both cases, we find the following basic inequality

3 M1
(o) < Jo(r) + = o)F D

for any 1/2 <9 < g9 < r < 1/v/2. It can be iterated in the known way, see [27], and the
result of these iterations can be expresses in the form

@(19) S 52(”7 v, 57F>'

So, (2.36) is proved with § = max{d;, da}.
Next, let z, = (0,1) and v = u~!. Then as it follows from Lemmata 2.6 and 2.7, see (2.27)
and (2.28),

sup v(z)ﬁ%( / vq(z)dz>;

2€Q(z0, —
Q00 (T Q) ! Q(zo,m)



ON DIVERGENCE-FREE DRIFTS 23

and .
{z € Q(z,1): In(e %) > s} < —.
S

The same arguments as above show that there exists a constant d3(n, v, s,I") such that

sup In(e “u"'(z)) < ds.
ZEQ(Z*vﬂ)

This estimate, together with (2.36), implies a particular version of the Harnack inequality

sup  u(z) <€ inf w(z).
2€Q(z0,9) 2€Q(24,9)

The general case can be obtained from the particular case with the help of covering technique,
see [27], Lemma 4, and translation and dilatation. O

2.5. Nonsmooth case.

Proof of Theorem 1.1. Without loss of generality, we may assume that
Vu € Ly, (Q) (2.40)

for some pg > 2. To provide (2.40), we can apply Theorem 2.2 and scaling. Obviously, one
can construct smooth approximations of matrices a and d with the following properties:

) = q in L,(Q)

d9 —d in L,(Q)
for any p > 1 and
A a.e. in @
d9 —d  ae in Q.
Moreover, matrices AY) = () 4+ dW) al) and dY) satisfies conditions (1.15)-(1.17) with the

same constants and [|dY||r_ zro) < ||dll 1. (mro)-
Then we consider the following initial boundary value problem

dw?) — div(AVVw)) = ),
w(j)|8/Q =0,
where 9'(Q) is a parabolic boundary of () and
f9 = 0u — div(AYVw).

Our claim is

f9 =0 in Ly(—1,0;H7Y,
where H' is the completion of smooth compactly supported in B functions with respect to
the norm ||ul|2,5 + || Vu||2,5. Indeed, it is not difficult to show that

”f(j)HLg(—l,O;H*l) < </(|a — a9+ |d— d(j)|2)|VU|2dz>2_
Q
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So, by (2.40), the right hand of the latter inequality goes to zero. On the other hand, for
w, we have global energy estimate

WD o0 < el F Lo10.8-1)

which, in turn, means that
|w(j)|27Q = 0. (2.41)

Now, we let v = u — w0, Obviously, v is a unique solution to the following initial
boundary value problem

) — div(A(j)Vv(j)) =0,
(09 = u)|arg = 0.
We know that vU) possesses the following global properties
o) e Ly(—1,0; H™Y), Vo) e Ly(Q)

and, moreover, it is nonnegative on the parabolic boundary of () and smooth inside ) where
the equation for v) can be reduced to the form

A — (agjl)v,(f))vk — d,(jl?kvfl]) =0.
Here, comma in lower indices stands for the differentiation with respect to the corresponding
spatial variable and summation over repeated indices running from 1 to n is adopted. As
it was shown in [18], see Chapter 3, Theorem 7.2, therein, for functions satisfying equation
above, the maximum principle holds and thus v¥) remains to be nonnegative everywhere
inside Q. Obviously function v\ + % satisfies all the conditions of Theorem 2.8 and, hence,

(j)(z).

sup v9(2) <¢ inf w
2€Q(20r,R/2) Q(20,R/2)

Passing to the limit as j — oo and taking into account (2.41), we arrive at (1.18). O

2.6. Liouville Theorem. In this subsection, we assume that u is an ancient suitable weak
solution to equation (1.12) which means that it is defined on Q- = R™"x] — 00,0[ and is a
suitable weak solution in all parabolic balls Q(zo, 1) with 2o = (x¢,to) for any zy € R™ and
for any ¢y < 0. Since our equation is invariant with respect to translation and usual parabolic
dilatation, such a solutions will be suitable in all parabolic balls of the form (Q(a) for any
positive a. Now, we shall show its Holder continuity provided it is bounded.

Lemma 2.9. Let u be an ancient suitable weak solution to equation (1.12). Then there
are two constants c; and o which depend only on n, v, s, satisfying condition (2.13), and
I'= HdHLoo(BMO) such that

|u(z) — ulz0)| < crlz = Zolpa, sup |u(2)] (2.42)
zE€

for any z and zy from Q_ with the parabolic distance |z — 2o|par = |T — zo| + |t — tolz.



ON DIVERGENCE-FREE DRIFTS 25

Proof. We let

Mp = sup wu(z), Mgy = sup  u(z),
2€Q(z0,R) 2€Q(20,R/2)

mgr = inf wu(z), mpgp = inf  wu(z).

R= i ) B2 oty )

If we let v(z) = Mg — u(z), then will be a nonnegative suitable weak solution to equation
(1.12) in parabolic ball Q(zo, R). By translation and parabolic dilatation, we can derive from
Theorem 2.8 the following inequality for v

1
inf v(z)=Mp—Mp;y, > —(Mp —ul(z 2.43
it 0(2) = Ma = Mags =~ (Mn — ul:) (2.43)

for all z € Q(2or, R/2). On the other hand, for the same reason, we may apply Theorem 2.8
to function w = u(z) — mpg and find

s — mp > c—lﬁ(u(z) — mp) (2.44)

for all z € Q(z0r, R/2). Adding (2.43) and (2.44), we arrive at the inequality
1
osc(zg, R) — osc(zg, R/2) > —osc(zg, R), (2.45)
Co

where osc(zg, R) = Mr — mpg, or
osc(zg, R/2) < Yosc(zg, R)
with ¥ = 1 — 1/cg. After simple iterations, we have the series of the inequalities
osc(zo, R/2F) < ¥Fosc(z, R)
which can be reduced to the form
osc(zo, 0) < crp®dosc(zg, R).
The latter is true for zp € Q_ and all 0 < ¢ < R < 400 and certainly implies (2.42). O

Proof of Theorem 1.2. We let M = sup,. |u(z)|. If we scaled our solution u and matrix A
so that
u(y,s) = u(Ry, R?s),  A%(y,s) = A(Ry, R*),
then as it is easy to see uf* and A satisfy the equation (1.12) in Q_ and
I/:I/R, M:MR: Slé?p |UR(Z)|7 F:FR: ||dR||Loo(BMO)-
z2€Q)—
By Lemma 2.9, we have
[ufi(e) — u(0)] < erlefp, MT

for any e = (y, s) € Q_. Making inverse scaling in the latter inequality, we find
u(z) = u(0)] < erl2fpur g M

for any z € @_ and for any R > 0. By arbitrariness of R, we show that «w must be a
constant. U
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3. AN ELEMENTARY PROOF OF AN ELLIPTIC LIOUVILLE THEOREM IN 2D AND A
COUNTEREXAMPLE

In this section we explore the Liouville theorem for (1.4) in two dimensions. Assuming
that the divergence-free vector field b is in the space (BMO)™!, we provide an elementary,
short, and self contained proof showing that bounded subsolutions (and supersolutions) are
constant. Afterwards, we construct a counterexample to such a Liouville theorem for a
divergence-free vector field whose stream function is bounded by In |z|Inln |z| (¢ BMO) for
large |z|. This construction shows that the hypothesis b € (BMO)~! is quite sharp.

If b is a smooth divergence-free vector field on R?, then it has a stream function H : R> — R
as in (1.23) and we have (1.24). This relationship between b and A allows us to introduce
the notion of a weak solution for very singular drifts.

Definition 3.1. Let b be a divergence-free drift from BMO™(R?), that is, H € BMO(R?).
We say that a function u € H. (R?) is a weak subsolution to (1.4) in R?, that is, a weak
solution to

—Au+b-Vu<0 (3.1)
if for any nonnegative test function v € C§°(R?) we have
/(AVU) -Vou dx <0. (3.2)
R2

Weak supersolutions are defined by reversing both inequalities.

We note that, as mentioned in the introduction, the bilinear form in (3.2) extends contin-
uously to compactly supported v € H! and hence in (3.2) one can equivalently consider any
nonnegative compactly supported v € H'(R?).

Theorem 3.2. Assume that b € BMO™Y(R?) is divergence-free, and let u be a weak subso-
lution to (1.4) in R%. If u is bounded then u is a constant.

Remark. If the drift b is not too irregular, for example, b € Ly ,.(R?), then distributional
solutions to (3.1) can be defined for u € Ly j,.(R?). In this case, bounded solutions are in

H} _(R?) and satisfy (3.2) automatically, as we will show in the next section.

The proof of Theorem 3.2 is an immediate consequence of the following lemma.
Lemma 3.3. Let u be a bounded weak subsolution of
—div(AVu) <0 in R? (3.3)

where A(x) = a(z) + d(x) with a symmetric and d skew symmetric. Assume that there are
X, A > 0 such that for any z, & € R? we have

(a(2)€) - € > AE], (34)
lal|r.. <A, (3.5)
|dl[zmo < A. 3.6)

Then u is constant.
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Remark. Note that we actually prove a Liouville theorem for bounded subsolutions. This
is only possible in two dimensions. In higher dimensions one needs u to be a solution in order
to show that it is constant even in the case of the Laplace equation.

Proof. Without loss of generality we can assume that u is nonnegative (otherwise we can add
a constant). Let n be the test function

1 if |[x] <1
n(r)=S1- 2 if 1< |2/ <R
0 if |z| > R

We take v = un? in (3.2) to obtain
0> /(AVU) -V (un?) dz
> /nQ(aVu) -Vudzr +2 / un(AVu) - Vi dx (3.7)

> )\/ |Vul*n® do + Z/UT](AVU) -Vn dx

(all integrals are over R? unless otherwise indicated). Therefore we have

)\/ |Vul*n® doe < 2 /un(AVu) -Vn dx (3.8)
We need to estimate the second term. For the symmetric part of A, we have
[ untavw) - Vi ds| < AVl [l
< Znvully, +CIIvalR,
< gVl + oo (39)

for a constant C' depending only on |[u||., A, and .
Let k be the average of k in B(R), the disk of radius R centered at the origin. It is easy
to check that

/un(JVu) -Vndz =0

Now we estimate the contribution to the variable skew-symmetric part of the coefficients
using Holder inequality:

1/4

B 1/4 1/2
<c| [u-ar (/u4|vm4) (/n2|w2)

B(R)

’/un(qu) -Vn do
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1/2
1 B 1/2
< Z/nﬂvu\z dz + C / d —d|* (/ u4yvn\4> (3.10)
B(R)
Since d is a BMO function, we have
/ |d — d|* dz < CR?
B(R)
and by direct computation using that u is bounded,
C
J 9 s < g
Therefore, (3.10) gives
/un(qu) -Vndz| < 1/172|Vu\2 dx + ¢ (3.11)
— 4 (log R)? '
Adding (3.9) and (3.11), we estimate the right hand side of (3.8) to obtain
C C
2 d < / 2. 2 d <
/ \Vul* dx < | |Vul|*n® dz < log R + (log )2
B(1) R?
for a constant C' independent of R. We conclude the proof by taking R — oo. g

Proof of Theorem 1.3. Let h : Rj — R{ be such that h(s) = e'¢s for s € [0,e°] and
h(s) =Inslnlns for s > e. For x = (21, x9) define & = min{|x,|, |22|} and

H(x) = C sgn(z122)h(1) (3.12)

with C' large. If now H = n * H for some radially symmetric smooth mollifier  supported
on the unit disc and b = V+H, then the hypotheses of the theorem are satisfied. Moreover,
if K* = {z| £ 22> |21 + 2}, then for some ¢ > 0 independent of C' we have

bi(z) =0 and —sgn(zg)bo(z) > cCh'(Z) ifze KTUK™. (3.13)

Let B; = B;(w) with w € Q be the 2-dimensional Brownian motion with By = 0, defined
on some probability space (Q, F,P), and for z € R? let X¥ = X7¥(w) be the stochastic process
with X§ = x and satisfying the SDE

dX? = —b(X?)dt + V2dB,. (3.14)
It is then well known (see, e.g., [30, Lemma 7.8]) that if v solves
v+b-Vo—Av =0
on R? with v(0,x) = vy(z), then its value equals the expectation

v(t,x) = E(vo(X}))). (3.15)
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We let vo(z) = sgn(za). Clearly |v(t,z)| < 1 by (3.15), and the symmetry of the drift
(b1(z1, —22), ba(1, —22)) = (b1 (w1, T2), —ba(71, 72)) gives

v(t,z1,0) =0 for all (t,z1). (3.16)

So dy(t,z1,0) = 0 and obviously sgn(x2)dv (0, x1, z2) < 0 for x5 # 0 because of |v(t,x)] < 1
and the choice of vg. This and the maximum principle for d;v give sgn(xs)dv(t, z) < 0 for
all (¢,x) and so there exists u(z) = limy_,o v(¢, ). Parabolic regularity shows that u is a
(bounded) solution of (1.4).

Let Ay = {w: (X (w))2 # 0 forall s € [0,t]} and A, = J,o At (With (Y), being the
second coordinate of Y'). Then (3.15), (3.16), and the strong Markov property for X7 imply

v(t, x) = sgn(xqe)P(Ar),
u(r) = sgn(z2)P(As).
We will now show that P(A4)) = P(A,—4)) > 0 (the equality holds by symmetry), which

implies u(0,4) > 0 > u(0, —4).
The law of iterated logarithm (see, e.g., [30, Theorem 5.1.2]) implies that P(A) > 0 for

A={w: |B,] <1forallsel0,e] and |B,| < (3slnlns)¥? for all s > e°}.

For any w € A, let ¢ > 0 be the first time such that X"*(w) € 0K+ (we assume such a time
exists and will derive a contradiction). Then (3.14) and the definition of A give t > €, using

dist((0,4),0K™) > 1 as well as that by =0 and —by > 0in K. So X e K+ forse 0, 1],
and thus bl(X§0’4)) =0 and X" = |(Xs(0’4))1| for these s. This gives
(X0, = [V2(B,)1] < (6sInlns)/? < (6tInint)'/? (3.17)

S

and so (using (3.13))

1/2 1/2
by (XOD) > COlnln(thnlnt) +1 > O <lnlnt)

(6t Inlnt)1/? 6t

for s € [0,¢]. This means

1/2
(X)), > cC (lné;t) t+V2(B)y+4> <6706 - \/6> (tnlnt)'/2.

If we choose C' > 18¢™!, then this and (3.17) give
(X", > 2(6tInIn )2 > (6¢tInlnt)/? + (6¢)% > |(X V)| + 9,
contradicting X** € 9K+. Therefore X** (w) € Kt for all t > 0 and w € A. This means

that A C A4 and so 0 < P(A@4) = P(A@,—4)). Hence u(0,4) > 0 > u(0,—4) and the
result follows. U
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4. ON A MODULUS OF CONTINUITY IN 2D AND A COUNTEREXAMPLE IN 3D

In this section we prove that distributional solutions of (1.4) with a divergence-free b in a
two dimensional domain 2 C R? are continuous with a logarithmic modulus of continuity that
we estimate explicitly. The modulus of continuity depends on a local bound for the H' norm
of u and it does not essentially depend on any quantity associated with the vector field b. If
b € Li o, then for suitable u (see Theorem 1.4) we can estimate the modulus of continuity
in terms of the L. norm of u instead of H' thanks to a local energy inequality. Because of
the low regularity assumed for the vector field b, the a priori estimates are hard to extend to
distributional solutions and this presents some technical difficulties that are explained below.
The estimate is a version of the classical result that functions in the border-line Sobolev
spaces which satisfy the maximum principle’ are continuous, with logarithmic modulus of
continuity.

We also show in this section that the same type of regularity result does not hold in three
dimensions. Indeed, we construct an example of a function u € Lo (B) N H'(B) (recall that
B = B(0,1) is the unit ball) and a vector field b € L;(B), such that u solves (1.4) in the
distributional sense and is discontinuous at the origin.

Proposition 4.1. Assume that the drift b € Lojo.(S) is divergence-free and u € Loo(S2)
solves (1.4) in the distributional sense (that is,

/b -Voudr =0 = /(uAv + bu - Vv)dx (4.1)
Q Q

for allv € Cg°(Y)). Then u € H.

15c(€) and if B(xzo,7) € Q, there is a constant C' depending
only on r such that

1/2
IVul| Ly (Bor2) < C (L4 bl LuBor)) Nl (Blaor)

Proof. The claim u € HL_(€) is obvious from bu € Lgo().
This means that

/b -Voudr =0 = /(Vu —bu) - Vudz (4.2)
Q Q

for v € H*(Q) compactly supported in €. Let  be a smooth bump function such that
n=1 in B(xo,r/2)
n=0 in Q\ B(zg, 7).

We take v = un? in (4.2) to obtain

0= / \Vul?n? + 2unVu - Vg — b - Vuun® — 2b - Vnu?n da

B(zo,r)

9Sometimes the terminology “monotone in the sense of Lebesgue” is used in this context, see e. g. [24].
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= / IVul*n? + 2unVu - Vi — b - Viu?n dz,
B(zo,r)
where we have used
0= / b-V(u*n)dr =2 / b-Vnu*n +b- Vuun’dr
B(zo,r) B(zo,r)

with u?n? € H'(Q). Therefore

/ |Vul?n? dz = / —2unVu - Vn+b-Vnu’n de

B(zo,r) B(zo,r)
1
< 3 / |Vul?n? dz + / 20 |Vn|* + b - Vnu?n da
B(zo,r) B(zo,r)
and thus
1
5 [Vul? dz < / 20| Vn|* + b Vnu?n do

B(zo,r/2) B(zo,r)
< C(LA+1b]] £y (Bo) |ul|7 . -
[

It is worth noting that all statements of Proposition 4.1 hold true in higher dimensions.

We now find the modulus of continuity for functions satisfying the maximum principle and
a bound in H'. Note that in two dimensions, the space H' is borderline with respect to
the Sobolev embeddings to spaces of continuous functions. The monotonicity of oscyp(yu is
the extra assumption used in the theorem below to actually obtain an explicit modulus of
continuity.

Theorem 4.2. Let u € H'(B) and assume that for any r € (0,1) the mazimum principle
holds in B(r):

max u = max u,

B(r) OB(r)

min ¥ = min u.

B(r) OB(r)

Then u satisfies the following modulus of continuity estimate at the origin

C
sup |u(z) —u(0)| < ———||Vul||L,(B
s [ule) = u0) € =Vl

for some constant C' independent of .
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Proof. Let r € (0,1). We want to estimate OSCR(r)U = MAXpB(y) U — MINp() U.

1

/ |Vul? da::/ / |Vul? do ds

B\B(r) r OB(s)

since |Vu|* = u2 + u? where u, is the tangential derivative and w, is the normal one,

1
2/ / lug|* do ds
)

r OB(s

Rewriting the integral using polar coordinates (sf = o),

1
:/%/\u@(se)\Q d6 ds.
0B

T

Since H'(OB) C C*(dB) from the one dimensional Sobolev imbedding,

1
> /g(oscaB(s)u)2 ds.
s

.
From the maximum principle, oscpp(syu is monotone in s, therefore,

1

> [ o s = (Clogr) o

r

Taking square roots of both sides we obtain

<% v
SV logr Y

OSCB(r)u = OSC@B(T)U

g

Consider now a drift b € Li(B) and let u € Lo (B) be a distributional solution to (1.4).
We are interested in whether « is still a continuous function and, if so, how to estimate its
modulus of continuity. We do not know the answer to this question. However, it is in the
affirmative if u is an appropriate limit of solutions with Lo drifts, as in Theorem 1.4.

Proof of Theorem 1.4. The first claim is immediate from the definition of distributional so-
lutions. Moreover, Proposition 4.1 and Theorem 4.2 show that wu,, are locally uniformly
bounded in H' as well as locally uniformly continuous with the modulus of continuity from
(1.25), and the second claim follows. O

Finally, we show that that Theorem 1.4 does not hold in higher dimensions in general.
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Proof of Theorem 1.5. As in the previous section, we will again consider vector fields with
b(Rx) = Rb(x), where R(xy,xa, x3) = (21,22, —x3). In addition, b will be axisymmetric with
respect to the xs-axis and with no angular component. Such divergence-free vector fields can
again be obtained from a “stream function” H : R x R — R with H(0,z) =0 as

H(p,z)
2p?
where p = /2% + 22 and 2z = x3. Notice that again we have by - VH = 0 = by - (9, —11,0),

11T 23

so H is constant on the streamlines of by, and by has no angular component.
We now pick o € (2,1) and for p*> + 22 < 1 and p > 0 we let

ba(z) =V x

(—1‘2,1’1,0) (IE1HZ(P, Z)yl'QHz(p? z),—pHp(p, Z))> (43)

:2—p2

p*2? p* < |zl
H(p, z) = sgu(z) { 2272 2" < p, (4.4)
(pl 22000 2] < p* and p < [2]*.

Finally, for some large C' we define Hy = CH and bo = by, .
Notice that Hy is continuous and vanishes on the axes, and by(Rz) = Rby(z). We also have

—bo(z) = O

B |23

for (22 + 22)%/? < |z (4.5)

as well as by € L1(B) (because |by(z)| < ¢|z|? for some ¢ > 0 due to a € (3,1)). Moreover,
H is smooth except on

P={p+2*<1:p>0and |z] € {p*p"* 0} },

S0 by is smooth except on
S = {xEB: (\/aﬁjtx%,xg) EP}.

We therefore let H. be smooth such that H.(p,—z) = —H.(p,z) and H. = H, outside the
e-neighborhood of P, the vector field b, = by, is also smooth and |b.(z)| < c|z|~2 on B, as
well as

lim [[b = bol[ 1, () = 0. (4.6)

Clearly V - b. =0 for € > 0, so (4.6) gives V - by = 0 in the distributional sense.

For each € > 0 we now construct (smooth) u. using b. in a way similar to our construction
of u using b in the proof of Theorem 1.3. We are here on B so we set boundary conditions
us(z) = sgn(xz) on OB and thus consider the stochastic process

AX7F = —b(XP%)dt + V/2dB,.
with X3° = z and stopping time
7. =inf {t > 0| X" € OB}.

We therefore obtain
—Au, +b.-Vu, =0 (4.7)
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where
ue(z) = E (sgn ((X27),)) = sgn(zs)P ((X;); # 0 for all t € [0,7.]), (4.8)

Each u, is a smooth solution of (4.7) and they are uniformly Hélder continuous away from
the origin due to |b.(z)| < c|z|72. Therefore there is a sequence ¢, — 0 and wug such that
ue, — up locally uniformly on B\ {0}. (In fact,

. x,0
ll_I)I(l) ue () = ug(z) = sgn(xs)P ((X;7), # 0 for all ¢ € [0, 7))
for any = € B, provided we set uo(0) = 0.) But this, [ju.||z., <1, and (4.6) show that
/(UOAU + boug - Vv)dr = kh_)nolo (ue, Av + b, ue, - Vv)dz =0

B B
for any v € C§°(B). Thus

_AUQ + bo : VUO =0 (49)
in the distributional sense. The proof of Proposition 4.1 applies to each u,,, implying that
their weak limit ug € Hy. (B). Since for ¢ > 0 we have u.(Rz) = —u.(x) and ||b||1,(p) is
uniformly bounded, we only need to show

lim lim (0,0, z) > 0 (4.10)

20 e—=0

to conclude the proof of both (i) and (ii).

In fact, let us consider instead of (0,0, z) with z > 0 any y € B with y3 > 0 and /9% + 13 <

%y;/a. Let K, be the cut-off cone

2 1/
Kyz{xeR?’:\/ﬁ—i—x%S(‘qf) x3}§R2xR+,
Ys

with upper and lower base consisting of discs D,,, E, centered at (0,0, 2ys), (0,0, %yg) and

with radii $(2ys3)"/*, 1(2ys)"/*. Notice that its tip would be at the origin, were it not cut off.

Then /2% 4+ 23 < xé/a on K, because o > %, so (4.5) holds on K, N B. Let o be the exit

time of X} from K, N B, which is the same for all £ < yz,l,/a because b, = by on K, N B in
that case. We will show that

—34+2/a

P(X¥$ € D,UdB)>1—¢¥% (4.11)

provided C' from the definition of Hj is large. This is sufficient since X?¢ € D, U 0B means
either

(X{*); #0  forallt € [0, 7] (4.12)

or (X¥)3 = 2y3. In the latter case we have ((X¥°)? 4+ (X¥<)2)1/2 < %(Xg@)}/", so we can
bootstrap (4.11) and obtain (4.12) with probability at least

[—logs ys] ans 0 ais
[T a-e®@»™ > JT - ) =m>0.
k=1 j=—00
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Thus (4.8) gives u.(y) > m for any y € B such that y3 > 0 and /3> + 52 < %yé/a and any

e S yé/ “. The claim of (4.10) now follows immediately.

It remains to prove (4.11) for some large C' independent of y. The point here is that X}

starts well inside K, (specifically, dist(y, 0K,) > dy?l)/ “ for some d € (0,1)) and the (strong)
drift —b quickly pushes it towards D, while the Brownian term will not affect this picture
much during the short time needed to reach D,, at least with probability close to 1. We have

X0 — oy / bo(XV<)dt + B, (4.13)
0

as well as
—34+2/a

P(|B,| < dys’* for all t € [0,8C 43]) > 1 —e ¥ (4.14)

provided C is large enough. Since the vector —bo(X;®) points ‘inside’ the mantle of K, for

t € [0,0) (because of (4.5) and the fact that the cut-off tip of K, is the origin) and has
a positive third component, and dist(y, 0K,) > dy;)/ ®, this means that with probability at
least 1 — e % JH/Q, the process X} cannot exit K, through the mantle or the bottom E,

before time 8C~1y3. But we have (—by(X{*)), > C(2y3)~2 for t € [0,0], so (4.13), (4.14),
and ys + C(2y3) 280y} — cys’® > 25 yield

—342/a

P(XY* € D,U0B and o < 8C_1y§’) >1— ¢ ¥
This proves (4.11) and the result follows. 0
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