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ABSTRACT. We consider doubly nonlinear anisotropic degenerate parabolic
equations, supplemented with an initial condition and a homogeneous Dirichlet
boundary condition. We introduce a notion of entropy solution and prove that
the entropy solution is uniquely determined by its data.

1. INTRODUCTION

We introduce a notion of entropy solution and prove a uniqueness result for
doubly nonlinear anisotropic degenerate parabolic equations, supplemented with
an initial condition and a homogeneous Dirichlet boundary condition.

The problems under consideration take the form

d d
O+ O, filu) = D 0n, (10, Aiw) 20, Aiw)) i Qr,
i=1 i=1

ulp=0 = up in Q and uw =0 on (0,T) x 99,

where u(t,z) : Qr — R is the unknown function that is sought, Qr = (0,T) x Q,

T > 0 is a fixed time, Q C R? is a bounded domain with smooth boundary 92, and

p; > 1forv=1,...,d. The initial function ug : 2 — R is assumed to be bounded.
The functions A1, ..., Aq : R — R? satisfy

(1.2)  A; € Lipioc(R) and A;(-) is nondecreasing with 4,(0) =0,i=1,...,d,
while the convective flux function f = (f1,..., f4) : R — R? satisfies
(1.3) £ (1) € Lipioo(R% RY) and f(0) = 0.

Let us also state a closely related problem, namely the following one containing
an “isotropic” second order operator:

14 Bpu + div f(u) = div<|VA(u)\p_2 VA(u)), in Qr,
' Ulp=0 = up in Q and u =0 on (0,7) x 0L,

where p > 1 and A(-) is a scalar nondecreasing Lipschitz function with A(0) = 0.
Note that even when p; = p # 2 and A; = A for all 4, the anisotropic problem (1.1)
does not coincide with (1.4) (but it does when p = 2).

Since the graph of A;(-) can be flat, solutions to (1.1) will in general develop
discontinuities, even when the initial function ug is smooth. Hence it becomes
necessary to interpret (1.1) in the weak sense. Moreover, it is well known from
the theory of conservation laws that discontinuous weak solutions are not uniquely
determined by their data and consequently an additional selection criterion, a so-
called entropy condition, is needed to single out a unique weak solution.

(1.1)
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Indeed, the conservation law
Opu+divf(u) =0

is a special case of (1.1). A rather complete L entropy solution theory for the
Cauchy problem for scalar conservation laws was developed by Kruzkov [31] and
Vol'pert [44]. A detailed exposition of Kruzkov’s theory can be found in, e.g., [33].
We refer to [3, 37, 33, 46] for a corresponding theory for the Dirichlet boundary
value problem.

Many other partial differential equations (usually possessing more regular solu-
tions) are also special cases of (1.1) and (1.4). Let us mention the heat and porous
medium equations

Oyu = Au, Ou = Au™, m>1,

and more generally degenerate convection-diffusion equations of the type

d d
(1.5) Opu+ Y Oa, filu) =D 07, Ai(u) (A; satisfies (1.2)).
i=1 i=1
Degenerate parabolic equations like (1.5) occur in theories of flow in porous media
(see discussion and references in [21]) and sedimentation-consolidation processes
[11].

Another famous representative of the class of equations that is considered herein
is the p—Laplace equation

Opu = div(|Vu|p_2 Vu), p>1,

which arises in the theory of non-Newtonian filtration. Also well known is the
doubly nonlinear polytropic filtration equation

(1.6) Opu = div (‘V (|u\m_1 u) ’p72 \Y% (|u|m_1 u)) , m,p > 1.

Degenerate parabolic equations of the type just mentioned have been intensively
studied in recent decades, see the books [19, 48] and the references cited therein
(some recent regularity results for (1.6) can be found in [20]). A related class of
equations consists of the so-called elliptic-parabolic equations

Ob(u) = diva(u, Vu),

where b : R — R is a continuous nondecreasing function (b can be flat) and
a(r,€) : RxRN — RY is continuous, monotone in ¢ and satisfies a growth condition
of the type |a(r,&)| < C(r)(1 + |£[P™Y), p > 1. We refer to [1, 7, 38, 14] and the
references cited therein for more information on elliptic-parabolic equations.

In most of the situations mentioned above, solutions possessing some type of
Sobolev regularity in the spatial variable are sought. The problems we have in
mind will in general possess discontinuous solutions. Consequently, it becomes more
challenging to devise reasonable solution concepts and to prove uniqueness/stability
results. In recent years the isotropic problem (1.4) with p = 2 has caught a great
deal of attention. A first study of entropy solutions for such equations is due to
Vol'pert and Hudjaev [45]. For one-dimensional equations, some general uniqueness
results have been proved by Wu and Yin [47] (see also the book [48]) and Bénilan
and Touré [6]. In the multi-dimensional context a general uniqueness result is due
to Carrillo [13, 12]. He was the first to successfully implement Kruzkov’s doubling of
the variables device [31] for second order equations. He also developed a powerful
method for handling a homogeneous Dirichlet boundary condition in degenerate
problems. Various extensions of his result can be found in [10, 25, 28, 30, 34, 35, 40],
see also [15] for a different approach and [41] for a uniqueness proof for piecewise
smooth weak solutions. Among the works cited, we mention that [34, 35] analyze the
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problem with a non-homogeneous Dirichlet boundary condition. Explicit estimates
for continuous dependence on the nonlinearities were proved in [18], see also [30, 24].
Several recent studies concerned with the convergence of numerical schemes can be
found in [2, 9, 21, 23, 25, 26, 29, 36].

The anisotropic degenerate parabolic equation (which generalizes (1.5))

(1.7) Opu + divf(u,t,x) = div (a(u)Vu), a(u) = o(u)o(u)" >0,

where o(u) € LS (R; R K), 1 < K < d, was treated very recently by Chen and
Perthame [17] (for the Cauchy problem). They introduced notions of entropy and
kinetic solutions and proved existence and uniqueness results for such solutions.
One key point in their notions of solution is to explicitly include the parabolic
dissipation measure in the entropy inequality. This is different from Carrillo’s ap-
proach, which attempts to recover a particular form of the parabolic dissipation
measure from the Kruzkov entropy inequality (this seems to work only for isotropic
equations). Uniqueness was proved in [17] using a kinetic formulation and regular-
ization by convolution. An alternative theory for (1.7) based on Kruzkov’s doubling
of the variables device was developed in [4]. The generality in [17, 4] allows for pure
L' initial data ug, while herein we consider only the case ug € L. Within the
kinetic framework, explicit continuous dependence and error estimates for entropy
solutions of (1.7) were obtained in [16]. In [39], a notion of dissipative solution
for (1.7) and its relation to the notion of entropy solution is studied. Moreover, a
convergence proof is given for certain relaxation approximations.

Despite recent efforts, problems (1.1) and (1.4) are still in general very poorly
investigated. Let A, B : R — R be nondecreasing Lipschitz functions such that
B(+o0) = +oo. Then some time ago Yin [49] studied the one-dimensional problem

Oyu + amf(u) = amB(amA(u)) on (OvT) X (Oa 1), u|t:0 = Uop, u|z:0,1 =0

in a framework of discontinuous entropy solutions having bounded variation (in
both ¢ and x). He proved existence as well as uniqueness and stability results. The
Cauchy problem was studied in [22] via a finite difference approach. When d = 1
and Q = (0,1), (1.4) is obtained from Yin’s problem by choosing B(¢) = [¢[P 7% €.

In the multi-dimensional context, it seems that the only results up to now are
those of Igbida and Urbano [27] (see also previous work by Urbano [42, 43]). They
prove existence and uniqueness results for weak solutions of the isotropic problem
(1.4) under the additional structure condition

(1.8)  f(u) = F(A(u)), for some Lipschitz function F : R — R%, F(0) = 0.

Uniqueness of the weak solution is elegantly obtained by verifying that any weak
solution is also an entropy solution and then using the doubling of the variables
approach developed by Carrillo [13] for entropy solutions.

The aim of this paper is to provide a solution theory that avoids any structure
condition like (1.8) and more importantly is able to encompass the anisotropic
problem (1.1). As already indicated above, Carrillo’s approach is a good one when
the second order differential operator is isotropic. However, it is not applicable to
an anisotropic problem like (1.1). Instead we shall rely on the Kruzkov approach
developed in [4]. The paper [4] dealt with the Cauchy problem for (1.7) and L'
initial data ug. Herein we consider an initial-boundary value problem with L*°
initial data. To incorporate the homogeneous Dirichlet boundary condition we
shall borrow some ideas from [13]. Even for (1.5) our results are new, as only the
Cauchy problem was treated in [17, 4].

The remaining part of this paper is organized as follows: We use Section 2
to introduce and discuss our notion of entropy solution for (1.1). We then state
and prove our main uniqueness theorem for these entropy solutions in Section 3.
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Except for Remark 2.4, a complete proof of the existence of an entropy solution
will be postponed to our forthcoming paper [5]. In that paper we also develop a
theory based on a notion of renormalized entropy solution that allows for possibly
unbounded (pure L!) initial data ug. A similar theory for (1.7) can found in [4].

Finally, we mention that future work will be devoted to the convergence analysis
of numerical schemes for (1.1). We refer to [22] for some work in that direction in
the one-dimensional context.

2. DEFINITION OF ENTROPY SOLUTION

For 1 <i < d, we set
G = [ (aige)

and for any ¢ € L2 (R)
Y = [ veies )= (P, ).

Definition 2.1. We call (n,q), withn: R — R and ¢ = (q1,...,q4) : R — R,
an entropy-entropy flux pair if

neC*R), n'>=0, ¢=7f.

C(u) = (Cl(u)v EEE) Cd(u» ’

If, in addition,
n(0) =0, 7'(0) =0, q(0) =0,
we call (n,q) a boundary entropy-entropy flux pair.

Remark 2.1. The terminology “boundary entropy-entropy flux pair” is borrowed
from Otto’s work on scalar conservation laws and boundary conditions, see [33, 37].

We now introduce an appropriate notion of entropy solution:

Definition 2.2 (entropy solution). An entropy solution of (1.1) is a measurable
function u : Q7 — R satisfying the following conditions:

(D.1) (regularity) w € L™(Qr) and
8T7Q(u) GLpi(QT), t=1,...,d.

(D.2) (interior entropy condition) For any entropy-entropy flux pair (n,q),

3m + Zaz Qz Zaan( |8961A ( )
d

<= 0"(u)]0s,Gi(w)

i=1

that is, for any 0 < ¢ € D([0,T) x Q),

/Q (n(u)ath%(u)a ¢
(2.1) —Zn ) [0z, Ai(u)

pi=2 8miAi(u))

P in D'([0,T) x Q),

pim? a:m AZ (u)a:m ¢> dx dt

Pi ¢ dz dt.

+ [ atwoto.0) o> [ AT

QT =1
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(D.3) (boundary entropy condition) For any boundary entropy-entropy flux pair
(n,q) and for any 0 < ¢ € D([0,T) x Q), (2.1) holds.

(D.4) (boundary condition) For any ¢ € LYo (R),

/ (divgw(um () - v¢) dedt=0, V¢ eD(0,T)x Q).

T

Remark 2.2. When p; = 2 for all 4, the right-hand side of (2.1) contains the
so-called parabolic dissipation measure used in [17, 15, 4]. We term the measure

pi = =" () [0z, Gi(u)[”*,
the p;—parabolic dissipation measure (associated with the entropy n), i =1,...,d.

Remark 2.3. Let us make some comments about the “boundary condition” (D.4).
Suppose we know that each component of ¢(u) belongs to L' (0, T; W11(Q2)). Then
we can make trace sense to the statement

(2.2) —0,

u) | (0,T) x99

which immediately implies (D.4). Except when all the A;’s are the same, the
anisotropy in (1.1) prevents us from concluding that each component of {(u) belongs
to the space L'(0,T; WhH1(Q)), so we cannot make trace sense to (2.2). Hence
the “integration by parts formula” in (D.4) is introduced into Definition 2.2 as a
convenient “weak reformulation” of (2.2) that circumvents the problem of having to
know the existence of strong traces. When proving existence of an entropy solution,
condition (D.4) must be explicitly checked (see next remark).

Let us also mention that it is possible to obtain (D.4) directly from (D.1) by
properly adapting known results for the space

LP(0,T; LP(div; Q) = {w = (w1, ..., wq) € (LP(Qr))* : divw € LP(QT)} .

It is immediate that the vector field {(u) = (¢1(u), ..., Cqs(u)) belongs to this space
with p = nlnn pi. This approach, which avoids including the integration by parts

i=1,...,

formula (D.4) in Definition 2.2, is fully developed in [5].

Remark 2.4. Although the existence proof for (1.1) is postponed to [5], let us
indicate its main steps. For ¢ = 1,...,d, let A,; be a strictly increasing function
that converges locally uniformly to A; as p | 0. Existence of an entropy solution
can then be proved (see [5] for details) by passing to the limit p | 0 in a sequence

up € L®(Qr) N C(0,T5 L2(2)) N LP(0, T; Wy ' (), pr= min p; > 1,

of solutions to the non-degenerate equations

d d
(23) By + D 0ufiltty) = D By (100 A i) 00 A i)

i=1 i=1

The proof of existence of such a sequence is classical, see for example [32].
At least formally, multiplying (2.3) by n'(u,), n € C2, ¢’ =/ f', gives

d
8t77(up + Zaz qi Up Zaz,( Up |8m1Ap, (up) pim? az,Ap z(up))

=1

(2.4)
P in D'([0,T) x ),

d
Z (up) [0, Cp,i(up)
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z

where (, ;(2) :/ (A’W.(g)) Z d§ Choosing 7(z) = 122 and using the boundary
0

condition u,|,ryxa0 = 0, it follows from (2.4) that

/ Z|6 Coi(up) [P dmdt<2/u(2)dx<oo.
Qr =1

Q

It is not hard to derive a uniform BV estimate for u,(-,t) and prove that u,
converges to some limit u € L®(Qr) in L'(Qr) and 8;,(p,i(u,) — 95,¢(uw) in
LPi(Qr), i = 1,...,d, at least along subsequences. These convergences, together
with a version of Minty’s trick, allow us to pass to the limit in (2.4) to obtain that
u satisfies (D.2). In this passage to the limit, we also need to employ a standard
weak lower semicontinuity result to obtain

lim inf/
pl0 Q

for any nonnegative test function ¢(¢,z). Along the same lines, we can also prove
that v satisfies (D.3).

It remains to verify (D.4). As w,|,r)xo0 = 0 is understood in the classical
trace sense, we clearly have for any ¢ € LS (R)

Zn” Up) |0z, Cpi(up) |p‘¢dxdt>/ Zn” )10z, G (w)|P* ¢ dx dt,

T 4=1 QT j=1

(2.5) / (div(w(up)qﬁ + ¥ (uy) - v¢) dedt =0, Vo e D((0,T) x Q).

T

Exploiting that u, — u in L*(Qr) and div(¥ (u,) — div¢?(u) in, say, L*(Qr), we
can send p | 0 in (2.5) to conclude that the limit u satisfies (D.4).

Remark 2.5. For the uniqueness proof given later, we shall need a particular set
of boundary entropy-entropy flux pairs. Let us introduce a C'' approximation of

0 <0
sign+(z)—{ » E=

1, z>0.
For € > 0, set
0, £ <0,
sign (§) = ¢ sin (§££), 0<¢<e,
17 é- > g,
and
ni(zc)= [ signl (—c)df, zceR.

Then 7.(-, ¢) belongs to C?(R), is convex, and as € | 0

W (€)= 0t (2,0) 1= (2 — o) = max(z — ,0).
Define the entropy flux function

i (0 = [ sl (€~ F(©de seeR
Then ase | 0

¢ (z,¢) = " (z,¢) = sign™ (z — ) (f(2) — f(c)).-
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Observe that (77;‘ (,¢),qF (, c)) is a family of boundary entropy-entropy flux
c>0

pairs. Consequently, using n = n as an entropy in (2.1) and then sending ¢ | 0,

d
/ <(u a0+ Y sign® (u— o) (filu) — fi(e)) D0

i=1

d
=3 sign® (u—¢) [0, Au(w)
(2.6) i=1

+/Q(u0 — o)t ¢(0,7) dx

Pi ¢ da dt,

d !
> lim inf/ E sign® ) (u — ¢) |04, ¢i(u)
el0 Qr =1 ( )

for all pairs (¢, c) € D([0,T) x Q) x R and for all pairs (¢,c) € D([0,T) x Q) x [0, c0)
(¢ is always nonnegative).
Similarly, we introduce the functions

-1, &< —¢, .
signz (&) = ¢ sin (£€), —e<£<0, Nz (z,¢) :/ sign_ (€ — ¢) d¢,
0, £€>0, ©

which are approximations of

-1, z<0,
0, z >0,

sign” (z) = {
For each z,c € R, define the entropy flux

(o= | signz (€ — o) f(€) de.
Then ase | 0
(S (20) = g (20) 1= sign™ (2 — &) (F(2) — £(0)).

Consequently, as (775_ (,0),q- (-, c)) is a family of boundary entropy-entropy flux
c<0

pairs, we can use 7 = 7. as an entropy in (2.1) and then send € | 0 to obtain

d
/ ((u )0+ Y sien (u— o) (fi(u) — £i()) 0u,

i=1

d
=Y sian” (u—0)[0r, Ai(w)
(2.7) i=1

+/Q(u0 —¢)"¢(0,z) dx

Pi ¢ dz dt,

d A
> lim inf/ sign ) (u — ¢) |0y, Ci(w)
510 QT ;( )

for all (¢,c) € D([0,T) x Q) x R and for all (¢,c) € D([0,T) x Q) x (—o0,0] (¢ is
always nonnegative).
Since

sign” (z —c¢) = —signT (c—2), (z—¢)  =(c—2)", ¢ (2,¢) =q"(c,2),
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and
I

(signg)l(z —c) = (signj) (c—2),

we may replace (2.7) by

d
/ <<c —u)t 09+ Y sign® (e — u) (file) — fi(w)) uy b

i=1
+ Zd: sign® (¢ — u) |9y, A; (u) [P 2 8mAi(u)8wi¢> dz dt
(2.8) i=1
+ / (¢ —uo)T¢(0,x) dz
d ? ,
> hrgl%nf/T ;(signj> (¢ —u) |0z, Ci(u)[P* ¢ d dt,

for the same pairs of (¢, c) as before.

3. UNIQUENESS OF ENTROPY SOLUTION
Our main result is the following theorem:

Theorem 3.1. Suppose (1.2) and (1.3) hold. Let uw and v be two entropy solutions
of (1.1) with indtial data ul|i—g = ug € L°(Q) and v|i—g = vo € L>°(QY). Then for
a.e. t € (0,7)

(3.1) /Q(u(t,x) ot 2)) de < /(uo )t da.

Q
Consequently, [[u(-,t) —v(-,t)| 110y < lluo = vollprqy- If uo < vo a.e. in Q, then
u<wv a.e in Qr. Finally, if ug = vy a.e. in ), then u = v a.e. in Q.

Remark 3.1. A definition similar to Definition 2.2 can be used for the simpler
isotropic problem (1.4). For this problem we can replace (D.4) by the requirement
that C(u) € LP(0,T; Wy? (), where

Cu) = / " (A@©) e

The conclusions of Theorem 3.1 remain valid for (1.4). Since the proofs are similar,
we only prove Theorem 3.1.

We will make repeated use of the following chain rule property.

Lemma 3.1. Let 0 < o € LY (R), ¥ € LYY (R) be given, and define two functions
B,8Y : R — R by

_ [ d vy = [ de.
561 = [ o@ds. 56 = [ vl as
With 1 <p< oo and 1 <i<d fized, suppose

weIXQ),  0,8(u) € LP(Q).
Then, for any Borel set B C R with |B| =0,

(3.2) Hz € Q:u(z) € B and 9,,0(u) # 0} =0,
and
(3-3) 0z, 8% (ul@)) = 9 (u(x))y, Blu()),

for a.e. x € 2 and in LP(Q)).
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Proof. The proof is similar to that in [17]. First of all, the “inverse Sard” property
(3.2) is a consequence of [8, Theorem 3.1]. Next suppose that u takes values in a
closed interval I C R, and introduce the lower semicontinuous function

6':R—R, B W) :==inf{€ € T | B(§) = v}.

Denote by E C R the set of v € R at which 371(-) is discontinuous. Since () is
nondecreasing, F is at most countable.

Introduce v := B(u) € L>®(Q) C L), and note that d,,v € L*(Q). Let
U(v) = [y ¥(B (w))dw. It is clear that ¥ € Lipioc(R), so that we may use the
chain rule (see [8, Theorem 3.1]) to obtain

02,V (v(2)) = V' (v(x))0s,v(x) = Y(B~ (v(2)))0x,v(2), for a.e. € RY.

This implies that (3.3) holds a.e. on 2\ &, where £ := {x € Q : v(z) € E}. On the
other hand, since |E| = 0, we have d,,v =0 a.e. on &. O

As an easy application of Lemma 3.1, we have a chain rule property for entropy
solutions.

Lemma 3.2. Let u be an entropy solution to (1.1) and fix ¢ € LS. (R). We have,
for any Borel set B C R with |B| =0,

(3.4) {(t,z) € Qr : u(t,x) € B and J,,¢(u(t,x)) # 0} =0, 1<4<d,
and
(3.5) 02, C* (ult, 7)) = (u(t, 2))0, C(ut, ),
for a.e. (t,x) € Qr and in LPi(Qr), i =1,...,d.
Remark 3.2. Let u be an entropy solution. By the chain rule (3.5)
Or, Ai(u) = (A ()% 0, Gi(u),
so that by (D.1) there holds 9., 4;(u) € LP (Qr), i = 1,...,d. This also implies

P=2o, Aiw) € LM (Qr) N LN Qr),  pl= L

for i =1,...,d, and thus (2.1) makes sense.

We are now ready to embark on the proof of Theorem 3.1, which roughly speaking
is divided into two lemmas (Lemma 3.3 and Lemma 3.5).

Lemma 3.3. Let u,v be entropy solutions of (1.1) with initial data ug,vo € L>(Q),
respectively. Then, for any nonnegative function ¢ € D([0,T) x Q),

d
/ <(U — ) 0 + Z sign® (u —v) | fi(u) — fi(v)

(3.6) - (|amAi(u)

P2 0y, As() = 100, Ai(0)" 7 00, Ai(0) ) [ 01,0 da
—|—/(u0 —vg) T dx > 0.
Q

Proof. The proof borrows ideas from [4]. In what follows, we let u depend on
(t,z) € Qr and v depend on (s,y) € Qr.
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Since u = u(t, ) is an entropy solution, (2.6) holds. By choosing ¢ = v(s,y) in
(2.6) and then integrating over (s,y), we get

d
/Q 0 ((U—U)+at¢+ZSign+ (u =) (fi(u) = fi(v)) Oz,
TXET i=1

d
- Z Sign+ (u - ’U) |aa:1Al (u)|pi_2 890LA1 (u)awl ¢> dx dt dy ds

(3.7) i=1

—|—/ (up —v) T dr dyds
Qr x({0}xQ)

Pi o dx dt dy ds,

d /!
> lim inf/ sign’ ) (u — v) |0, i (u)
e|0 Qr ;( )

for any 0 < ¢ = ¢(t,z,s,y) € D(([0,T) x Q) x ([0,T) x Q)).
Since v = v(y, s) is an entropy solution, (2.8) holds. By choosing ¢ = u(t, x) in
(2.8) and integrating over (¢, ), we get

d
/ ((u o)+ S signt (u— ) (fiw) — fi(0)) .6
QrxQr i=1
d
+ Z sign™ (u — v) |8y, A;(v)|"" 7 8, Ai(v)d,, ¢) dz dt dy ds
(3.8) i=1

+/ (u —vo) T dx dtdy

{0}xQ)xQr
> lim inf — )]0y, G (v) [P pdx dt dy ds,
> lim i /ngn (1= ) 9y, G:(0)[" & de dt dy ds

for any 0 < ¢ = ¢(t, z,s,9) € D(([0,T) x Q) x ([0,T) x 2)).
Adding (3.7) and (3.8) yields

(3.9)
d
/Q 0 <(U — o) (0 + 05)p + > sign® (u—v) (fi(u) — fi(v)) (r, + y,) ¢
TXT =1
d
- Z sign® (u —v) (\811.Ai(u) pi—2 O, Ai (1) 0y, @
i=1
— |0y, Ai(v) pi=2 3y7¢Ai(U)ay7¢¢>> dx dt dy ds

+/ (uo fv)ﬂbdxdyder/ (u —vo) T dz dtdy
Qrx({0}xQ) ({0} x)xQr

d

Let us now specify the test function. To this end, let

"+ 10y,6i(v)

’”)gbdzdtdyds.

wn: R - R, w :R—R, n,l>1,
be standard mollifier sequences. Then we take our test function to be

¢n7l(tax78ay) = ¢ (%7 HTS) Wn (L;y) Wi (FTS) = ¢wnWl,
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where 0 < ¢ € D([0,T) x ). With this choice, we have the following properties
that will be used repeatedly:

(310) (at + 8s)¢n,l = (8t + 85)¢wnwl

and fori=1,...,d

(3.11) (O, + 9y,) G = (0, + ayi) ¢ wpwy.
Fori=1,...,d, let us write
(3.12)
10, As () [P B, Ai () D, bt — |9y, As(0) [ 72 Dy Ai(0) Dy, b

= (|8¢1A1(u)|p1_2 azlAz(u) - ‘ayiAi(vﬂpi_Q 8y1A1(’U)) (aLl + 6yi)¢n,l
— 10, Ai ()72 Dy Ai(1)By P + 10y, As (V)P 2 By, Ay (0) D, P

Insertion of (3.10), (3.11), and (3.12) into (3.9) yields

d
u—v)T (0 + 04 sign™ (v — ) | f;(w) — fi(v
/MT<( Y00+ 00+ Y sign® (u—v) [fiw) ~ £i(v)

i=1

= (102, A )72 0y, Ai(w)
(3.13) — |8y, Ai(v) [P 2 D, Al(v))} (O, +0 )qb) wpwy dx dt dy ds

+ / (up — v) " P da dy ds
Qrx({0}xQ)
+ / (u—vo)tdp dr dtdy > liminf By + F,
({0} xQ)xQr 24

where

d !
E, = /QTXQT ;(Signj) (u—v) (|8ziC(u)|pi + |8yi(,“(v)\pi>¢n,l dx dt dy ds,

d
Ey=— / Z sign™ (u — ) |(‘3ZiAi(u)|pi_2 Op; Ai (1) 0y, 1 dx dt dy ds
QrXQr ;—1

d
+ Z sign™ (u — v) |8y, 4;(v)|" 72 9, A, (v)@xﬁml) dx dtdyds.
QrxQr j—1

Our goal now is to show that liminf.|o £y + £y > 0. Let us recall the following
well known inequalities, which hold for any two real numbers a,b and p > 1:

la — b|” if p> 2
(3.14) (a lal”™% — b |b|p_2> (a—b)>cp){ |a—b)>

T fl<p<?
(Ja| + [b))*7"

where ¢(p) = 2277 when p > 2 and ¢(p) = p—1 when 1 < p < 2. Using first (3.14),
then the chain rule (see Lemma 3.2), and finally integration by parts (there are no
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boundary terms since ¢,,; vanishes on the boundary), we get

Ey
d

= > (st ) (= 0) (060
+ [0y, Gi(v) |pi_2 0y, Gi (V) Oy, Cz(u)> On, dxdt dyds

d ' / pi—1
e 2 [ (s ) (=) (i) "5

X ‘811 Cl(u) |p’i_2 8wL Ci (u)¢n,l dx dt dy ds

d
pi—1

(3.15) Lo [ ) € o) (e g

X ‘ayz Cz(v)

pi—2 8&01 CZ (’LL) ayl C’L ('U)

P72 0y, Gi(0) b da dt dy ds

d
p;—1

- /QQ E/ (Sig“?)'w — &) (Aj(€)) i dg
X |0y, Gi(u)

d
pi—1

_/QTXQT;/UH(Signi)/(E—v) (AL(€))F de
X [0y, Gi(v)

P72 04, Gi(u)Dy, G,y dv dt dy ds

72 0,,Gi(0) Dz, b1 da dt dy dis.

To continue we need a technical lemma.

Lemma 3.4. Suppose h € LYY (R).
(i) Let b € R be arbitrary but fized. For a.e. a € R,

b ’
lilr{)l/ (signj) (a — &) h(&) dé = —sign™ (a — b) h(a).
(ii) Let a € R be arbitrary but fized. For a.e. b € R,

i | " (sign? ) (€ — ) h(€) d = sign” (a — ) h(b).

Proof. (i) Let £ = a be a Lebesgue point of h and suppose b < a (if b > a there is
nothing to prove). For any sufficiently small ¢, it follows that

/ (sien? ) (a - ) h(e) de =
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This proves (i), since

S

os (52€) (h(a) — h(a =€) d

0 2"
1 €
SCE/O |h(a) —h(a—¢&)| d6¢ —0 ase 0.

(ii) Let £ = b be a Lebesgue point of h and suppose b < a. As above, we find for
any sufficiently small e that

| (st (e~ oymceya

—ht)+ [ 5 cos (€ (o + ) - n)) e

and (ii) follows by sending ¢ | 0. O
=1
As p; > 1 and thus h(§) = (A;(f))pT is a locally bounded function, we can
use Lemma 3.4 and (3.4) when taking the limit € | 0 in (3.15). The result is
lim inf F4
€l0

d

> [ s ) (L) G 06
QrXQr ;—1
(3.16) X Oy, 1 dx dt dy ds

d
pi—1

- sign™ (u —v) (AL(v)) 7 [0y, Gi(v
/Mng( ) (AL ()5 18,,G:(v)

X O, On,1 dx dt dy ds.

pi=? a,% Cz (U)

By the chain rule in Lemma 3.2,

by —

(Ai(w)) 7

= (A5 77 0y, i)

100 G2 04, G ()
pi—2 1
A @) 0 i)

pi—2

1 1
axiCi(Ai('))p" (u) 8xi<i(f4i(‘))pl (u)

= [, Ai(u)[" 2 0y, Ay (),

which holds a.e. in @7 and in LPQ(QT) NLY(Qr), pi = pi/(pi — 1). Similarly,

pi—1

(A5(v)) 7 10y,Gi(v)
Hence, using this in (3.16), we finally obtain

P2 8,,.Gi(v) = |9y, Ai(0)[P 72 9y, A (v).

lim inf 4
]0

d
> Z sign™ (1 — v) |0, Ai(u) [P~ 0, Ai (1) Dy, by dz dt dy ds

QrXQr ;—1

d

- / Z SignJr (u - U) |8y1Az (U) P2 8y7, AZ (U)a:m ¢n,l dz dt dil/ dSa
QrXQr ;—1

and it follows that liminf.| o Eq4 + E2 > 0.
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Summarizing, from (3.13) we get

/ Itimc + Iconv + Idiff WnWwy dx dt dy ds
QT XQT

(3.17) + / (up — v) T pwpw; da dy ds
Qrx({0}xQ)

+ / (u — )T pwpwy dx dt dy > 0,
{0} x)xQr

where

Tiime = (’LL - ’U)+ (at + as) ¢7

d
Teony = Z Sign+ (u - U) (fl(u) - fl(v)) (aﬂvz + a 1) ¢7

d
L = = > signt (u — v) (10, Ai ()"~ 0, Ai(u)

i=1

=10y Ai(v)

PO, A(0)) (0, + 0,0,

It takes a standard argument to send n,l | oo in the first integral in (3.17), see
[31, 13]. However, we have to be more careful with the remaining two integrals,
since the entropy solutions are not assumed to be continuous in time with values in
LY(Q). We shall proceed as in [13], but see also [46, 35] and the references therein.

Let us denote the second and third integrals in (3.17) by I,,, (I, n) and I, ,, (I, n),
respectively. To handle I, ,(l,n), introduce the function

T
oo, = [ 0(5. 50 (-5) o

Since ds¢1 = —¢ (3, “"Qﬂ) w; (—%), we may write
Lupullon) == [ (0 — )" 0 (6w, d dy ds.
Qrx({0}xQ)

which enables us to use the entropy inequality for v(s,y) to obtain an upper bound
on I, ,(I,n) of the form

Iy (L)

<

H, dxdyds —|—/ (up — vo) T dywy, dx dy,
({0} xQ)x ({0} xQ)

for some integrable function H,, (independent of [). Here we have also used the fact
that ¢; =0 if s > 2/I

Sending [ T co, the first term on the right-hand side tends to zero and regarding
the second term observe that ¢;(0,z,y) — %gzﬁ (0, %) Hence

1
limsup limsup I,y »(I,n) < = lim (up — vo) " pw, dz dy
nfoo  Ifoo 2 n1oe J({0}x ) x ({0} x9)

1

2 /<{0}x9)x<{0}xn>

/((012/1) xQ2)x ({0} Q)

(ug — vo) T o dz,

where (after the last equality sign) wug,vo depend only on z.
Similarly, to handle I, ,,, we introduce the function

T
@wawzl<ﬂa%%wgwm
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and proceed as before using the entropy inequality for u(¢,z). The result is

limsup limsup I, ., (I,n) < = / (up — vo) T du,
nfoo  Ifoo 2 J({oyxQ)x ({0} xQ)
where ug, vg, ¢ depend only on x. This concludes the proof of Lemma 3.3. O

We prove next that the conclusion of Lemma 3.3 continues to hold for test
functions ¢ that do not vanish on the boundary.

Lemma 3.5. Let u,v be entropy solutions of (1.1) with initial data ug,vo € L(),
respectively. Then, for any 0 < ¢ € D([0,T) x Q), (3.6) holds.

Proof. We combine ideas from the proof of the previous lemma and Carrillo’s
method for handling Dirichlet boundary conditions [13].
Let ¢ = ¢(t,x, s,y) be any nonnegative function such that

(t,z) — ¢(t,z,s,y) € D((0,T) x Q) for any (s,y) € Qr,

(3.18) (s,y) — d(t,z,s,y) € D([0,T) x Q) for any (t,z) € Qr.

We will start as in the proof of Lemma 3.3. However, since ¢(-, -, s,y) does not
vanish on the boundary, we have restrictions on the choice of ¢ in (2.6). Where
we in the proof of Lemma 3.3 chose ¢ = v(s,y), we now choose ¢ = v*(s,y). The
result is (compare with (3.7))

(3.19)

d
/Q » ((u — ) o0 + ZsignJr (u — v+) (fz(u) — fi(v+)) O, b

i=1

- ngn u—vt) |0y, Ai(u) [P 8xiAi(u)6wi¢> dx dt dy ds

>hm1nf/ Z 51gn u—v )‘895i€i(u)|pi¢dxdtdyds.
Q

€10 T =1
As sign™ (u — vT) = 0 for u < 0, we deduce from (3.19) that

(3.20)
d
/Q . ((u+ — o) 9,0 + Z sign® (ut — ot (fi(u™) — fi(vT)) Ou, 0

i —2

— Zs1gn +) |3ziAi(u+) P

amiAi(qu)amigb) dx dt dy ds

W b da dt dy ds.

> hrglbnf/Q Z signd ) (ut — ™) |0, Gi(u"

T 4=1
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Next, where we in the proof of Lemma 3.3 chose ¢ = u(t,x), we now choose
¢ =u"(t,x). The result is (compare with (3.8))

(3.21)

d
/Q o ((“+ —0)T 0.0+ Zsign+ (u =) (filu™) = fi(v)) Dy, &
TXT =1

+ZSIgn v) |0y, Ai(v )|pi28yiAi(v)8yi¢> dz dt dy ds

+/ (ut — vo)* b da dt dy
({0} %) x@r

d
> lim inf/ Z(signj)’(qﬁ —0) 0y, G (V) [P ¢ d dt dy ds.
T =1

€l0
One checks easily that
(3.22) sign® (ut —v) =sign® (vt —v") (1 —sign™ (v7)) +sign™ (v7).

Using this fact, we have

=sign® (vt —oT) (filu™) = fi(v")) Ly>0 +sign™ (v7) (fi(u") = f;(v))
= sign™ (u+ — v+) (fz ut) — fi(v" ) — sign ( _) fi(v)
+sign® (v7) filu®) - s1gn+ (u* = o) (filu) = fi(0")) Toco
= sign™ (u +) (fl v+)) — sign™ (v*) fi(v).
Similarly,

and

sign™ (u — v) |0y, A; (v)|P 7% By, Ai (v)
=sign® (ut —vT) |9, As( ’p - 0y, Ai(v)
+signt (v7) |ay,i,4i(v)|m—2 Dy Ai(v).
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Thus it follows from (3.21) and (3.22) that

(3.23)
d
((?ﬁ — v 00+ sign® (uf —ot) (filwh) = fi(vh)) 9y 0
QrXQr i=1
d
+ Z sign® (ut —vT) |8yiAi(v+)|pif2 8yiAi(v+)8yi¢> dz dt dyds
i=1

+/ (ut —vf)tpdrdtdy
({0} x)xQr

d
> liminf/ Z(Sign:)/(zﬁ — v*) |8yici(y+)}l’i o dx dt dy ds
T =1

0
d / .
+1i%nf/QTXQT ;(sigrﬁ') (ut = v7) [0y, C(—v )" ¢ da dt dy ds
+ Lo(9)
> lim inf /QTXQT g(sign:>l(u+ — o) [0y, G ()7 ¢ da dt dy ds
+ Ly(9),

where

d
Ev(qﬁ) = /Q o sign™ (’U_) (Uasqﬁ + Z fi(v)0y, ¢

=1

d
= Y10, AP 0y, Ai(v)0, ¢> dx dt dy ds
i=1

+ / sign™ (vg) vo¢ dx dt dy.
({0} =xQ)xQr

Adding (3.20) and (3.23) yields (compare with (3.13))

d
/Q ) <<u+ — )@+ 00+ Y sigt (uF o) [fiw?) — fioh)

i=1
 ([0n, Astut) [ 00, As(wh)
(3.24)
10, AP 0, 4i0M)) ] @, + ayi)qs) de dt dy ds

n / (u™ — o) T @ drdt dy > liminf By + By + L, (),
({0} %) xQr =10
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where

d !/
E :/ (sign"’) ut —ot
' QrXQr ; : ( )

x (|02, ¢ ()

"0y ()

”")qada; dt dy ds,

d
By =- > sign® (ut — o) |9p, Ai(wh) [ 0y, As(uh)0y, 6 der dt dy ds
QrXQr ;—1
d
+ Zsign"‘ (UJF — UJF) |8y7A1(U+) pi—2 aylAz(UJr)amng) dz dt dy ds.
QrXQr ;—1

As in the proof of Lemma 3.3, our goal now is to show that liminf. o 1 +E2 > 0.
However, different from the proof of Lemma 3.3, the test function ¢(-,-, s,y) does
not vanish on the boundary (0,7') x 0f2, so it becomes necessary to invoke the
integration by parts rule (D.4), which is stated for v not u™. But (D.4) also applies
to ut. Indeed, this is true because ((ut) = (¥ (u), ¥(€) :=sign™ (¢) € L>=(R), for
t=1,...,d. Using first (3.14), then the chain rule (3.5), and finally integration by
parts (D.4), we can calculate as follows:

By
d

2 [ S 00) 0 =) (e

+10y,Gi(v)

_ if”‘i/:

QT XQT i=1 +

pim? D, Gi(uT)0y, Gi(v)

P 0, Gi(0") 00, G (u") ) da di dy ds

+
Db —

pil df

(sign) (" — &) (A4(©))

X |0, G ()P 72 0, Gi(wh ) dav dt dy dis

d
Pi—

(3.25) + /Q » Za / (sign:)'(é—vﬂ (A7 de

X |ay7 Ci(v+)

d " / pi—1
e Z/ (signt) (u* - €) (A1) 57 ag

X ‘ 8@; Cl (U+)
d ut

_/<;>TxQTlZ_;/H+ (sign? ) (€ - o) (AL(E) 57 d
8 ‘3%@(1;"’) " 0y Ci(v) 0, ¢ dx dt dy ds.

P20, G da dt dy ds

P2 0. Ci(u)y, ¢ da dt dy ds

We now proceed exactly as in the proof of Lemma 3.3 by applying Lemma 3.4 when
passing to the limit € | 0 in (3.25) and then using the chain rule (3.5). The result
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is
lim inf £
€]l0

d
> / Zsign+ (ut —vt) |0, Ai(u) pic? O, Ai(u™) 0y, ¢ d dt dy ds

QrxQr ;—1
d
- Zsigrﬁ' (ut —vT) |9y, Ai(vT)
QT XQr i=1

from which it follows that liminf. o £ + E> > 0.
Summarizing, we have established

P20y, Ao )0 & dar di dy ds,

(3.26)
/QTXQT <(U+ — ot (0, + 059 + isigrﬁ (ut =) [£iw?) - file?)
— (|0n, st [ 0, As ()
— [0y, A" 0, Ai(w))} (8, + 0y, )¢> dz dt dy ds

+ (wh — o) pdudtdy > Eu(6).
{0} x)xQr

The remaining part of the proof is very similar to Carrillo [13], but we include
it for the convenience of the reader. Let B be a ball such that
(3.27) B C B or BNoQ =10,
where B’ is a ball such that

B' N o C {(z,L(x)) : z € Q} for some Lipschitz continuous function L.
Let us introduce a nonnegative function ¢ € D([0,T) x R?) such that
supp(¢) N [0,T) x R C [0,T) x B.

Forl > 1, let w; : R — R be a sequence of mollifiers such that supp(w;) in (—2/1,0).
For n > 1, we can find a sequence of mollifiers w,, : R — R such that for n large
enough,
y — wy(y — x) belongs to D(), Vx € B.
Define 0,,(y) = / wn(y — x) dz. Then
Q
for any y,y’ € B such that y <1/, ©,,(y) < ©,(y'), and

O,(y) = 1 for any y € B such that d(y,R%\ Q) > %,

for some positive constant ¢ depending on B.
Define
¢n,l(ta z, s, y) = ¢<87 y)wn(y - x)wl(s - t)
Note that for n and [ large enough, ¢,,; satisfies (3.18). Moreover, the function

¢n<s7y) = ¢n7l<taxa87y) dx dt
Qr

= 3(s,9) / wnly — 7) de / wils — ) dt = 3(s, )0 (y)
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has the following properties:
on € D([0,T) x Q) for each n, ¢, is an increasing sequence,
and for all y such that d(y, R%\ Q) > %, On(s,y) = &(s,9).
Note that
on < ¢ and ¢, T ¢ in LI((0,T) x ) as n | oo for any g > 1.
Substituting ¢ = ¢,,; in (3.26) and using the identities
(O + O5) 1 = OsP wnuwi, (Vo +Vy)on1 = Vyowpwi,

we deduce
(3.28)
d
/ ((u+ — ) 0,0 + z:signJr (ut —oh) [fi(“+> - filv™)
QrXQr i=1

2

- (|amAl-(u+)}’"* By, Ai (uh)

|8yzA ’p -2 6yiAi(v+))3yi gzﬁ] wnwl> dz dt dy ds

_|_/ (u+ — U(')")+¢wnwl drdtdy > L,(¢n),
({0} x2)xQr

d
Ly(bn) = /Q sign® (v7) (v@sqbn + Zfi(v)ay 1)

i=1

d
= > 10y Ai(w) " 3yiAi(v)3yi¢n> dy ds
i=1
+ / sign+ (vo_) V9P dy
{0}xQ

d
= / ((U)+as¢n - Z Sign+ (71)) fz(v)ay1¢n

i=1

* ngn v) |8y, Ai(v )Ipizay,;Ai(v)ay,;cbn) dy ds

+ / (7v0)+¢n dy.
{0}xQ

Next we pass to the limit as I,n T co in each term in (3.28). Sending I,n | co in
the first integral in (3.28) yields

(3.29)

/ k() <<u s¢+z[fz fiv*)

— (|0 A" 0y, As() = [0y, A0 ‘r“ayiAi(m)}ayiqs) dy ds,
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0, §<0,
where ki (s,y) € sign (u*(s,y) — v*(s,)) and sign’ (€) = { [0,1], £ =0,
1, £>0.

Introduce the function

T

oni(t,,5.5) = (s, pnly = ) [ (s =)
t

Then Orpn,1 = —¢(s, y)wn(y — z)wi(s — t) = —pwpwy, and thus

/ (ut — o) " pwnw da dt dy
({0} xQ)xQr
= —/ (ut — v(')")+8t<pn,l dx dt dy.
({0} xQ)xQr
We then exploit that v = u(t, z) is an entropy solution to obtain
/ (ut — o) T pwnw; d dt dy
({0} xQ)xQr

_/({0} o0 (ut — o) O, da dt dy
X XT

d
< / sign™ (u — v+)
({0} %) x Qr ; 0
X | filw) = fiu") = 100, Ai(w)" 7 0, Ai ()| 0, s dev i dy

+ / (up — vg) " pwn dz dy
({0}x2))x ({0} xQ)

d
/ Z sign™ (u — var)
({0}xQ)x((0,2/1)xQ) ;7

T
<[ = £01) = 00, A 01, A1) 00n,0 [ (-7 dr v dy

+ / (UO - 1}(-)i_)+‘*j'rt¢cl‘Ij dy7
({0} xQ)x ({0} xQ)

T
where we have also used that / wi(—=7)dr =1.

0
Clearly, the first integral on the right-hand side of the last equality in (3.30)
vanishes as [ T co. Hence it follows that

lim sup lim sup / (ut — o) " pwpwy da dt dy
{0}x)xQr

nToo 1Too

(3.30) < lim (ug — v ) T wpd dz dy
7100 J({0} %) x ({0} x Q)

= /{0} Q(uo —v ) Tody = / (ug — o)t o dy.

{0}xQ

Since v is an entropy solution and ¢, T ¢ as n T oo, the sequence L,(¢y,) is
monotonically increasing as n 1 oo and 0 < L, (¢,) < L,(¢), so it converges. From
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this, (3.29), and (3.30),
(3.31)

d
/ <(u+ — )T 0,0 + z:sign+ (ut —o™) [fz(u+) — fi(v™)

— (|0 A" 0y, As(u) — [0y, Ai(0)

+ / (ug —vf)Tody > lim Lo(¢n),
({0}x) nfoo

for any 0 < ¢ = ¢(s,y) € D([0,T) x B).
Observe that if w is an entropy solution of (1.1) with initial data wp, then
W := —w is an entropy solution of

d d
oW — Zawlfl(_w) = - Zaﬁrl (‘8I1A1(_W) pi=? 8$1A2(_W))7
i=1 i=1
with Wli—o = —wo and W{ ryxaq = 0. Therefore, replacing u, v, ug, and vg

by —v, —u, —vg, and —ug, respectively, in the above calculations, we deduce the
following version of (3.31):

(3.32)
d
vT —uT ) 050 — sign (v™ —uw”) | fi(=v7) = fi(—u~
/QTXQT<< 0.6 = Yosien® (07 =) [f—7) = i)

— (|0 A=) [ 7 0y, Ai(—v7) — [0y, Ai(—u7)

pi=? Dy Ai(—u™) — )}am) dy ds

+/ (“5 - U6)+¢d3/ 2 — lim Eu(¢n)7
({0} x9) nloo

where

Lou(Pn) = / sign” (u") (uascbn + fi(u)0y, én

T

d
i=1

+ / sign™ (ué‘) U Pp dy.
({0} %)

Adding (3.31) and (3.32) gives
(3.33)

d
ew = ((u —0)*0.6+ Y sign® (u—1v) [£ilw) — fiv)

=1

— (10, As @) P72 0y, Ailw) — |0y, A (o) P2 8yiAi(v))}8yi¢> dy ds

—|—/ (ug — vo) T dr > lim L,(¢,) — lim Ly, (¢n),
({0} xQ) nloo nToo

for any nonnegative function ¢ = ¢(s,y) € D([0,T) x B).
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Let 0 < ¢ € D([0,T) x B) be arbitrary. For m > 1, define the function

Sm(s,y) == (5,9)Om(y), Om(y) = fgwm(y —x)dz. As ¢ € D([0,T) x B),
Lemma 3.3 gives E(¢y,) > 0 for each m. Hence

E(@) = E(@™) + E(P(1 = O1)) > E(P(1 — O,))
> lim £,(60,(1 = O)) = lim £,(60n (1~ O)).

The right-hand side tends to zero when we send first n T oo and second m T oo,
which is a consequence of the fact that for each fixed m

0,(1-06,,) =0, —0,, n > m.
Hence we have proved that
(3.34) ()20, Vo eD(0,T)x B),¢ 0.

Let Qo C Q be such that Qq U (U/_,B;) is a covering of 2, where (B;)1<;<s are
balls satisfying (3.27). Let (p)o<i<s be a partition of unity related to the above
covering, so that pg € D(Q), ¢; € D(B;), 1 <i < 1. Let ¢ € D([0,T) x Q), ¢ >0,
and ¢; := ¢dp; (1 <i <I). From (3.34),

(3.35) Elg)) >0, i=0,...,1I.
By linearity of ¢ — L(¢), Lemma 3.5 follows by summing (3.35) over i. O

Concluding the proof of Theorem 8.1. In Lemma 3.5, we pick a test function ¢ of
the form

p=1(t), 0<veD(0,T)).
The result is

-/ "y ([(wtt.o) = ote.ondz) dr < [ o=yt

from which Theorem 3.1 follows in a standard way. O
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