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Abstract

We give an answer to a question posed in AMORIM et al. (ESAIM Math Model
Numer Anal 49(1):19-37, 2015), which can loosely speaking, be formulated as
follows: consider a family of continuity equations where the velocity depends on
the solution via the convolution by a regular kernel. In the singular limit where the
convolution kernel is replaced by a Dirac delta, one formally recovers a conserva-
tion law. Can we rigorously justify this formal limit? We exhibit counterexamples
showing that, despite numerical evidence suggesting a positive answer, one does
not in general have convergence of the solutions. We also show that the answer
is positive if we consider viscous perturbations of the nonlocal equations. In this
case, in the singular local limit the solutions converge to the solution of the viscous
conservation law.

1. Introduction and Main Results

We are concerned with the so-called nonlocal continuity equation (or nonlocal
conservation law)

dw + div [w b(w x )] = 0. (1.1)

In the previous expression, b : R — R? is a Lipschitz continuous vector-valued
function, the scalar function w : Rt x R — R is the unknown, and div denotes
the divergence computed with respect to the space variable only. The symbol
denotes the convolution computed with respect to the space variable only and 7 is
a convolution kernel satisfying

RIS R, neCR®RY, n() =0if[x] 21, 520, fRdn(x)dx=1.
(1.2)
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In recent years, conservation laws involving nonlocal terms have been extensively
studied owing to their applications to models for sedimentation [3], pedestrian [9]
and vehicular [5] traffic, and other phenomena. We refer to the recent paper [5] for
a more extended discussion and a more complete list of references. Here we only
mention that the basic idea underpinning the use of equations like (1.1) in traffic
models is, very loosely speaking, the following: the unknown w represents the
density of pedestrians or cars and b their velocity; the nonlocal term w * n appears
since one postulates that pedestrians or drivers tune their velocity depending on the
density of pedestrians or cars surrounding them.

In the present work we investigate a question posed by AMORIM et al. [2]. To
precisely state the question, we consider the family of Cauchy problems

(1.3)

due + div [ueb(ue % ne)] =0
ug (0, x) = u(x),

where b is, as before, a Lipschitz continuous vector-valued function, ¢ is a positive
parameter and u is a summable and bounded initial datum. Assume that the family
of convolution kernels 7, is obtained from 7 by setting

1 X
— X <
778()6)- Sdn(g)s 0<8:1a (14)

in such a way that when ¢ — 07, the family 5, converges weakly-* in the sense
of measures to the Dirac delta. This implies that, when ¢ — 0%, the Cauchy
problem (1.3) formally reduces to a scalar conservation law

(1.5)

oru + div [ub(u)] =0
u(0, x) = u(x).

The by now classical theory by Kruzkov [18] provides global existence and
uniqueness results for so-called entropy admissible solutions. We refer to [13] for
the definition and an extended discussion concerning entropy solution of conser-
vation laws. The question posed in [2] can be formulated as follows:

Question 1. Can we rigorously justify the singular limit from (1.3) to (1.5)? In
other words, does u, converge to the entropy admissible «, in a suitable topology?

Some remarks are here in order. First, Question 1 is motivated by numerical experi-
ments. Indeed, in [2, Section 3.3] the authors exhibit numerical evidence suggesting
that there should be convergence. Second, to the best of our knowledge, the only
previous analytical result concerning Question 1 is due to ZUMBRUN [20] and states
that the answer to Question 1 is positive provided that the limit entropy solution
u is smooth and the convolution kernel is even, that is n(x) = n(—x) (see [20,
Proposition 4.1] for a more precise statement). Third, even in the case d = 1,
b(ug) = ug, establishing weak compactness of the family {u} is not a priori suf-
ficient to establish convergence. Indeed, one needs strong convergence (or some
more refined argument) to pass to the limit in the nonlinear term u, u, * n.. Fourth,
similar questions show up when considering equations in transport form instead of
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in continuity form as in (1.3) and (1.5) (see for instance [4]); the analysis in such a
case shares some similarities with that in the present paper and we plan to address
it in future work.

In this paper we exhibit explicit counterexamples showing that the answer to
Question 1 is, in general, negative. Also, we show that the answer is positive if we
add to the right hand side of the first line of both (1.3) and (1.5) a viscous term. As
we explain below, this is relevant in connection with the numerical analysis of the
singular limit from (1.3) to (1.5).

‘We now describe our results more precisely. Our counterexamples can be sum-
marized as follows:

e In Section 5.1 we exhibit a counterexample showing that, in general, u, does
not converge to the entropy admissible solution u weakly in L” or weakly* in
L. The example uses a family of even convolution kernels and is described in
Counterexample 5.1. A drawback is that the initial datum u changes sign. This
is not completely satisfactory in view of the applications, where the unknown
typically represents a density.

e In Section 5.2 we exhibit a counterexample with a nonnegative initial datum
where we show that u, does not converge to u weakly in L? or weakly* in
L (see Counterexample 5.2 for the precise statement). A drawback of this
example is that we have to use “completely asymmetric” convolution kernels,
namely we assume that n(x) = 0 for every x > 0. Note that this is consistent
with numerical experiments provided in [2, Section 3.2] and [5, Section 5],
where “completely asymmetric” kernels are connected with highly oscillatory
behaviors of the solution.

e In Section 5.3 we exhibit a counterexample involving a nonnegative initial
datum and a family of even convolution kernels. In this counterexample we
show that for every § > O the family u, does not converge to u strongly in
L'*9. See Counterexample 5.5 for the precise statement.

To find a contradiction to the convergence, in the three examples we construct a
family of solutions u, with some qualitative property which is stable under con-
vergence, but not satisfied by the entropic solution in the limit. These qualitative
properties differ in each case and are, roughly speaking, related to the total mass of
the solution in a suitable region (see Counterexample 5.1), the support (see Coun-
terexample 5.2), and the quantity [ u logu dx (which, under suitable assumptions,
is conserved by the nonlocal approximation and strictly dissipated in the limit, see
Counterexample 5.5). A more precise description of the idea behind each coun-
terexample can be found after each statement in Section 5.

As mentioned before, we manage to establish positive results by adding to the
first line of (1.3) and (1.5) a second order perturbation. More precisely, we consider
the family of Cauchy problems

Oruey + div [usvb(usv * 7]8)] = VAugy

ugy (0, x) = it (x), (1.6)



1134 MARIA CoLOMBO, GIANLUCA CRIPPA & LAURA V. SPINOLO

which depends on two parameters ¢ > 0 and v > 0. When & — 07 and v is fixed,
the family of Cauchy problems (1.6) formally reduces to

oruy + div [uvb(uv)] =VvAu, 17
uy (0, x) = u(x). (1.
On the other hand, when v — 07 and ¢ is fixed, the family of Cauchy problems
formally reduces to (1.3), while (1.7) reduces to (1.5) (see (1.9) below for a sum-
mary). The reason why we consider the viscous approximations (1.6), (1.7) is the
following. As mentioned before, Question 1 is motivated by the numerical evi-
dence exhibited in [2]. The numerical tests showing convergence are obtained by
using a Lax—Friedrichs type scheme involving some so-called numerical viscosity,
as it typical of many numerical schemes for conservation laws (see the book by
LEVEQUE [19] for an extended introduction). Very loosely speaking, the numerical
viscosity consists of finite differences terms that mimic a second order operator like
the Laplacian. For this reason, the analysis of the viscous approximation (1.6), (1.7)
may provide some insight in the understanding of the numerical tests; see also [7]
for further numerical investigations.
Our main result involving the singular limit from (1.6) to (1.7) is

Theorem 1.1. Let b be a Lipschitz continuous function, u € LY(R?) N L (RY),
v > 0 and p such that

2<p<oo, p>d. (1.8)
Let ug,, and u,, be the solutions of (1.6) and (1.7) starting from u, respectively. Then
ey — uy  strongly in LY2.([0, +oo[; LP (R?)).

Some remarks are here in order. First, the Cauchy problem (1.6) has a unique weak
solution; see Theorem 2.1 in Section 2 for the precise statement. Second, in the
cased = 1,b(u) = u,p =2,u € Wl’OO(R), Theorem 1.1 was established by
CALDERONI and PULVIRENTI [6]. The main novelties of Theorem 1.1 with respect
to the analysis in [6] can be summarized as follows:

e We provide a completely different proof. Indeed, in [6] the authors explicitly
compute the equations satisfied by the Fourier transforms ., and #, and use
them to control the L% norm of the difference. The proof explicitly uses the fact
that b(u) = u and the regularity of the initial datum.

e On the other hand, our argument is based on a-priori estimates obtained by
extensively using energy estimates and the Duhamel representation formula.
We first establish Theorem 3.1 in the case when the initial datum u is regular.
Next, we introduce a careful perturbation argument and we establish the proof in
the general case. Our argument is fairly robust; it applies to general functions b,
to equations in several space dimensions, and to rough initial data, and provides
more quantitative estimates, see Remark 1.3 below.
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As a further remark, we explicitly point out that Theorem 1.1 requires neither
symmetry conditions on the convolution kernels 7, nor sign conditions on the
initial datum .

Finally, we discuss the vanishing viscosity limit from (1.6) to (1.3). Our result
is the following:

Proposition 1.2. Under the assumptions of Theorem 1.1, let u, and u . satisfy (1.6)

and (1.3), respectively. For every ¢ > 0, we have that ug, 2o, weakly* in
L2 ([0, +00[xR?) as v — 0.

Note that in the statement of Proposition 1.2 the parameter ¢ > 0 is fixed and hence
the weak™ convergence suffices to pass to the limit in the equation, owing to the
regularizing effect of the convolution. Also, note that at the local level the vanishing
viscosity limit from (1.7) to (1.5) is established in the work by KruZkov [18].

The take-home message obtained by combining the counterexamples, Theo-
rem 1.1, KruZkov’s Theorem and Proposition 1.2 can be therefore represented as
follows:

. e—01 .
Orugy + div [us,,b(us,, * r]g)] = vAug, oruy + div [uvb(uv)] =vAu,
Theorem 1.1
v_>0+lProposition 1.2 v-ﬂ)*lKruikov’s Theorem
e—01

0rute + div [ugb(ug * ng)] =0 ou + div [ub(u)] =0

False in general

(1.9)

To conclude, we make two remarks concerning (i) the “diagonal” convergence,
which can be tracked explicitly in the case of regular initial data, and (ii) some
open questions.

Remark 1.3. Under the assumptions of Theorem 1.1, let u,, satisfy (1.6), let u
be the Kruzkov entropy admissible solution of (1.5), and fix p satisfying (1.8).
Combining Kruzkov’s Theorem with Theorem 1.1 and by a diagonal argument we
infer that there is a sequence (g, v,) such thate, — 0%, v, — 0" and u,,,, — u
strongly in Li> ([0, 4-o0[; LP(R?)), as n — +o0. In the case when the initial
datum is sufficiently regular, namely 7 € W' ?(R?), we explicitly determine a

coupling ¢ < e~ (for constants C > 0 and 8 > 0 specified later) under which
the above diagonal convergence holds true (see Theorem 3.1 below).

Remark 1.4. In the last few years, several authors have studied nonlocal traffic
models like (1.1) in the case when d = 1 and the convolution term w * 1 only takes
into account the downstream traffic density, see for instance [5]. The convolution
term in these models does not satisfy the regularity requirement in (1.2) because
it is piecewise smooth with one or two discontinuity points. We are confident that
the regularity requirement in (1.2) can be weakened and that Theorem 1.1 can be
extended to the viscous version of the model described in [5]. Note, however, that
the counterexamples discussed in Section 5 do not apply to the model discussed in
[5]: whether or not the singular limit from (1.3) to (1.5) can be rigorously justified
in this case is presently an open problem. Partial results have been recently obtained
in [8].



1136 MARIA CoLOMBO, GIANLUCA CRIPPA & LAURA V. SPINOLO

Paper outline The paper is organized as follows. In Section 2 we establish well-
posedness of the Cauchy problem (1.6), we slightly extend known well-posedness
results for (1.3) and we establish Proposition 1.2. In Section 3 we establish Theo-
rem 1.1 under the additional assumption that the initial datum # is regular. In Sec-
tion 4 we complete the proof of Theorem 1.1 and in Section 5 we discuss the
counterexamples to the nonlocal to local limit from (1.3) to (1.5).

Notation For the readers’ convenience, we recall here the main notation used in
the present paper.

We denote by C(ay,...,ay) a constant only depending on the quantities
ai, ...,ay. Its precise value can vary from occurrence to occurrence.

General mathematical symbols.

e f x g: the convolution of the functions f and g, computed with respect to the
variable x only.

e div f: the divergence of the vector field f, computed with respect to the x

variable only.

1% the characteristic function of the measurable set E.

| E|: the Lebesgue measure of the measurable set E.

L?: the Lebesgue space LP(Rd), p €[1, o0l

| - Ilz»: the standard norm in L? (R%).

Symbols introduced in the present paper.

b: the vector-valued function satisfying (1.10).

L: the Lipschitz constant in (1.10).

1, Ne: the convolution kernel in (1.2) and (1.4).

u: the entropy solution of the conservation law (1.5).

u¢: the solution of the nonlocal nonviscous problem (1.3).
uy: the solution of the local viscous problem (1.7).

ug,: the solution of the nonlocal nonviscous problem (1.6).
G, G : the heat kernel in (3.3) and (3.5).

S;V, S/ : the semigroups defined in (4.1).

Remark 1.5. Consider the Lipschitz continuous function : R — R% in (1.3),(1.5),
(1.6) and (1.7). We can assume, with no loss of generality, that »(0) = 0. Indeed,
assume that this is not the case and that 5(0) = & # 0. Assume furthermore that
the function u,, satisfies (1.6), then we can set

Uy (t, X) 1= uey(t, x — &1),
and obtain that i, satisfies
Osllgy + div [ﬁsvl;(ﬁsv * 778)] = vAu,, where B(ﬁsv # 1) 1= b(ilgy * ) — &.
For this reason, in what follows we assume that b satisfies

b(0) =0, |b(x)—b(y)|<Llx—y| forevery x,y eR. (1.10)
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Remark 1.6. Theorem 1.1 states that ug, — u, strongly in L{> ([0, +oo[; L?),
hence to establish the thesis it suffices to prove that, for every T > 0, ug, — u,
strongly in L*°([0, T']; L?). A similar remark applies to Proposition 1.2 and to the
other positive results, which are all local in time. To simplify the notation, in what
follows we take 7' = 1.

2. Preliminary Results: Well-Posedness of the Viscous and Nonviscous
Cauchy Problem with Nonlocal Fluxes

This section is organized as follows: in Section 2.1 for the sake of completeness
we establish well-posedness of the nonlocal viscous Cauchy problem (1.6). We rely
on fairly standard energy estimates and we apply a fixed point argument. In Sec-
tion 2.2 we establish a uniqueness result for the nonlocal conservation law (1.3) that
slightly extends previous results in [2,10,12,17]. Finally, in Section 2.3 we estab-
lish the proof of the nonlocal vanishing viscosity result stated in Proposition 1.2.
Since in this case the nonlocal parameter € > 0 is kept constant, weak convergence
suffices to pass to the limit.

2.1. Well-Posedness of the Viscous Cauchy Problem with a Nonlocal Flux

We establish the following well-posedness result:

Theorem 2.1. Let it € L' N L®(R?) and let b satisfy (1.10). Then the nonlo-
cal viscous Cauchy problem (1.6) has a distributional solution u,, unique in the
class (2.1)—(2.2), that satisfies

luew(t, g = Nl
luew(t, Iz = Cllillzee, il IVnllze, L, d, ), foreveryt € [0, 1], (2.1)

duer € L2([0, 11; HTE(RY)), uey € LA([0, 11; HL(R)). (2.2)

Remark 2.2. The function u,, is in principle only defined for almost every (¢, x).
However, the regularity (2.2) implies that, up to changing u,, in a set of measure 0
in [0, 1] x R, we can assume that u,, € CO([O, 11; Lz(Rd)). In the following, we
always consider this L?-continuous representative; in this way the function u,, is
well-defined for every t and the estimates (2.1) hold for every #:

Proof of Theorem 2.1. To simplify the notation, let ¢ = 1, v = 1 and consider
the Cauchy problem

{ 0;v + div [vb(v * n)] =Av 2.3)

v(0, x) = u(x).

The proof straightforwardly extends to the general case and relies on a classical
fixed point argument that we sketch below.

STEP 1: we introduce the functional setting. We fix a constant 0 < 7 < 1, to be
determined in what follows, and we define the set X by setting
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X = [z € CO([0, 71, LR+ [lz(t, g1 < llitll g1 V1 € [0, r]] . Q4
We fix a function ¢ € X and we consider the Cauchy problem

{ dz+div[zb(@C xn)] = Az

2(0, x) = a(x). 2.5)

Since ¢ is now fixed, the equation at the first line of the above system is a standard
linear parabolic equation with smooth coefficients. By using classical methods for
evolution equations (see for instance [16, Section 7]) one can show that (2.5) has a
unique solution satisfying

dz € L2([0, t]; HT'(RY)), z e L*([0, t]; H'(RY)),

which implies that (up to re-defining z on a negligible set of times) z €
CY([0, t1; L2(RY)). In what follows, we always identify z and its L2-continuous
representative, in such a way that z(¢, -) is well-defined for every ¢ > 0. We define
the map T by setting 7'(¢) = z, where z is the solution of (2.5).

STEP 2: we show that the map 7" defined as in STEP I attains values in X. We fix a
regular function 8 : R — R and by multiplying the equation at the first line of (2.5)
times B'(z) we get

U [B@)] +div[b(& *n)B )]+ div [b(¢ * )] (2B (2) — B(2))
=div[Vzf'(@)] - B (@)IVzI*. (2.6)
We point out that by (1.10) and (2.4),
|div [b(Z % m)]ISC(L, )|Vl il 1.

By space-time integrating (2.6), we get

t
/ )1, ) dx — / Bl dx + / / B ()| V2 Pdxds
R4 R4 0 JRd (27)

t
< .l 1Vl [ [ 128/6) - pldxds, forevery € (0,71
0 JIR
By applying (2.7) with 8(z) = z? and using the Grénwall Lemma we get that for
every t € [0, 7],
Iz, 2 = CL.d, Nl IVallze)llill 2. (2.8)

Also, by using (2.7) and choosing a suitable approximation of B(z) = |z|, we get

/ |z|(t, ) dx — / lig]ldx < 0. 2.9
R4 Rd

This implies that the solution of (2.5), that is 7 (¢), belongs to the set X defined as
in (2.4).

STEP 3: we show that the map 7 defined as in STEP 1 is a contraction provided that
7 is sufficiently small. We fix ¢1, £&2 € X and we term z; = T'(¢1) and z2 = T (22).
First, we point out that, owing to the Young Inequality,
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1651 %) — b(&2 x M)l = LG — &) * nllree
= LI = )l coqo, ey lmlig2,  (2.10)

for every ¢ € [0, t]. By subtracting the equation for z; from the equation for z1,
we get

3 [z1 — z2] +div [[Z] — 221b(51 % ) + 22[b (L1 % 1) — b(L2 % 77)]] = Alz1 — 221
By arguing as in STEP 2 and recalling that zo = z7 att = 0, we arrive at
t
/ |21 — 2212, ) dx £ C(L,d, ||it] 1, ||Vn||Loo)/ / |21 — 22/%(s, -) dxds
R4 0 JRrd

) @2.11)

t
[ [ v [zalocer s m - biea s mlGar = 22y axes
0 JRY

t
2 / f Y[z — z2]Pdxds.
0 JR4

Next, we point out that

13
[ [ av [lbter m = b2 en]] e - z2) das
0 JRA

t
/ / b+ n) — by % m)] - Vizi — 22]dxds
0 JRA

1 [t ) 2 L[ 2
< —/ / 25 |b(g1 % n) — b(gr * )| “dxds + —/ / IVIz1 — z2]|"dxds.
2 0 JRd 2 0 JRd

To control the first term in the right hand side of the above expression we com-
bine (2.8) and (2.10). By plugging the above inequality into (2.11) we then arrive
at

t
/|Z1—zz|2(r,~>dx§C(L,d, lill 1, m) [/ / |21 — 221%(s, -) dxds
R4 0 JRd
HTEI2 1@ = 200 11 |

and owing to the Gronwall Lemma and recalling that z; = T'(¢1), z2 = T ({2) this
implies that T is a contraction provided that 7 is sufficiently small. To establish
existence and uniqueness on the interval [0, 1] we iterate the above argument a
finite number of times.

STEP 4: we establish the L estimate. We recall (2.5), we set
8 = ||div[b(& * m)]llzee
and we point out that the solution z of the Cauchy problem (2.5) satisfies

lz(z, )i < |lit|| Lo exp(Et), forevery t. (2.12)
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The proof of the above estimate is standard, and can be found for instance in [11,
Lemma 3.4]. By construction, the solution of (2.3) satisfies (2.5) provided that
¢ = z. If this is the case, by (2.9),

E = ||divib(z* Ml = C(L, )zl IVl = C(L, d)lall i 1IVallLes,
and owing to (2.12) this establishes the L*° estimate in (2.1). O

2.2. Well-Posedness of the Cauchy Problem for a Continuity Equation with
Nonlocal Flux

In this section we establish an existence and uniqueness result that slightly
extends the well-posedness result in [2] (see also [10,17]).

Proposition 2.3. Assume that b and n satisfy (1.10) and (1.2), respectively, and
that it € L' N L™, Then the Cauchy problem (1.3) has a distributional solution
that satisfies

ue € Lin.([0, 4o00[; L=) N C%([0, +oo[; L1).
Also, the solution is unique in the class of locally bounded, distributional solutions.

In what follows we identify u, and its L' strongly continuous representative.
The existence part of Proposition 2.3 is a consequence of the analysis in [2, Sec-
tion 2] (see also [10,12]). The relatively new part is the uniqueness; indeed, in
[2,17], uniqueness is established in a slightly more restrictive class, while in [12]
it is established only for nonnegative data. More precisely, in [10] it is shown that
there is a unique solution u, in the sense of KRuZkov [18], of the conservation law

{ orug + div [uggs] =0

ug (0, x) = u(x), 2.13)

provided that the function g; is given by g, := b(ug%*n,) (see [2, Definition 2.1]) and
that the initial datum is quite regular, namely & has bounded total variation. On the
other hand, Proposition 2.3 states the uniqueness of locally bounded distributional
solutions.

Proof of Proposition 2.3, uniqueness. Let u. be a distributional solution of (1.3).
Then u, is a distributional solution of (2.13). Next, we observe that the first line
of (2.13) is a continuity equation with a regular in space coefficient g.. Every locally
bounded distributional solution of (2.13) is therefore renormalized, meaning that
for every B € C'(R) we have that 8(u) is a distributional solution of

[B@)] + div [Bu)ge ] + div ge [ (wu — Bu)] = 0. (2.14)

This is, for instance, an application (in a very easy case) of the DiPerna—Lions—
Ambrosio theory, and we refer to [1,15] for that. Equation (2.14) implies that, up
to redefining u, in a negligible set, u, belongs to C°([0, +o0[; L") and it is a
KRruZkov solution of the conservation law (2.13); this can be proved by arguing
as in the proof of Corollary 3.14 in [14]. Since, by [17, Theorem 3.2], distribu-
tional solutions of (1.3) in C°([0, +oo[; L) are unique, this concludes the proof of
Proposition 2.3. O
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2.3. Proof of Proposition 1.2

Let ¢ > 0. We consider u, satisfying (1.6) and we recall the L™ estimate
in (2.1). We fix a sequence v, and a function u, € L*°([0, 1] x Rd) such that

Uy, — 1 weakly* in L([0, 1] x RY) as v, — 07" (2.15)

We claim that u, is a distributional solution of (1.3). To take the limit in the
distributional formulation of (1.6) and prove this claim, it is enough to show that

Uey, ¥ e — Ug % 1) strongly in L1 ([0, 1] x RY). (2.16)
If the claim is true, since bounded, distributional solutions of (1.3) are unique by
Proposition 2.3, the whole family u,,,, converges to u, weakly* in L>°([0, 1] x Rd),

proving Proposition 1.2.
To show (2.16) we point out first that by (2.1) for every ¢ € [0, 1]

ey * nel(t, ) lLoe + I VIuey * nel(E, Lo
S Nuew(t, Hieelnellwra =ClilLee, lall 1, n, Lod,g).  (2.17)

The time derivative of u,, * 1, is obtained by convolving every term in (1.6) with
Ne, that is

Orluey * nel(t, x) = —div [7)6 * (uevb(uev))] + vigy * Ane.
By using (1.10), (1.4) and (2.1) we conclude that

19 [uen * nel(t, Mo = IVHellLoe luevb@en)ll Lt + viluevll g1 | Ane [l Lo
< Cllillze, llillgr,n, L,d, e). (2.18)
Finally, we combine (2.17) and (2.18) and we apply the Ascoli-Arzela Theorem:
there is a continuous function w such that, up to subsequences (that we do not

re-label) u;y, * 7, — w uniformly on compact sets of [0, 1] x R4, For any ¢ €
C2([0, 1] x RY), terming 7, (z) := n(—z) and by (2.15), we have

1 1
/ / ¢(t, x)w(t,x)dxdr = lim/ / Plugy, * neldx dr
0 JRd n—00 Jo JR4
1
= lim/ / uevn[‘l)*ﬁs]dydt
n—o0 0 Rd

1 1
= / / ue[g * n:ldy dr = / / @lue * neldx dr.
0 JRd 0 JRd

By the arbitrariness of ¢ we deduce that w = u, * 1, almost everywhere in [0, 1] x
R? and hence we prove (2.16). O



1142 MARIA CoLOMBO, GIANLUCA CRIPPA & LAURA V. SPINOLO

3. Convergence of the Nonlocal Viscous Approximation for Regular Data

In this section we establish the nonlocal to local limit asserted in Theorem 1.1
assuming more restrictive conditions on the initial data. This intermediate result is
pivotal to the proof of Theorem 1.1.

Theorem 3.1. Fix0 < v < 1/4. Assume that b satisfies (1.10) and n; satisfies (1.2)
and (1.4). Let p satisfy (1.8), let B = (p +d)/(p — d) and assume that u €
L'nLenwlhe (Rd). Let ug, and u,, be the solutions of the Cauchy problems (1.6)
and (1.7), respectively. Then there exists C := C(d, p, L, |lu||ro, |||l w1.») such
that, if ¢ < e’c"_ﬁ, we have

Mgy (£, ) — uy(t, HLr < €, foreveryt [0, 1], 3.1)

This, in particular, implies that ug, — u, strongly in Ly, ([0, +00[; LP(RY)) as
& — 07,

To establish Theorem 3.1 we introduce the function
Ze 1= Ugy — Uy. (3.2)

Note that, to simplify the notation, we do not explicitly indicate the dependence
of z. on v. Next, we compute the equation satisfied by z, and we perform careful
a-priori estimates by extensively using the Duhamel representation formula.

The proof of Theorem 3.1 is organized as follows: in Section 3.1 we review
some basic results concerning viscous conservation laws. In Section 3.2 we provide
the proof of Theorem 3.1 by establishing precise a-priori estimates on the growth
rate of the function z, in (3.2).

3.1. Preliminary Results

In Section 3.1.1 we recall some basic results about heat kernels, in Section 3.1.2
we go over some a-priori estimates on solutions of viscous conservation laws that
we need in what follows.

3.1.1. Heat Kernels We recall some basic properties of the heat kernel G :
10, +oo[xR? — R

, 1 |x|?
G(t, x) :C(d)mexp —? . 3.3)

The normalization constant C(d) is chosen in such a way that |G (7, -)[| .1 (ray = 1,
for every t > 0. Since

VG x| = Cd) - ex kP
= a1 P\ T )
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by using spherical coordinates and by making the change of variables p’ = p/2r1/2
we get
o0 q 2 1/q
_ d-1__P a0
IVG(t, )Lewey = Cd, q) (_/(; vy L d,o)
d—q(d+1)
=Cd.q)t 2 =Cdd, "
For later use we have set
d—qgd+1
o= M (3.4)
2q
in the formula above. Given v > 0, we introduce the kernel
1 t x
G(t,x) =Gt x)=—G| -, -], (3.5)
v VY

which is the fundamental solution of the equation d,u = v Au and satisfies
1Gv(@, gy =1, VG, )liLe = VG, )lle = Cd, ¢)(v))*. (3.6)

3.1.2. A Priori Estimates on Solutions of a Viscous Conservation Law The
next lemma collects some classical a-priori estimates we need in what follows.

Lemma 3.2. Let v € (0, 1). Assume b satisfies (1.10), it € L'(R?) N L®(RY). The
solution of the Cauchy problem (1.7) satisfies:

ey (2, e S \iallLp, foreveryt € [0, 1] and every p € [1, +00]. (3.7)

Let u,, and w,, be the two solutions corresponding to the data u and w, respectively.
Then we have the following stability estimate: for every p € [1, +00],

luy(t, ) —wy(t, )llLe
; - -1
g eC(d,p,L,HuHLoo,HwHLOO)U ”,Z _ II)”LP, for everyt c [07 1] (38)

If we also require it € WP (R?), then we have
IVuy(t, )ler £ CEPEITT a0 for everyt € 10,11 (3.9)

Remark 3.3. Note that [13, Lemma 6.3.3] implies that the function u, (which a
priori is only defined for almost every (#, x)) has a representative such that the
function ¢t — u(t, -) is continuous from [0, 1] to L' endowed with the strong
topology. Here and in what follows, we always identify u, and its L'-continuous
representative.
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Proof of Lemma 3.2. When p = oo, the estimate (3.7) is a maximum principle,
which is a classical result [13, Section VI]. The result for p € [1, 4o0[ is also
classical, but for the sake of completeness we provide a sketch of the proof. We
rewrite the equation at the first line of (1.7) in the quasi-linear form

uy + f'(uy)divu, = vAu,, where f(u):=ub(u).
We set B(u) := |u|” and we multiply the above equation by B’ (u,). We arrive at
W[Bw)] + ') w)div, = vA[Buy)] — vB" ()| Vi, |>.

We fix a function & : R — R? satisfying /’ = f’B’ and we rewrite the above
equation as

[Bun)] + div [A(u,)] = vA[Buy)] — vB" ()| Vi, |,
Next, we integrate with respect to x and use the convexity of the function 8: we get

d
_ <
” A‘Rd Buy)dx =0,

which implies (3.7). To prove (3.8), we take the difference between the equa-
tion (1.7) for u,, and w,

0 (uy — wy) + div ((”v —wy)b(uy) + wy(b(uy) — b(wv))) = VA(uy — wy).

Multiplying by p(u, — wy)|u, — w,|P~? the previous equation and integrating in
space we have

O lluy — wv”ip = /d p(uy —wy)|uy — wv|p_2[ —div ((“v — wy)b(uy)
R
+ w (buy) = b(w,) + VAW, —w,) .
Integrating by parts, using assumptions (1.10) on b and (3.7) with p = oo, we get

Orlluy — wv”ip < C(p) ,éd [V (uy — wy)||uy — wvlp_1|b(“v)|
+ luy — wv|p_2|v(uv —wy)[Jwy b)) — b(wy)]

- v/ IV @y — wy) | iy — wy P72
]Rd
< Co/d IV Gty — wy) ity — wy [P
R

2 -2
_V/ IV — wy)[*luy — wy|?
R4
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for a suitable constant Cp. By Young’s inequality, we have

2Cy
Co
2v Rd

-1 v 2 -2
/d|v(uv_wv)||uv_wv|p < _/d|v(uv_wv)| luy — wy|?
R R
ey — wv|p,

which implies
Orlluy = woll7y < Cv™uy — w7,
The Gronwall lemma allows us to conclude the validity of (3.8).
By the characterization of Sobolev functions in terms of finite differences

(notice that for p = 1 it would involve functions of bounded variation, but we
know a priori that Vu,, € L? for every t € [0, 1]), we have

1
Vu, (@, Her EC sup  —|luy(t, ) —uy(t, -+ h)||Lr, forevery:t € [0, 1].
nerd\joy |11
Applying the stability (3.8) to « and (- + h) we estimate the right-hand side as
- - 1
IV (t, Yl < CELINTsup () — (- + )|
nerd\(oy 172l
< L L™ g,

for every ¢ € [0, 1]. This proves (3.9). O

Lemma 3.4. Assume that b satisfies (1.10) and that u,, satisfies (3.9). Assume fur-
thermore that the convolution kernel n. satisfies (1.2) and (1.4). Then for every
p € [1, 400 we have

CU.p Ll i o, foreveryt € [0, 1].

(3.10)

luw(t, ) = me * up(t, )Ly < ce

Proof. By Jensen’s inequality applied with respect to the probability measure 1, dx
and by the finite differences characterization of Sobolev functions, we get

llwy (2, ) — ne % up(t, T,

<1-2>£<1-4>/ / [0t x = ¥) = (2. 0) me () dy
Rd |JR4

é / / }uv(t,x—y)—uv(t,x)|pn8(y)dydx
Rd JRd

p
dx

< Vi (891 o) /Rd ne(y)]ylPdy

3.9 _
P Cl.p. Lol ™ 1P Iy1y?
< ele 2 il /R (=) .
Since 7, is supported where |y| < ¢, the last integrand in the right-hand side is
estimated by ||n.||;1 = 1, which concludes the proof of (3.10). O
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3.2. Proof of Theorem 3.1

First, we recall that u,, is the solution of (1.6) and u, is the solution of (1.7)
and we define z, as in (3.2). Note that z, satisfies the equation

0:2¢ +divTy = vAz,,
where, thanks to (3.2), the term 7 is given by
Te = uevb(uey * ns)_uub(uv)zueu[b(usv * 1) — b(uv)] + [uey — uV]bE%vPl)
= [ze + Mv][b([zs +uy] % 778) - b(”v)] + z:D(uy). .

We now proceed as follows: in Section 3.2.1 we establish some a-priori estimates
on z., which are the key point in the proof, and in Section 3.2.2 we conclude the
proof of Theorem 3.1.

3.2.1. A-Priori Estimates on z. We establish a-priori estimates on the solution
of the Cauchy problem

(3.12)

0:z¢ +divT, = vAze
7¢(0, x) = zo(x).

Lemma 3.5. Let b satisfy (1.10), 0 < &,v < 1/4, ne as in (1.2) and (1.4),
20 € LP[RY) with pasin (1.8), and B = (p + d)/(p — d). Assume
furthermore that the function u, satisfies (3.7) and (3.10). Then there exist
co:=cold, p, L, |ullp=) > 0and o := t0(d, p, L, lit| o, ltt||y1.r) > O, such
that if

lzollr < 174, & e /4, (3.13)
the solution of the Cauchy problem (3.12) starting from z satisfies
llze(®, HllLr < 2[llzollLe + eco"fle], for everyt € [0, Tov?). (3.14)
Proof. Let ¢ be the maximum between the constant in Lemma 3.4 and 1. Set

T = sup {t €0, 17 : lzeCs, Hlze < 2[lzollLe +e”°"_18], for every s € [0, t]}.
(3.15)

Owing to Remarks 2.2 and 3.3 and to (2.1) and (3.7), the functions u,, and u, are
continuous from [0, +oo[ to L?. Hence, the function || z¢ (¢, -)|| » is continuous and
7 > 0. Moreover, (3.15) implies

1
lze(z, Mir = 2[llzollLr +€©" el (3.16)

We represent the solution of the Cauchy problem (3.12) by the Duhamel Principle
as

T
2e(1,) = Gy(1,) * 20 —/ /d VG,(t —s,-— ) Te(s, y)dyds,
0 R
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where G, denotes the heat kernel (3.5). We apply (3.6) and the Bochner and Young
Theorems to get

T
l2e(t, MLr 1Go @ Il lz0lLr +/ fdvcm—s, ) Tos, )| ds
. o IR L?(3.17)
<lzollzr + / IVGu(t = 5, 1o [T, )l oo ds,
0
noting that p/2 = 1 owing to (1.8), and setting ¢ := p/(p — 1). Only

in the rest of this proof we denote by C any constant that only depends on
d, p, L, || Lo, |lu]lyr.p. For every s € [0, t], by (3.11), the Holder inequality
and (1.10) we have

1Tets. )| o2 S (lzellzr + Nuvllzr) [b(Ize + wo]  ne) — b)) ||,
+ llzellLr 16 | e
SC(llzeller + luollee) 1ze + w5 ne) — uyll o
+ ClizellLe luylle

(all functions at the right hand side are evaluated at time s). By the Young inequality
we have ||ze * nellLr < |lzellLr, and applying also (3.10) we get

—1
| ZeCs. )| o SC(Ize s, Dle + Nun(s, Hliee)[lIzels, )l + e g]. (3.18)
We recall that s < 7 and so (3.14) holds. Also, we recall (3.4) and (3.6), and we

point out that « = —(d + p)/(2p) € (—1,0) by (1.8). Using this and (3.18), we
go back to (3.17) to get

| -1
lze(t. )lzr < llzollr + Cv¥[2LlzollLe +€©” el + 1][2llIzollLr 4 € €]
_’_ecov_'g]_ca—&—l

< llzollzr +6CV*[lizollLr + e el H, (3.19)

where in the last inequality we used (3.13) to show that 2[||zo || .» +eC°"71 el+1 2.
By comparing (3.19) with (3.16) we arrive at

—1 |
20lizollLr + e €] < llzollr +6Cv*[lzollLr + e ]t
which implies
cov! o cov™! a+1 -1, —« a+1
llzollLr + € €] S 6Cv*[|lzollLr + €' elt = (6C) v * <4,

This gives a lower bound on 7 and concludes the proof of the Lemma by choosing
1
70 = (6C) a1, O
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3.2.2. Conclusion of the Proof of Theorem 3.1 LetO < v < 1/4, and let 7y and
co be as in the statement of Lemma 3.5. Let m := int ((zov#)~") + 1, where int(-)

. -1 L. . .
denotes the integer part, and let ¢ < e~2cov™ g=m=1 Thig is implied, for instance,
by

—_evB _ _

8§€ v fOr C = C(d, va’”u”Lw?”uHWLP) >O

We show by induction that foreveryi =1, ..., m,

llze(t, e S eV g4l for every 1 € [(i — D1ov?, itov?]. (3.20)
Indeed, by (1.6), (1.7) and (3.2) we have z.(0, x) = 0; we apply estimate (3.14)
on [0, 7pvP] to get (3.20) with i = 1. If the statement holds true for i, we have that
lze GTov?, e < eV g4 < e"’0”71/4; to get the statement for i + 1, we apply
estimate (3.14) with zg := z.(itov?, ), obtaining

llze (£, e §2e00”_1 [84i+8] < 4it10v e for every 1 € [itov?, (i + D1ov?].

This establishes (3.1) and concludes the proof of Theorem 3.1. O

4. Proof of Theorem 1.1

We first explain the basic ideas of the proof. To fix some notation, we term

S LY N L® %[0, +oof> L' N L>®, 87 : L'NL™® x [0, +oof> L' N L>®
(4.1)

the semigroup of solutions of the equations at the first line of (1.6) and (1.7),
respectively. In other words, ue,(¢,-) = S;'u and u,(¢,-) = S;/u. Next, we fix
d e L' N L™ and a regularity parameter 0 < A < 1 and we decompose d as

d:=d, +d;, where d,:=d=xp),, dy=d—dxpy. 4.2)

In the previous expression p, is a given standard family of convolution kernels,
obtained by setting p; (x) := 1~4p (x/)) for a standard (that is, smooth, positive,
radial, compactly supported, and with unit integral) convolution kernel p, with
||P||cl(Rd) < C@).

Note that d, is regular, and hence we can apply Theorem 3.1 to show that S¥¥d,
converges to S,/ d,, with a convergence rate that deteriorates when 1 — 0. Also,
we can choose the regularizing parameter A in such a way that d; = d — d, is
small. The basic point in the proof of Theorem 1.1 is then establishing a uniform
control on the growth of ||S;"d — S7Vd,|z». This is done in Section 4.1 below.
Next, in Section 4.2 we establish some stability estimates and in Section 4.3 we
conclude the proof by using an iteration argument.
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4.1. Perturbations Estimates

We begin by establishing some perturbation estimates.

Lemma 4.1. Fix p satisfying (1.8), d € L' N L™, and let d, and d; be as in (4.2).
Assume that

Idsllr =8 =1, (4.3)
Idlier = D, |dlL~ =B (4.4)

for some positive constants D > 0, B > 0. Then there are constants
gd,p,L,B,D,v,\)ando =o(d, p, L, D, v) such that, if ¢ < &, then

1S7Vd — S7Vdy||Lr <28, foreveryt €[0,0].
Proof. We set
ve := S§7"d — SPVd, (4.5)
and we point out that v, is a solution of the Cauchy problem

3ve + div [veb(SEd 5 1) + SEVd, (B(SEVd % 1) — b(SEVd, % 1)) ] = vAD,.
ve (0, x) = dy(x).

We introduce o by setting
o :=sup{r €[0,1]: [lvs(s,)llLr < 26 forevery s € [0, 1]}.
Note that, if o < 1, we have
lve (o, )ILr = 28. (4.6)

We now provide a lower bound on . By using the Duhamel representation formula
we get

t
ve(t, ) =Gy(t, ) xds — f / VG, (t—5s,-—y)- I:Usb(SfUd *1g)
0 JR4
577, [b(S; " ne) = b(S{ d 5 10)] [ (s, ) dyds.

We fix ¢ := p/(p — 1) and ¢ > —1 given by (3.4). Applying the Bochner and
Young Theorems we get

ot Hlzr S G )i lds e
t
+ /0 IVGu(t = 5. )llua | Iveb(S7d % 1) s,

+ S7A, [b(S;d % me) = bSTd 0], en s )

3.6),4.3) t
= o Cp) [ =0 [lub(sd s sl

A

1S5 [B(S] d o ne) = bS5 0] (5, e ] ds.
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Next, by the Holder inequality, (1.10), (4.5) and the Young inequality, we get

Vel (S d % ne)ll Loz + 1S5 dr [B(SF d % me) — b(SEVdr ) Il o2
< Nvellze 16(S;"d % ne)llLe + 157 drlILp [1D(S;Vd % ne)
— b(S;d; * ne)llLe
< Llvellpr 1SEd s melle + LIS drll e lve * nell e (4.8)
< Lilvellee 1SEdllze + LIS dr llze lvell zr
< Llvellee [I1S5Vdr e + llvellze | + LIS Al e llvell e
S 2L|vellLe [1S"dr e + llvellr]-

We recall the definition (4.2) of d,- and we point out that d, is smooth and henceforth
satisfies the hypotheses of Theorem 3.1. By applying (3.1) and (3.7), we get

157 drlle = 1S77dr — SPdrlle + 1S/ dr Il
S Cd, p, L. lIdr ]Iz, 19rllwrp, v)e + [IdllLr. 4.9)

Since d, = d x py, by (4.4) we have

ld-llze = ldllzee = B, ||d,llzr = ||d]r=D,
VA llr = dlizeIVesll1 =Cd, D, A),

and hence (4.9) implies
IS;"drllLr = C(d, p, L, B, D, v, \)e + D,
soife £ &, p, L, B, D, v, 1) is sufficiently small, then
I1S;"dy Iy < 3D/2. (4.10)
We combine (4.6), (4.7), (4.8) and (4.10) to get that

o
lve(, Vller = 26 S5+Cd, L, p,v) f @ = [Ioeller[D + el ] ] 5, ds
0

§>0

[IANIA

5+C(d, L, p,v) /U(o — 5" [28[D +26] (s, ) ds
0

= [1+c@ L, pvo™+'[D+28] s
5<1
< [1+cd Lpvo=[D+2]]s

The above chain of inequalities implies that 1 < C(d, L, p, v)o**![D + 2] and
this provides a lower bound on ¢ that only depends ond, p, L,vand D. O
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4.2. Stability Estimates

‘We now establish a conditional stability estimate.

Lemma 4.2. Fix d,dy € L' N L™ and p satisfying (1.8) and assume there are
constants F > 0 and T > 0 such that

I1S7VdiliLe, 1S5V dallee S F, foreveryt € [0, T]. 4.11)
Then there is a threshold w = w (L, F,d, p,v) €10, T] such that
[S77d1 — S¥dallzr = 2|d; — Qallzr, foreveryt € [0, =]
Proof. We use the Duhamel Representation Formula and get
S§7vdy — §7Vdy =[d) — dal % G, (¢, -)
- /Ot /Rd VG, (t —s,-— y)[S'di b(SEVd) * ne)
— 857da b(S:Vda * )| (v) dyds,
which, owing to the Bochner and Young Theorems, implies
I1S;7di — S;"daller = lldi — dallze 1Gou (t, Dl
+/0t IVGy(t — s, ) llLalISg"d1 b(Ss"dy * 7¢)
— 527 d b(S2da * )| prads, (4.12)
provided g := p/(p — 1). By the Holder inequality we get

[1557d1 b(SEVdy x ne) — S5"da (S5 da * ) |l o2
SISV dy b(SEVdy % me) — S5V da b(S "y % ne) | e

+ 11857 d2 b(S57dy s ne) — S5"da b(S5"da * ne) || o2

Hoélder, (1.10)
LISdr — 5], |5 s e, (@13

+ L” S¢vda HLP H [vadl - S§"d2] * e HLI’
Young,(l.Z)
S L|Sdi=Stda|| S| LS5, S5 A =SS,
@.11)

S CLF)|Sd = 55,

‘We now introduce the value @ by setting
w:=sup{re[0,1]: |85’d;—S"dz,, <2[di—da],, forevery s € [0, ]}.
Note that

|85 di = S5, =2[/di = . (4.14)

Lp
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Also, by combining (4.12), (3.6) and (4.13), we get that
|Sordi = S5/da ], = [ldi —da| , + C(L. F)dy

w
_d2||L])f ||VGU(w_S, ')”quS
0

3.6),3.4)
< di—da|l, + O, F, pod,v)|dy 1D

w
—d2||Lp/0 (w — 5)%ds

< |ldi = da|,,[1 + C(L, F. p.d, v)w*].
By comparing (4.15) with (4.14), we get
2|di = o, = [1+C@, Fod, p, vy ][di = o,

and this provides a lower bound on &w. O

We conclude this Sect. 4.2 by establishing a uniform a-priori estimate on the
growth of d.

Lemma 4.3. Assume that d € L™ N L' and that
ldliLr = Q.
Then there is a constant 0 = 0(d, p, L, Q) > 0 such that
1S:VdllLr <20, foreveryt € [0,0].
Proof. We set
6 :=sup {r €[0,1]: [IS"d[lLr <20, forevery s € [0, 1]},

and we point out that

IS5V dllLr =20. (4.16)
To establish a lower bound on 6 we use the Duhamel representation formula. We

have

0
S;'d=dxG,(0, ) — / f VG0 —s,-—y) - [S£d b(SEVd % n,) ] (v) dyds.
0 Rd

We use the Bochner and Young Theorems to get
0
1S5 dllr = lldlLr +/ IVGy(© — s, )llLa 15" b(Sg"d * me)ll Lp/2ds,
0

provided g := p/(p — 1). Next, by Holder inequality, (1.10), and since s < 6, we
infer that

1S5°d B(SE"d % no)l o < 1S5 2o 1B(SE"d % 1) o
< LISEd) Lo )12 d % nellLr < LYSE|F,S4LQ%.
We let @ > —1 be as in (3.4). By (3.6) and the above inequalities we infer that
I1S5°dllr < @ + C(d, p, L)6**' Q?,

and by comparing the above inequality with (4.16) we establish a lower bound on
6. O
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4.3. Conclusion of the Proof of Theorem 1.1

We first introduce some notation. First, we fix a parameter 0 < & < 1. We set
D :=|lullLr, B :=|illpe, F:=4D, Q:=2D
and choose a threshold & = £(d, p, L, D, v, Q) in such a way that
& := min{o, w, 6},
where o, @ and 0 are as in the statement of Lemmas 4.1, 4.2 and 4.3, respectively.

STEP 1: we choose d := u and the regularity parameter A in (4.2) (depending only
onon p, u and h) in such a way that

ldsllzr = Ild—d* psllLr = h < 1.

We establish convergence on the interval [0, £]. First we decompose u as in (4.2).
Note that

Idrlizr = NdliLe = D, idrllze < lldll> = B.

Next, we fix ¢ € [0, £] and we introduce the following decomposition:

1527d — §¥dllo < 1S2°d — Sl + 155D, — SV, 1L
+||Stvdr—Stvd||LP =TT+ T+ T;. “4.17)

To control the term T}, we apply Lemma 4.1 and we infer that, if ¢ <
g, p,L, B, D,v, L), then

1S;7d — S7Vd,l|Lr < 2h. (4.18)
To control the term 73, we apply Theorem 3.1. First, we point out that
Vd, =d*Vp, = [[VArlir = lluller Vel = C(d, D, 2).
By applying Theorem 3.1 we arrive at
IS;Vd, — S/ dllLr < Cd, p, L, B, D, v, )e < h, (4.19)

provided that ¢ < &(d, p, L, B, D, A, v, h). Finally, to control the term T3, we
apply (3.8) and we get

I1S'd, — S’d||l.» < C(d, p, L, B, v)|d, —d||» < Cd, p. L, B, v)h.(4.20)
By combining (4.18), (4.19) and (4.20) with (4.17), we eventually get that
IS;"d — S/dll» < C(d, p, L, B,v)h, (4.21)
provided thate < £(d, p, L, B, D, A, v, h).

STEP 2: we establish convergence on the interval [£, 2£]. First, we fix ¢ € [0, &]
and we introduce the following decomposition:
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||Sf_‘|)_§ﬁ — Stv_,_slz”Ll) = ||S£US§VL_1 — S;}Sg;)ﬁ”LP
< ||S£US'SU_ — Sf"Sé’ﬁHLp
+||vaS S;)Sgﬁ”LP =: 51+ 5. (4.22)

To control the term S7 we apply Lemma 4.2. First, we set
d1 = ngb_t, d2 = Sgl/_t

and we recall that F = 4|u| .». Now we want to show that (4.11) holds true—we
do this by applying Lemma 4.3. First, we check that

[S7"dallLr < F. (4.23)
We recall that Q = 2|ju]|1» and we point out that, owing to (3.7), we have
Idallzr < llillr = Q.
By applying Lemma 4.3, we get (4.23). Next, by (4.21) and (3.7), we point out that

Idillr = 1Sg" — Sgillir + ISgullLr = C(d, p, L, B, v)h + |litllL»
= 2llullr = Q,
provided that A is sufficiently small. By applying Lemma 4.3, we get ||S¢Vd ||z <

F and by recalling (4.23) we conclude that (4.11) is satisfied. By applying
Lemma 4.2 we conclude that

(4 22) ~ b - ~ (421)

S 155" SV — SEv Sl e < 20188 — SYillLe < C(d. p., L, B.v)h,

provided thats < &(d, p, L, B, D, A, v, h).
We now control S, the second term in (4.22). We set d := S;; u and we point
out that

IStalls < D, |ISidl~ < B

owing to (3.7). By applying the same argument as in STEP 1 we conclude that
SZ:||S,6”S§L? - S;’Sgﬁlle <Cd,p,L,B,v)h,

provided that ¢ < &(d, p, L, B, D, A, v, h). By recalling (4.22), this establishes
the convergence on the interval [£, 2&].

STEP 3: by iterating the argument at STEP 2 a finite number of times we can prove
that

1S5Va — SYullLr < CWd, p, L, B,v)h, foreveryt € [0, 1],

provided thats < £(d, p, L, B, D, A, v, h). This establishes the strong L? conver-
gence and concludes the proof of Theorem 1.1. O
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5. Counterexamples

In this section we focus on the family of Cauchy problems in one space dimen-
sion:

(5.1)

dyute + Oy [ue ug %] =0
ug(0,) =u,

which is exactly (1.3) in the case when d = 1 and b(«) = u. When ¢ — 07, the
Cauchy problem in (5.1) formally reduces to the Cauchy problem for the Burgers’
equation

(5.2)

oru + 0y [uz] =0
u(0, ) = u.

In this section we provide three explicit counterexamples showing that, in general,
u does not converge to the entropy admissible solution u.

5.1. A Counterexample with Sign-Changing Data and Symmetric Kernels

We begin by stating and proving our first counterexample.

Counterexample 5.1. Assume that n, satisfies (1.2) and (1.4) and that n is an even
function, namely n(x) = n(—x) for every x. Assume furthermore that the initial
datumu € BV (R) is an odd function, namely u(x) = —u(—x) for almost every x,
and such that

1 —1<x<0
ux):=3-1 0<x<1 (5.3)
0 |x]| > 2.

Let ug be the solution of (5.1) and u be the entropy admissible solution of (5.2).
Then

0 0 0

/ u(t,x)dx < f u(x)dx = / ug(t,x)dx, foreveryt e [0,1/4(5.4)
—00 —00 —00

In particular, the family {u.}.~0 does not converge to u, not even in the weak

topology of LP, p 2 1, in the weak™ topology of L*°, or up to subsequences.

The precise meaning of the last statement is the following: for every p = 1
and T > O the statement “there is a sequence & such that & — 07 and u g — U
in LP([0, T] x R)” is false; the statement “there is a sequence &; such that gy —

0t and Ug, A u in L*°([0, T] x R)” is also false. The basic idea underpinning
Counterexample 5.1 is, very loosely speaking, the following: one can show that for
¢t small enough, the entropy admissible solution of the Cauchy problem (5.2), (5.3)
has a steady shock at x = 0 between the values 1 (on the left) and —1 (on the right).
By using the formal computation

d 0 0
—/ u(t, x)dx X2 —/ 3 [u?](t, x) dx = —u2(07) = —1 < 0,
dr J_ —00
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we infer the first inequality in (5.4). On the other hand, we can show that the solution
ug of (5.1), (5.3) is odd. Since the function 1, is even, this implies that u; xn, = 0
at x = 0 and hence that

d 0 0
—/ ug(t, x)dx Qb —/ Ox[ue ug * nel(t, x)dx =0,
dr J_ —00
which in turn implies the equality in (5.4). By (5.4) and doing some more work
one can eventually rule out weak convergence. We now give the rigorous proof of
Counterexample 5.1.

Proof of Counterexample 5.1. We proceed according to the following steps:

STEP 1: we investigate the structure of the entropy solution u. First, we collect some
properties of u:

(@) u € €0, +ool; L' (R)).

(b) Since ||it]z < 1, then by the maximum principle |Ju(z, -)||L < 1 for every
t=0.

(¢) Since it € BV (R), then u(z,-) € BV (R) foreveryt = 0.

(d) A 0-speed shock is created at ¢+ = 0 at the origin x = 0. Owing to the finite
propagation speed, this shock will survive for some time. More precisely, we
have

1 for almost every x €] — 1/2,0[
—1 for almost every x €]0, 1/2[,

u(t,x) = { forevery t € [0, 1/4].

(5.5)

(e) Owing to the finite propagation speed and to the fact thatu = 0 if |x| > 2, we
have u(z, x) = 0 for almost every |x| = 3 and for every ¢ € [0, 1/4].

‘We now want to show that

0 0 1
/ u(l/4,x)dx = / u(x)dx — —. (5.6)
4 —4 4
We can formally obtain (5.6) by pointing out that
d 0 0
5/ u(t, x)dx 2 —f 3, [u2](t, x)dx = —u(t,07) + u(t, —4) “=) 1,
4 —

and by integrating with respect to time. We now sketch a rigorous argument to
justify (5.6). First, we point out that u is a distributional solution of (5.2), which
amounts to say that

+o0 +o00
f /u8,godxdt+/ /uzaxtpdxdt+/g0(0, yadx =0 (5.7)
0 R 0 R R

foreveryp € C2° (R2). We now introduce the sequence of functions { x,} € C°(R)
such that

1 —441/n<
X

Xn(x)z{o x < —4or (5.8)
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As amatter of fact, x;, is an approximation of the characteristic function of [—4, 0].
We fix an arbitrary 0 € C2°(]0, 1/4]), we plug ¢, (¢, x) := x,(x)0(t) as a test
function in (5.7) and we point out that

+00 1/4
f fu2ax¢n dxdt:/ 9(t)/ u?(t, x) ) (x) dx dr
0 R 0 R

1/4 —4+1/n
SR / 6(1) / W2 (t, ) x.,(x) dx dr
0 —4
1/4 0
+f e(r)/ u?(t, x) ) (x) dx dr
0 —1/n

1/4 —4+1/n
(5'5=)’°)/ e(r)/ 0- %/ (x)dxds
0 —4

1/4 0
+f 9(;)/ 1 (o) dx dt
0 —1/n
1/4
SR / 6(t)(—1) dr.
0

Next, we let n — +00 in the other term in (5.7) and we eventually arrive at

1/4 0 1/4
/ 0'(1) u(t,x)dxdr + / 0()(—1)dt = 0.
0 —4 0

Owing to the arbitrariness of 6, this implies that the continuous function

0
t|—>/ u(t, x)dx 5.9)
—4

has distributional derivative equal to —1. This implies that the above function is
actually absolutely continuous and, owing to the Fundamental Theorem of Calculus,
we get (5.6).

Since we will need it in what follows, we also point that, since the map in (5.9)
is continuous, then (5.6) implies that there is 2 > 0O such that

1/4+h 0 1/A+h / 20 1 0 i
/ / u(t,x)dxdti/ (/ ﬁdx——) dt=2h/ idx — —.
1/4—h J—4 1/4—n \J-4 8 —4 4

In other words, if we define E by setting
E:={(t,x): 1 €[1/4—h,1/4+h], x € [-4,0]} (5.10)

and we denote by 1 the characteristic function of E, then

00 0 h
/ /lEudxdt§2h/ udx ——. 5.11)
0 JR 4 4

STEP 2: we show that the distributional solution u, of (5.1) is odd, namely that,
for almost every (f,x) € RT x R, u(t,x) = —u(t, —x). We set vs(¢, x) :=
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—u.(t, —x). If we can prove that v, is also a distributional solution of the Cauchy
problem (5.1), then by the uniqueness part of Proposition 2.3 we get that for every
t = 0 it holds ve(#, x) = u. (¢, x) for almost every x, namely that u, is an odd
function.

To show that v, is a distributional solution of (5.1), we first observe that, by
using the fact that . is even and making the change of variables z = —y, we get

(ve % me) (2, x) = —fRua(t, —x + y)ne(y)dy
= —/ ue(t, —x — 2)ne(z) dz = —(ue % 0 ) (1, —x). (5.12)
R

Next, we fix ¢ € C° (R?), we set ¢ (1, x) := —(t, —x), and we obtain

+00 +00
/ / Ve 0rp dx dt—i—/ / Ve (Ve * )0y dx dt—i—/ 00, yudx =[z = —x]
0 R 0 R R

+00 +o0
_ f f (—t1s)(—3r) dz it + f (—tte)(—ttg % 12) (3:) dz di
0 R 0 R
+ /H; (=60, ) (=) dz = 0.

To establish the last equality we have used the fact that u, is a distributional solution
of (5.1). The above chain of equalities states that v, is a distributional solution
of (5.1) and hence concludes STEP 2.

STEP 3: we show that
ug(t,x) =0, foralmostevery |[x|=2andeveryr > 0andes >0. (5.13)

We note that u, is a distributional solution of the Cauchy problem

) (5.14)

{ Orue + ax[usgs] =0
provided that the vector field g, is defined as g, (¢, x) := u, * n,. Since the vector
field g, is smooth, then we can apply the method of characteristics. We term X (¢, x)
the characteristic curve solving the Cauchy problem

dX . %)

— = 8\,

dr (5.15)
X0, x) = x.

Recall that u, is an odd function by STEP 2. Since 7, is an even function by
assumption, by arguing as in the chain of equalities (5.12) we obtain that u, * . is
an odd function. Since it is also smooth, we eventually conclude that

ge(t,0) = ug xne(t,0) =0, foreveryr = 0. (5.16)
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This means that X (¢, 0) = 0 and, since (5.15) has a unique solution, implies that
the characteristic curves cannot cross the ¢ axis. Since #(x) = 0if x < 0 and
i(x) £ 0ifx = 0, this in turn implies that

foreveryt =2 0, u.(t,x) = 0 for almost every x < 0 and

ue(t, x) < 0 for almost every x > 0. (5.17)
This implies that, if x < —2, then x 4+ ¢ < 0, and hence
x+e 1.10),(5.17)
Qe(t, x) = e # et x) = / e —dy 2 0. (5.18)

X—&

V

If x; < xp, then X (¢, x1) < X (¢, x2) for every r = 0 (to see this, we use again the
fact that the solution of (5.15) is unique). By recalling (5.18), this implies that

x 2 -2 = X(t,x) =2 —2forevery t = 0,
and hence that
foreveryt 20, X(t,x) < -2 = x < —2.

Since it(x) = O for almost every x < 2, this eventually implies that u.(z, x) = 0
for every x < —2. Since the function u, is odd, this establishes (5.13).

STEP 4: we conclude the proof. Recall that the set E is defined as in (5.10) for a
suitable 4 and assume that we have shown that

+00 0
/ / 1pu.dxdr = th u dx. (5.19)
0 R —4

Since the function 1z € LP(RT x R), for every p € [1,+oc], then by com-
paring (5.19) and (5.11) we rule out the possibility that u, converges weakly or
weakly™ to u. We are thus left with establishing (5.19). To this end, we first use the
formal computation

0 0
i/ ug(t, x) dx b —/ O [ue (ue * me) ] (1, x) dx
dr Js 4 (5.20)

(5.13),:(5.16) 0

= ue(ue * ne)(t, —4) — ue(ue x 1) (t, 0)

This implies that

400 1/4+h 0 1/4+h 00
/ /lEugdxdtzf / usdxdl:/ / u(x)dxdr
0o JRr 1/d—h J -4 1/4—h J—4

0
=2h/ ii(x) dx,

—4

namely (5.19). To provide a rigorous justification of (5.20) one can argue as in STEP
1. This concludes the proof of the lemma. O
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5.2. A Counterexample with Positive Data and Asymmetric Kernels

This paragraph aims at establishing the following lemma, which rules out also
the possibility that u,, weakly converges to a distributional, not necessarily entropy
admissible, solution of (5.2).

Counterexample 5.2. Assume that n. satisfies (1.2) and (1.4) and moreover that

n(x) =0, foreveryx = 0. (5.21)
Let u be given by

_ 1 —1<x<0

w(x) = {O otherwise. (5.22)

Let u; be the solution of the Cauchy problem (5.1), (5.22) and u be the entropy
admissible solution of (5.2), (5.22). Then we have that:

(1) the family of distributional solutions {us}c~o does not converge to u, not even
in the weak topology of L?, p = 1, in the weak® topology of L*°, or up to
subsequences;

(2) more in general, any weak limit w of a subsequence of {uc}e=o (in the weak
topology of LP, p = 1, in the weak* topology of L™°) cannot be a leoc distri-
butional (not necessarily entropy admissible) solution of (5.2).

The basic idea underpinning Counterexample 5.2 is, very loosely speaking, the
following: owing to (5.21), the convolution u, * 1, evaluated at the point x only
depends on the values of u, on the right hand side of x and owing to the particular
structure of the initial datum u this implies that u, * 7,(0, 0) = 0 and hence that
the characteristic line of the velocity field u, * n, starting at x = 0 has zero initial
speed. Then, one can show that the speed is identically zero—this implies that the
characteristic lines coming from the half line x < O cannot cross the axis x = 0,
and hence that no mass can enter the halfline x > 0. In conclusion, u, (¢, x) = 0 for
almost every x > 0. Notice that this last equality could be shown also by noticing
that the approximating sequence in the construction of u, in [12, Section 5] enjoys
the same property.

On the other hand, the entropy admissible solution of (5.2), (5.22) is explicit
and not identically O for x > 0. With some more work, one can show that any
distributional solution of (5.2), (5.22) is not identically O for x > 0. This allows
us to rule out weak convergence to a distributional solution. We now make the
previous argument rigorous.

Lemma 5.3. Assume that n and n. satisfy (1.2), (1.4) and (5.21) and let u be as
in (5.22). Then

foreveryt 2 0, us(t, x) = 0 for almost every x < —1
and almost every x > Q. (5.23)
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Proof. We argue according to the following steps:

STEP 1: we show that u, (¢, x) = O for almost every x < —1. We use the method
of characteristics: note that u, is a distributional solution of the continuity equa-
tion (5.14) provided the vector field g is given by g := u, * n.. Since u = 0, then
ge(t, x) = 0 for every (¢, x). This implies that, for every t = 0 and every x < —1,
the characteristic line Y; (s, x) solving the (backward) Cauchy problem

dY; (s, 7))
dS - gé‘ S, It
Yi(t,x) =x

satisfies ¥; (0, x) < —1 and hence u(Y; (0, x)) = 0. Since the value O is propagated
along the characteristic lines of the continuity equation, then u, (¢, x) = 0.

STEP 2: we again regard u, as the solution of the continuity equation (5.14) and
we term X the characteristic line solving the (forward) Cauchy problem (5.15). We
claim that

X(t,x) =x foreveryr =20,x = 0. (5.24)

Indeed, by the spatial smoothness of the vector field u, * 1., the characteristic lines
“cannot cross” the curve X (¢, 0); in particular for any # > 0 and x > X (¢, 0) we
have Y;(0, x) > 0. Hence

us(t,x) =0 foranyt > 0,x = X(z,0). (5.25)

Since 7, satisfies (1.2) and (1.4), forany x € R the quantity u, *n.(x) is an average,
weighted with 7, of the values of u. (¢, -) on the right of x. From (5.25), we deduce
that

ug *ne(t,x) =0 foranys > 0,x = X(z,0). (5.26)

From (5.26) appliedtox = X (¢, 0) and (5.15) withx = 0, wededuce that X (¢, 0) =
0 for any ¢+ > 0; applying again (5.26) with this further information, we deduce
(5.24).

Since the value 0 is propagated along the characteristic lines of the continuity
equation, which in turn are constant for any x = 0 thanks to (5.24), we have shown
that u.(z, x) = 0 for any x = 0, concluding the proof of (5.23). O

Proof of Counterexample 5.2(1). First, we point out that, if « is given by (5.22),
then the entropy admissible solution of the Cauchy problem (5.2) is

0 xS —lorx >t
x+1

u(t,x) = —1<x<2t—1 foralmostevery (¢, x) € [0, 1] x R.
1 2t—1<x <1,

(5.27)
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Assume by contradiction that there is a sequence {er} such that u, weakly
converges to u. We use as a test function the characteristic function of the set
E :=10,1/2] x [0, 1]. Since

12 pt 1
/ e, 1 dx dr "33, f w1 dx dr (5ﬁ7)/ / ldxdr = -,
R+ xR R+ xR 0o Jo 8

we find a contradiction. 0O

The proof of Counterexample 5.2(2) is based on the following result, which
could be generalized to Young measure solutions of the Cauchy problem (5.2) (we
refer to [13] for an extended discussion on Young measures and their applications
to nonlinear conservation laws):

Lemma 54. Leta,b € R, a < b, and let u € L%OC([O, 1] x R) be a nonnegative,

distributional solution of the Cauchy problem (5.2) compactly supported in [0, 1] x
(a, b). Then the baricenter of u is a nondecreasing function and

b b o b
/ xu(t, x)dx > (/ ﬁ) t—}-/xﬁ(x)dx. (5.28)

The proof of Counterexample 5.2(2) straightforwardly follows from Lemma 5.4.
Indeed, any nonnegative distributional solution u of the Cauchy problem (5.2) start-
ing from u in (5.22) cannot satisfy

u(t,x) =0 foralmosteveryt € [0, 1], x € (—oo, —1) U (0, 00),
because otherwise it would contradict (5.28) fora = —1 — o, b = o (o arbitrarily

small) and any r > 1/2. Hence we find a contradiction with (5.23) as in the proof
of Counterexample 5.2(1).

Proof of Lemma 5.4. The conservation law (5.2) implies

b b
/ u(t,x)dx = / u(t,x)dx =/ u(x)dx for almostevery t > 0.
a R a

We perform some formal computations, which can be made rigorous by arguing as
in the proof of Counterexample 5.1: by (5.2), the Jensen inequality, and the previous
equality, we have

d b b b
—/ xu(t,x)dx =/ x3ﬂ4(t,x)dx=—/ xax[uz](t,x)dx
dt a a a
2

2 r=a b 2 > 1 b
= [—xu (t,x)]x:b +/a u“(t, x)dx = — (/a u(t,x)dx) .

Integrating in time, we get (5.28). O
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5.3. A Counterexample with Positive Data and Symmetric Kernels

We now establish the following result:

Counterexample 5.5. Assume that n and n, are as in (1.10) and (1.4), respec-
tively, and that n is an even function. Let u denote the entropy admissible solution
of (5.2), (5.22) and u, the solution of (5.1), (5.22). Then for every § > 0, the family
ug does not converge to u strongly in L'%, not even up to subsequences. More
precisely,

Vi>0,73 {ex}), ex = OT such that ug, (t,-) — u(t,-) strongly in L',
(5.29)

Note that (5.29) rules out the possibility that u, converges to u in L8 ([0, 1T x
R): indeed, if this were true then, up to subsequences, u,(f, -) — u(z,-) in L9
for almost every 7, and this is ruled out by (5.29).

The basic idea underpinning Counterexample 5.5 is the following: we introduce
the entropy function

&) = / ulnu dx,
R

where by a slight abuse of notation we have continuously extended the function
u Inu with value O for u = 0. By using the formal computation (5.35), one gets
that

d
36w =0

if u, is a nonnegative solution of (5.1). On the other hand, the function u Inu
is convex and hence & (u) is non increasing for nonnegative entropy admissible
solutions of (5.2). In particular, if the initial datum is as in (5.22), then & () is
strictly decreasing. After some more work this allows us to rule out the strong
convergence of u, to u.

The precise argument requires some preliminary results.

Lemma 5.6. Fix § > 0 and assume that {v;} C L' satisfies vy, — v in L', for
some compactly supported v € L'*°. Then

/ vinvdx = limsup/ vg In v dx. (5.30)
R R

k——+00

Proof. Let 2 C R be a compact set s.t. v = 0 almost everywhere in R\ 2. Up to
a (not relabelled) subsequence, we can assume that the lim sup in the right-hand
side in (5.30) is a limit. Since vy — v in L'*%, up to a further subsequence, we
can assume that v; converges pointwise to v almost everywhere in R and that there
exists a function 4 € L'+%(R) such that 4 > |vg| almost everywhere for any k € N.
We observe that

lwinw] £ CO)(Lw<1y + 1>y lwl'*?), foreveryw = 0. (5.31)
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Since the function s — s In s is negative for s < 1, by (5.31), and since vy — v in
L' (R\) we have

lim sup / vr In v dx < lim sup / vk Invel, > dx
R\ R\ =

k—o00 k— 00

< C(s)klinolof loe|' 0 dx = 0.
=00 JR\Q

Since the functions vg In vx converge pointwise to vInv as k — oo and the con-
vergence is dominated by C(8)(1 + |k|'*%) € L1(2), we have

/vlnvdx: lim vrlnvgdx = lim vg In vy dx
Q k—o0 Jo k—o0 Jo

k— o0 k—o00

+ lim sup/ v In vg dx = lim sup/ vg In vy dx,
R\Q R

which proves (5.30). O

Lemma 5.7. Let u, be the solution of (5.2) and assume that 1. satisfies (1.10)
and (1.4) and that n is an even function. Let u € L*° be a compactly supported
function satisfying i = 0 and
f ulnu dx < 4o0.
R

Then for every t = 0 the distributional solution satisfies the following properties:
ug(t,") = 0and

/uglnug(t, ) dx:/ﬁlnﬁ dx. (5.32)
R R

Proof. First, we point out that one can check by direct computation that, for every
a,beL*(R), ce C(R), we have

/ a(b*xc)dx :f(a*é)bdx, (5.33)
R R
where ¢(x) = c(—x). We apply the above formula with a = b = u.(¢,-) and

¢ = 1. Since 7, is an even function, then the derivative 7, is an odd function and
hence 7, = —n,,. We then obtain

/ ué?ax[”s * Us](ts dx = / ue(Ug * 77{5)([» ) dx (5£3) - / (g * n;)us(t, ) dx
R R R

= —\/Rugax[ug * ng](ta ) dxv

which implies that

/ ey [ue * e ](t, ) dx = 0. (5.34)
R
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We can then establish (5.32) by using the following (formal) computation:

d
—/ ug Inug(t, ) dx =/(l 4+ Inug)oruc(t, -)dx
dr Jr R

(552) - f (I +1nug)ody [ua(us * nS)](Z’ ) dx
R

1
_ / Dutte — gty % 1) (1, ) dx (5.35)
R Ug

_ / Btte (g # ne) (2, ) dx
R

(5.34)

= —Aueax[ug * ng](t, ) dx 0.

To make the above argument rigorous, we recall that u, is the solution of the
Cauchy problem (5.14), where the velocity field g, = u, * 1, is smooth. By the
renormalization property, for every 8 € C!' we have (2.14). This implies that

t
[ pcnar= [ p@ar— [ [ ofusn][up @ - o Jaxas.
R R 0 JR
(5.36)

We construct a sequence of functions 8, : Rt — R by setting

o [[Jrom(e+ 1))

v
ﬂn(v)—>[ [l +In&é]ldé =vinv, foreveryv 2 0,asn — +oo,
0

Note that

U,B,/I(v) — Ba(v) > v, foreveryv = 0,asn — +oo.

By testing the inequality (5.36) with B, and passing to the limit for n — +o00 we
obtain

! (5.34)
fuslnus dx:/ﬁlnﬁdx—/ /ax[ug*ng]usdsdx = /ﬁlnﬁdx.
R R 0o Jr R

This concludes the proof of the lemma. O

Proof of Counterexample 5.5. If u is given by (5.22), then the entropy admissible
solution u can be explicitly computed and is given by (5.27). Note that # only attains
the values 0 and 1, whereas if r € (0, 1] then u attains values between 0 and 1.
Therefore

/ u(t,x)Inu(t,x)dx < 0= / ulnudx forany?r € (0,1]. (5.37)
R R
Owing to Lemma 5.7, for every ¢ > 0 and t = 0 we have

/ ue(t,x)Inug(z,x) dx = 0. (5.38)
R
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Assume by contradiction that there is a sequence gy — 0T andatimet > 0such that
Ue, (t, ) — u(t, -) strongly in L'+*(R). We apply Lemma 5.6 with vy := u, (t, -),
v :=u(t, -). By combining (5.38) and (5.30) we get

/ u(t,x)Inu(t,x)dx =0,
R

which contradicts the second inequality in (5.37). This concludes the proof of the
lemma. O
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