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Abstract

Bounded weak solutions of Burgers’ equation dyu + 0,(u?/2) = 0 that are
not entropy solutions need in general not be BV. Nevertheless it is known that
solutions with finite entropy productions have a BV -like structure: a rectifiable
jump set of dimension one can be identified, outside which u has vanishing mean
oscillation at all points. But it is not known whether all points outside this jump
set are Lebesgue points, as they would be for BV solutions. In the present article
we show that the set of non-Lebesgue points of u has Hausdorff dimension at
most one. In contrast with the aforementioned structure result, we need only
one particular entropy production to be a finite Radon measure, namely y =
0y (u?/2) + 0,(u?/3). We prove Hélder regularity at points where p has finite
(1 + a)-dimensional upper density for some a > 0. The proof is inspired by a
result of De Lellis, Westdickenberg and the second author : if g4 has vanishing 1-
dimensional upper density, then u is an entropy solution. We obtain a quantitative
version of this statement: if i is small then u is close in L' to an entropy solution.

1 Introduction

It is well-known that weak solutions of Burgers’ equation

u2
8tu+6x? =0, (1)

(and more generally scalar conservation laws) are not uniquely determined by
initial data, and this is the reason why the notion of entropy solution was in-
troduced [23]. Entropy solutions are characterized by their nonpositive entropy
production : for any convex entropy n: R — R and associated entropy flux
q(u) = [“vn/(v)dv, the corresponding entropy production u, satisfies

oy = Ogn(u) + 0zq(u) < 0.
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This constraint ensures well-posedness of the Cauchy problem for (1) with L
initial data. Entropy solutions can be equivalently characterized by Oleinik’s
estimate d,u < 1/t [28], and in particular they are locally in BV'.

Although entropy solutions are the physically relevant solutions, general weak
solutions sometimes need to be considered.  For instance in [33, 27, 4] large
deviation principles for stochastic approximation of entropy solutions are related
to variational principles for energy functionals of the form

1 -1 U2
Fe(u):/ 21017 B0+ 0,% ) — 0

The T'-limit of such functional is defined for weak solutions of (1) that need not
be entropy solutions, but have finite entropy production:

2

g = Ogn(u) + Ozq(u) is a locally finite Radon measure, (2)

for any n € C?(R) and associated flux ¢. An important feature of such solutions is
that they enjoy a kinetic formulation (see e.g. [11]), namely there exists m(t, z,v)
a locally finite Radon measure such that

8tX + UaJ:X = Oym, X(t7 T, ’U) = 10<v§u(t,m) - ]lu(t,x)gv<0’

The measure m encodes the entropy production through the formula

(i) = [ 1" (@)lt, pmdt, do. do).

For entropy solutions it is nonpositive and the kinetic formulation was introduced
in [26].

Another motivation for studying general weak solutions of (1) comes from a
formal analogy with solutions of the eikonal equation

Vel =1, (3)

that need not be viscosity solutions. Such solutions arise for instance in the
problem of I'-convergence of the Aviles-Giga functional

1 2
B(0) =5 [ IVl + 5 [ (196F 1)

They can be endowed with a relevant concept of entropy production [22, 1, 15, 18]
and a kinetic formulation [20, 19]. The I'-limit of E; is conjectured to be the total
entropy production, but a proof of the upper bound is still missing because not
enough is known about the regularity of solutions with finite entropy production
(see [6, 29] when Vo € BV). The analogy between (1) and (3) has already
proven fruitful. For instance, techniques developed in [10] to understand the
fine structure of solutions of (3) were adapted in [11] to the context of scalar
conservation laws. See also [21, 9] for other regularity properties shared by both
equations.



Unlike entropy solutions, weak solutions of (1) with finite entropy production
(2) may not be in BV. They are in Bé/g [17], but this is the best regularity

,O0
one could hope for [14]. However it is shown in [24, 11] (related results can be
found e.g. in [3, 30]) that they do enjoy a BV-like structure, namely: there
exists an H!-rectifiable set J C € such that u has strong one-sided traces on
J, and vanishing mean oscillation at all points outside J. Moreover the entropy
production restricted to the “jump set” J can be computed with the chain rule:
if v denotes a normal vector along J and u® the corresponding one-sided traces

of u, then

pnl T = [(n(u®) = n(u™))ve + (a(u™) — q(u))ve] H [T

The similarity with the structure of BV solutions is not perfect, and the two
following questions are left open:

e Is ) supported on J 7
e Is every point outside J a Lebesgue point of u ?

In the present article we investigate the second question. Note that for entropy
solutions of a large class of one-dimensional scalar conservation laws the cor-
responding questions have been answered positively [13].  Much recently the
second question has also been answered for entropy solutions of multidimensional
conservation laws [31].

The quadratic entropy n(u) = u?/2 plays a special role in our analysis. In fact
our methods are strongly inspired by [12] where the importance of that particular
entropy is shed light upon. We consider bounded weak solutions u(t,x) of (1)
in a domain Q C Ry x R; and denote simply by p the corresponding entropy
production

2 u3

u
Mzatj + O0p—

5 EM(Q). (4)

In [11] the singular set J is defined as the set of points with positive upper H!
density with respect to the measure v € M(Q) given by

v(A) = [m[(AxR) = sup |p,[(A)  for ACQ. (5)
In"|<1

In other words, denoting by @, (z) the square of size r centered at z, i.e.
Qrz)=(@t—rt+r)x(x—r,x+r) if z = (t,2),

the “regular points” of [11] are those belonging to

J¢ = {z e N: lei_r)r%)rfll/(Qr(z)) = 0} C {Z € Q: limr Hu|(Qr(2) = O}.

li
r—0
The last inclusion follows from || < v, and it is not clear whether it is strict or
not.



Remark 1. For BV solutions of (1) the measures y, m and v can be computed
explicitly using the chain rule (see e.g. [4, Remark 2.7]) and one can check that
v = |p| so that the inclusion is not strict.

In the present paper we need a geometric rate of decay for =4 u|(Q,(2)) — but
no bound on 7~ 'v(Q,(z)) - to conclude that z is a Lebesgue point: our regular
points are given by

Je = {z e q: rpl(Qr(2)) = O(r®) for some a > 0}.

In order to quantify the regularity we obtain outside of J we define, for any
a, K >0,

Qo = {z € Q: ul(@Qr(2)) < Krite vr e (0,d(z) A 1)} ,

where d(z) = disteo(z,2¢) denotes the distance of z to the boundary of 2 with
respect to the £°° norm. In particular

j: ﬂ (Qa,K)C

a, K>0

has Hausdorff dimension at most one since H!T*((Q4,x)¢) < K 1u|(2), as fol-
lows from a covering argument (see e.g. [2, Theorem 2.56]). We show that in
Qq,k the function u is Hélder continuous.

Theorem 2. Let R, > 0, and u be a weak solution of (1) in Qr = Qr(0). If

Hu@)<(5)T vre©n)

then

4 8«
][ <u - ][ u) <C <£> tootze for allr € (0,R/2),
Qr(2) Qr(2) R

where C > 0 depends on ||ul] o

Remark 3. Such Campanato decay implies local Holder continuity in £, x in
the classical sense: for any do > 0 and 21, 22 € Qo x N {d > dp} it holds

[u(z1) — u(z2)| < Clz1 — 29| 5578,

where C' > 0 depends on ||u||;«, K, o and dp. (The proof of this implication
does not require €, g to be open and can be reproduced for instance as in [16,
Theorem 5.5].)

Corollary 4. The set of non-Lebesgue points of any bounded weak solution u of
(1) with finite entropy production (4) has Hausdorff dimension at most one.



The proof of Theorem 2 relies on the following principle : if the positive part of
the entropy production (4) is small, then u should be close to an entropy solution.
This principle is already present in [12] where it is shown that if 4 has vanishing
upper H'-density, then u must be an entropy solution. Here we obtain, using
methods inspired by [12], a quantitative version of this result: (a small power of)
the total mass of j; controls the L!'-distance of u to entropy solutions. This is
the content of the next result, where we write @, for Q,(0,0).

Theorem 5. Let u be a bounded weak solution of (1). Then there exists a bounded
entropy solution ¢ of (1) in Q1 such that

/ (u— )" < Cus (@),
Q12

where C' > 0 only depends on ||ul| -

To prove Theorem 5, the main step is to estimate the distance to entropy
solutions in a rather weak sense, as explained below. This weak estimate can then
be strengthened to an L* estimate by appropriately quantifying the compactness
enforced by (4).

Remark 6. If the measure v defined in (5), that encodes all entropy productions,

is finite, then we have a Bé/(i estimate [17] so that the compactness is easily

quantified. Such an assumption would simplify the proof of Theorem 5 and
improve the dependence on p4(Q1) : we would obtain

/ u— ([P < Cpus (Qu),
Q3/4

for some constant C' > 0 depending on ||u|;~ and v(Q1). In Theorem 2, with
the additional assumption r~!|v|(Q,) < M, we would accordingly have

3
][ u — ][ u
Qr(z) Qr(z)

for a constant C' depending on ||u||;« and M.

e1eY
r 3a
<C (7> 140+3

7 , for all r € (0, R/2),

As in [12] we make use of the correspondence between Burgers’ equation and
the related Hamilton-Jacobi equation

ayh + %(&Ch)Q —0, (6)

obtained from observing that the vector field (—u?/2,u) is curl-free and therefore
can be written as a gradient field (0;h,d,h). The aforementioned weak estimate
consists in estimating the L>°-distance of h to viscosity solutions of (6), which
correspond to entropy solutions of (1) [12]. This is the very heart of our argument
and we achieve this in §2 by turning the following loose statement into a rigorous



one: if the positive part of the entropy production is small, then h is “not far”
from being a viscosity supersolution of

1
Och + 5((%}1)2 > =4, for “small” 9.

If h really was a viscosity supersolution of such modified (6), then the comparison
principle [8] would allow to estimate its L°°-distance to viscosity solutions. We
prove instead a weak version of the maximum principle (Lemma 8) where we need
to assume some additional regularity on the subsolution to compare h with, but
this turns out to be sufficient for our purposes.

The plan of the article is as follows. In §2 we derive the estimates for A, and
in §3 we prove Theorems 5 and 2.

2 Estimates for the Hamilton-Jacobi equa-
tion
We denote by @ the unit square

Q@ :=(0,1); x (0,1)s,

and consider Lipschitz functions h in @ that solve (6) almost everywhere. In
particular this ensures [25, §11.1] that h restricted to the parabolic boundary

0@ = {0}¢ x (0,1); U (0,1); x {0, 1},

is compatible with the existence of a viscosity solution h satisfying h = h on 9pQ.
Moreover, such viscosity solution satisfies h > h and

[0oh] < 102hl| o - (7)

For a proof of (7) see Appendix A. Note that we need to consider the parabolic
boundary instead of the full boundary because final values can in general not be
imposed for viscosity solutions of (6) (see e.g. [5, § IL.1]).

The main result of this section is the following estimate for Hh — EHOO.

Proposition 7. For all L > 0 there exists a constant C > 0 such that, for any
function h with Lip(h) < L solving

Oth + %(8xh)2 =0 a.e. in Q,

if u = Oyh is such that p = 9y(u?/2) + 0, (u3/3) is a Radon measure in Q, then
it holds

sup | —h| < (@),
QN{t<7/8}

where h is the viscosity solution of

Oth + =(0,h)* =0, h =h on 8,Q.



As explained in the introduction, the proof of Proposition 7 is about show-
ing that if p is small, then h is “not far” from being a viscosity supersolution
of (6) with small negative right-hand side. Such property is interesting because
super- and subsolutions in the viscosity sense enjoy a comparison principle. In
fact instead of proving a supersolution property, we directly prove a comparison
principle. The main difference with the comparison principle for viscosity solu-
tions is that we have to assume some additional regularity on the subsolution
we are comparing h with, namely semiconvexity. We say that a function ( is
(1/r)-semiconvex if for all points z, 2’ it holds

(02 + (1= 0)2") = 0¢(2) — (1 = 0)¢(2) <

1
=, 0<6<1.
.

This is equivalent to ¢(z) + |2|*/(2r) being convex, and allows to prove the fol-
lowing maximum principle.

Lemma 8. For all L > 0 there exists a constant C > 0 such that for any R >0
and 6,r € (0,1] the following holds true.
e Let a function h with Lip(h) < L solve

1
Och + 5(8Ih)2 =0 a.e. in Bpg,

and, denoting u = O;h and p = 9¢(u?/2) + 9,(u®/3), assume that the non-
negative part of the entropy production is small enough in the sense that

Cpuy(Br) < 6. (®)
o Then, for any viscosity subsolution ¢ of
1
O+ 5(0:0)* <=0 in Bp,

with Lip(¢) < L and the additional regularity assumption that ¢ be (1/r)-
semiconvex, the function (h — () can not attain its minimum at 0.

With Lemma 8 at hand, Proposition 7 will follow by regularizing h (using
sup-convolution) and appropriately balancing the scale of regularization with the
smallness of iy and the smallness of the negative right-hand side modification of

(6)-

Proof of Lemma 8. By scaling, we assume without loss of generality that R = 1.
We assume moreover that L = 1, the general case entailing no additional difficulty.

Suppose that (8) holds in B; for some constant C' > 0, and that (h—() attains
its minimum at 0. We are going to obtain a contradiction if the constant C' is
large enough. Without loss of generality we assume that h(0) = ¢(0) = 0.



Step 1. There exists an affine function ¢, with Lip({,) < 1 and such that
1
8tCa + 5(6xCa)2 < _57 (9)

G0.0)=C0,0),  C(6:2) 2 Glty) - 5 (2 +22), (10)

Since z > ¢(2)+]z|*/(2r) is convex there exists an affine function ¢, satisfying
(10). Then the smooth function ¢(z) = (a(2) — |2|?/(2r) is such that ¢ — ¢ has a
maximum at (0,0). By the viscosity subsolution property of ¢ we deduce

1

Do+ 5(0p)* < =6 at (0,0),
which yields (9). It remains to show that Lip({,) < 1. Since Lip(¢) < 1, (10)
implies

N N

Z'vCa:Ca(z)_Ca(O) SC(Z)—C(O)—I—TT < |Z‘+§ VZGBP.

Applying this to z = tV{,/|V (.| for t — 0 yields |V(,| < 1.
Step 2. For any height n € (0,7/4), letting

&(2) = Gale) — el
and defining as in [12] the set
Q1= B0 {40 >0},
it holds
By3 C Q) C Byp1/2CC By (11)

Since h and ¢, are 1-Lipschitz and n < 3r, in B, /3 we obtain

~ 1 z
Crn—hzn-2 - P =n- (24 )1
A

>n—|(2
_77(+3r

)I(t.2)] = n— 3]z >0,
which implies B, /3 C {1,.

The strict inclusion By,,y1/2CC By follows from n < r/4 and r < 1. Moreover
since h > ¢ in By and (10) holds, in By \ By(,,y1/2 we have

h—C> |2 > 2n,

-
2r
which shows €2y C By (172

Step 3. Denoting by (f) the average of a function f in €2, and assuming

n < 6°r, (12)



(where the symbol < denotes inequality up to a small constant) it holds

5 < <(u— <u>)2>. (13)

Since V((2) — V(a(2) = —2/r and |V(,| < 1, for z € By(pyy1/2 it holds

‘(am (9:) ) - <at<a+ ;(axca)Q)‘ (1 + |Z|> :

1/2 1/2
(7))
2’

where the last inequality follows from (12). Recalling (9) we deduce

IN

~ 1 .= o .
OtC + 5(833()2 < —5 m BQ(Tn)l/Q'

By (11) this holds in particular in €2,, and therefore using Jensen’s inequality we
have

l\D\Oﬂ

> (00) + 3{(3:0%) 2 (00) + 5(0.0)%

Moreover since u = d,h and (Z+ 1 — h)+ has compact support in By it holds
~ 1 ~
0.0 = (w) = 57 | 0:|[C+n=h)s]| =0, (14)
’ 77‘ By

and similarly (9,C) = (—u?/2). This implies
J 1 9
>z —
> > =5 (=),
and proves (13).
Step 4. It holds

(=) s (2)"+ el (15)

The argument relies as in [12] on a quantification of Tartar’s application of
the div-curl lemma to equations of Burgers type [32]. By Holder’s inequality and
[12, Proposition 3.2] we have



Recalling (14) and its counterpart for the t-derivative, we deduce

2 By(h ) u?/2
<(U*<U>)2> S<(6(h 77)> <u3/3>>
H—(0d) \ [ w2
+<<8<<&3) (ﬁm>>
< (C+n—h)dp+ gdiau"ﬂ(ﬂn)
1] Ja, r

For the last inequality we used the fact that, (, being affine, we have

VGwva:—1+5<;).

r

SinceinQnitholds()gg—l—n—hgn—kc-hgn,Weﬁnd

(= )" 5 dhyllne + - diam(e).

Using the inclusions (11) satisfied by (2, we obtain (15).
Step 5. Conclusion.
We choose 17 = /3|y ||
hand side of (15). Since

2/3 in order to balance the two terms on the right-

#1/3 2/3 754

I P < =5

the restrictions (12) and n < r/4 are indeed satisfied provided C' is large enough.
Moreover combining (13) and (15) with the smallness assumption (8) on py, we
obtain

y<<mw>w< L o

r ~ OB
and therefore the desired contradiction for large enough C. O

Proof of Proposition 7. We assume that L = 1, hence Lip(h) < 1 (the proof in
the general case is the same but this simplifies notations). Note that since h < h
we only need to estimate (h — h) from below. The viscosity solution A is in
general not semiconvex, that is why, in order to apply Lemma 8, we regularize h
as follows. Given p € (0,1) we consider the sup-convolution

Byt z) wp{M&w—
(s,y)€Q

;«rwﬁ+w—w%}

As a supremum of functions of (¢,z) which are (1/p)-semiconvex, this function
h, is (1/p)-semiconvex. We also introduce a parameter 6 € (0,1) and define

C(t,a) = yplt,a) — 6t — 2° - ((t = 7/8)1) — 9p,

10



so that ¢ is (1/r)-semiconvex with 1/r = 1/p + 219, We want to use Lemma 8
to deduce that h > (¢ in () and from there obtain the desired lower bound on
(h — h). We split the proof in the following way : in Step 1 we prove that, far
enough from the boundary, ¢ is a viscosity subsolution as in Lemma 8; in Step 2
we control the Lipschitz constant of ¢ in the relevant region; then we show that
h > ( near the boundary, dealing with the parabolic boundary dy@ in Step 3 and
the remaining boundary in Step 4; eventually in Step 5 we obtain A > ( in ) and
optimize the choices of p and ¢ in order to conclude.
Step 1. The function ( is a viscosity subsolution of

1 ~
K+ 5(0:0)* <=0 in Q= QN {dist(-,0Q) > 4p}.
It suffices to show that ﬁp is a viscosity subsolution of
_ 1 _ ~
Ochy + 5(agchp)2 <0 inQ. (16)

The fact that sup convolution preserves the viscosity subsolution property is
well-known, see e.g. [7, Lemma A.5]. For the convenience of the reader we
provide a proof of (16) in our setting. Let ¢(t,z) be a smooth function such
that (h, — ) attains its maximum at (t,zo) € Q, and assume w.lo.g. that

©(to, zo) = hy(to, o). For any (s,y) € U with

d = (s,y) = (to,z0)| = V/(to — 5)> + (z0 —y) > 2p,
since by (7) and the equation (6) satisfied by h we have Lip(h) < 1, it holds

1 _ d
h(s,y) — Q*pd2 < h(to, xo0) + (1 - 2p> d
<

< h(to, o) < hy(to, o).

Hence the supremum in the definition of ﬁp(to, xo) is attained at some (sg, o) €
Bay(to, 7o) C @, and

©(to, wo) = h,(to, xo) = h(s0,y0) — 21p ((to — s0)* + (w0 — y0)?) - (17)

Moreover since (h, — ¢) is maximal at (o, zo) with value zero, it holds

h(s,y>—21p(<t—s>2+<x—y>2)sm,x) W) (sy) €Q.  (18)

In particular for all (s,y) € Ba,(s0,%0) C @ we may choose
(t,z) = (5 — s0 +to,y — Yo + w0) € Bay(to, x0) C Q,

in (18) and obtain

h(s,y) < (s —so0+to,y — Yo+ o) + 21p ((to — 50)* + (w0 — y0)?) = ¥(s,y).

11



Moreover (17) ensures 9(so, yo) = h(s0, o), hence h — 1) has a local maximum at
(s0,%0). Since h is a viscosity solution we deduce that

Orp(to, xo) + %(&ctp(to,xo))z = 0y (s0,90) + %(({Mﬁ(so, Y0))* <0,

which proves (16).
Step 2. We have

Lip(¢) <3+2'Y  inQ,

where Q = QN {dist(-,0Q) > 4p} as in Step 1.
It was shown in Step 1 that for (tg, z¢) in @, the supremum in the definition of

Bp(to, xo) is attained at some (sg,y0) € Bay(to, zo). It follows that for any small
(t,z) we have

Bp(to, z0) — hy(to +t, 20 + )

- 1
= h(s0,%0) — %Wo — 50,0 — Y0)|?

- 1
- swp LG = ol + = 5.0 42 - )}
(s.9)€Q p

1
< =
=2

1 2
<2|(t,x)| + —|(t,z)]".

(2(to — s0)t +2(a0 — yo)ae + 1t 2)I?)

This implies ‘Vﬁp‘ <2in @ Therefore in @ it holds
Lip(¢) <246 +2-2°,

which concludes the proof of Step 2 since § < 1.

Note that thanks to Step 1 and Step 2, Lemma 8 ensures the existence of a
universal constant C' > 0 such that if Cuy (Q) < 8% then the minimum of (h— ()
in Q cannot be attained in @

Step 3. It holds

¢(<h in@Qn{dist(-,00Q) < 4p}.

Since Lip(h) < 1, the definition of h, implies

h —h(t,x) = su h(s,y) — h m—i — 524 (z —y)?
ho(t, x) = h(t, ) (s,y)IE)Q{h(’y) h(t, z) 2p((t )"+ ( y))}
Lol _»p

G e

By definition of ¢ this yields

12



so that by h = h on 9p@Q and the Lipschitz continuities of h and h (7) we obtain
C(t,x) — h(t,z) < =27 ((t —7/8)4)* — 8p + 2dist((t, ), DQ). (19)

Therefore if dist((¢,x), 00Q) < 4p we have ((t,x) — h(t,z) <O0.
Step 4. It holds

C<h inQnf{t>15/16).
For t > 15/16 we have by (19)
C(t,x) — h(t,z) <2 -2 (1/16)% < 0.

Step 5. Conclusion.

Recall that thanks to Step 1 and Step 2 the minimum of (h — ¢) in @ cannot
be attained in @ provided that Cp, (Q) < 6%. Moreover, if 4p < 1/16, then by
Steps 3 and 4 it must hold A — ¢ > 0 outside of @ We deduce that if p < 276
and Cpy(Q) < 6% then h — ¢ > 0 in Q. Hence for t < 7/8 it holds

o —h—6t—9p
2_9[)_67

and therefore

sup ‘h—ﬁ‘ <9p+0.
QN{t<t1}

Choosing § = p and recalling that r = p/(1 + 2. p) > p/(1 + 2%) we conclude
that for p < 2_6,

Cpu(Q)<p” = sup |h—h|<10p.
QN{t<t1}

If 1y (Q) < 27%7/C we can apply this to p = (2°Cpu, (Q))"/7 to finish the proof.
If 114 (Q) > 2747 /C we can simply invoke the fact that |h — k| is bounded by a
universal constant. O

3 Proofs of Theorems 5 and 2

In this section we use the symbol < to denote inequality up to a constant de-
pending only on |lul| . The following lemma quantifies the compactness induced
by our assumption of finite entropy production (4).

Lemma 9. For any bounded weak solution u of (1) in Q1 it holds
| wew)Sr @) vre01/a)
Q12

where (-), denotes convolution with ¢, = r=2¢(-/r) for some even nonnegative
kernel o € C°(Q1), [¢ =1.

13



Proof. The proof relies on a “div-curl” argument inspired by Tartar’s compactness
result [32]. Fix n € C}(Q3/4) and r € (0,1/4). We will prove below the two
following identities:

[ e = ) uta) ~ utw)* dzdy
= [ vt = p06a) 10 w) ~ 103 ()uo) + 30 ) @) ddy (20
+2 [ )t @) — 10 ) () + 30%(2) 1), (o),
and, with h such that u = d,h and —u?/2 = dh,
St~ w4 302w,
~(0) [ (35)] - - nom
in D'(Qs3/4). Combining (20) and (21) we obtain
J] e = o)) ~ utw)* dzdy
= // er(x—y)(n(z) — () (u'(y) — 40’ (y)u(z) + 3u*(y)u*(z)) dedy
—/(h—hr) ( éZ; ) : ( gi >77+/77(h_hr)d:u
<1 (190l + Il l(Qs/0))

since |ul, [Vh| < C. Choosing 7 > 0 with n = 1 in Q;/, and applying Jensen’s
inequality we deduce

/ (u— ) <7 (14 1l (Qsy0)) (22)
Q12

Moreover, fixing ¥ € C}(Q1) with 0 < x <1and y =1 on Q3/4, we have for any
¢ € CHQs4) with [¢] <1,

/Cdu = /(C + x)dp +/ (;UzatX + ;U362X>

S e (Q1) + 1,

since ¢ + x > 0 and |u| < C. This implies that

1l(Qs/4) S 1+ p4(Q1),

and therefore (22) proves Lemma 9. It remains to justify the identities (20) and

14



(21). Validity of (20) follows from
J] e = ) uta) — u(w)* dzay
— [ erte = i) (@) - te@)utw)
+ 6u(@)u?(y) — du(@)u(y) + u'(y) ) dedy

= ] erta = pmie)ut(e) - 1 @uly) + 30 (w)ul ) dody
+ [ rte = )t (o) ~ 40 @uta) + 36 ()0 2) dady

— [ erte = i)t @) -t @)uly) + 0% () ) dody
+ // or(z —y)(n(x) — n(y) (u' (y) — 40° (y)u(z) + 3u*(y)u*(z)) dady
+ [ orto = ) () = 10 )u(e) + 363 ()02 () dady,

= // er(z —y)(n(z) — () (u' (y) — 40’ (y)u(z) + 3u*(y)u*(z)) dedy
+2 [ orle = pnta) ' e) — 40 @uly) + 303 (@) ) dady,

The last equality was obtained interverting x and y in the last integral, and using
the fact that ¢, is even. To prove (21) we write

1
ﬁ(u4 — dulu, + 3u?(u?),)
2

() (-

I~ N[ =
IS
N———
<
N——
VRS
QO =D =
SRS
wW N
N———

2
=(§; (h—h»-@ﬁi)
= (o ) w3 )] -o-m (5 (1)

O]

Proof of Theorem 5. Let h be the Lipschitz solution of (6) such that u = 9;h
and —u?/2 = O;h, let h be as in §2 the viscosity solution of (6) in @ with h = h
on the parabolic boundary 0yQ1. By Proposition 7 it holds

. 1
sup [h —h| < ps(Q1)7. (23)
Q3/4

This estimate tells us that w is close to the entropy solution ¢ = d,h in a weak
sense. The fact that ( is an entropy solution follows from the correspondence
between entropy solutions of (1) and viscosity solutions of (6) (see e.g. [12]).

15



Next we use the quantitative compactness proved in Lemma 9 to turn (23) into
an L* estimate on

u— ¢ =0 (h—h).

We introduce a smooth, even, nonnegative kernel ¢(z) with compact support
in ()1 and unit integral and define

Up = U* Pr, Gr = C*¢r, where ¢, (2) = 717290(2'/70)'

From Lemma 9 we deduce that for r € (0,1/4) it holds
| =) S r @) (24)
Q12

Moreover, in @Q3/4 the second derivative of h in any direction is bounded from
above by a universal constant [25, Theorem 13.1] and therefore, in conjunction

with Lip(h) <1,
/ |V2h| S 1.
Q3/4
This implies that
[ oc-eltse (25)
Q12
Combining (24) and (25) yields

/ (u—¢)* §r(1+u+(Q1))+/ ((h—h) *Gx%)4
Q1/2 Q1/2

RS

1
S+ p(Qu)) + ps (Q1)7,
where we used (23) in the second step. We choose 7 = [114 (Q1)]*35 (14 (Q1)) /%,

which is admissible since without loss of generality p+ (Q1) < 1, to find our con-
clusion

/ (= O < (e (QU)Y.
Q12

O]

Proof of Theorem 2. Step 1. If w is as in Theorem 5, then for any 6 € (0,1/2)
it holds

f f f (ult, ) — ult,y))" dedydt < 6%+ |ul(Q)%.
t1<6 J|z|<0 J]y|<6 0

16



To prove this estimate we apply Theorem 5 to u and to —u(—t,z) and deduce
the existence of an entropy solution ¢ and an anti-entropy solution ¢ of (1) in Q1
with

/ (u—<>4+/ (u—¢)* < [ul(Qu). (26)
Q1/2 Q1/2

Here we call anti-entropy solution a function ((t,z) = —C (—t,z), where ¢ is an
entropy solution of (1). Since ¢ is an entropy solution and ¢ an anti-entropy
solution it holds by Oleinik’s principle [28]

9:¢(<S1 and —0,¢( <1 in Q1 s. (27)
For —1/2 <z <y <1/2and |t| < 1/2, it holds
lu(t,x) —u(t,y)| = (u(t,y) —u(t, )+ + (u(t,z) —u(t,y))+
< (u(t,y) = C(t,y)+ + (C(t,y) = C(t,2)) ¢ + (C(t, ) — ult,z))4
+ (u(t,x) — C(t2)+ + ([t @) — C(ty)+ + (St y) —ult, v)+
<|w=t )|+ |(u—Ot,y)] + [(u— Ot z)| + |(u— )|
+ (Sup(axC)+ + SUP(—axC)Jr) (y — ).
Q1/2 Q12

Arguing similarly for x > y and using the above estimates (26) and (27), we
deduce

][’559 ][wléa ]l[ylse (ut,2) ~ut. )" 5 912/ (u— 3)4 + 912 / (w=0¢)"
][t|<9 ][a:|<9 ][y|<0 = - y|

< (@0 + 6"
Step 2. If u is as in Theorem 5, then for any 6 € (0,1/2) it holds

4
1 4
£ (u=f ) sot+ i@

We may use the equation (1) to transfer the estimate on oscillations in the
space variable obtained in Step 1, to the time variable. We sketch here the
standard argument.

We fix a smooth cut-off function n(z), set ny(z) = 6~ 1n(0~1z) and notice that

i |t ams| =3 [ o) @ar

In particular t — [ u(t,z)ng(x)dz is Lipschitz, and it holds

s—t

/(u(&@— u(t, x))ne(x)de = // (rs+ (1= 7)t,z)(ny) (z)da dr

s—t

= / / (s + (1 —7)t,2) —u?(rs + (1 — 7)t,y)) (n)e(z)dz dr,

17



where we used the fact that 7j has zero average and where y can be choosen
arbitrarily. Hence together with |u| < 1 we obtain from averaging over |t| < 6,
|s| <0 and [y[ <0,

]I[SISG ][t|§9 </(u(5, x) —u(t, x))ne(z) dm>4

S ]ige ]{zge ]{yge (u(t, z) — u(t,y))* dedydt.

Combining this with the estimate

]|[ysa (u(t’ - /u(t’ x)m(m)>4 . ]|[x|§9 ]I[ylée (ults ) = ult, )"

we deduce

7|[s|§9 ][tléﬁ ]IZyISG (ult:) —ule, y))4 : ]IZSISG ][x|§9 ][y|§6 (ult, ) = ult, y))4 ’

which thanks to Step 1 implies the claim in Step 2.

Step 3. Conclusion. By scaling we assume without loss of generality that
R=1.

For any p € (0,1) we apply Step 1 to z — u(pz) and use p~!|u|(Q,) < p* to
obtain

f

We choose 6 = pl% to balance the two terms. For r = %0/) this yields

4 8a
U — U S 7204105
T T

which is valid for all r € (0,1/2). O

4

1 4a
u—][ u 594+§p§7 for all § € (0,1).
Q

A Lipschitz estimate for the viscosity solu-
tion

Let h € W12 (Q) solve (6) almost everywhere. The viscosity solution h €
WH>(Q) of (6) with h = h on 9pQ is given [25, §11] by the Hopf-Lax formula

(z —y)°
2(t — s)
Note that for (¢,2) € @ the infimum is attained. Let L := [|0zh| (g, so that

the initial data h(0,-) has Lipschitz constant < L and the boundary data h(-,0)
and h(-,1) have Lipschitz constants < L?/2.

h(t,x) = inf {h(s,y) + : (s,y) € 0Q, s < t} .

18



Lemma 10. It holds ‘&Bi_z‘ <L a.e.

Proof. Let (to,z9) € @ and denote by (so,y0) a point at which the infimum
defining h(to, xo) is attained. Then for any small x it holds

_ 7 (o — y0)2
h(to,zo + ) — h(to, x0) = h(to, zo + ) — h(s0,%0) —

2(t0 — 80)
(xo+z—v0)*> (zo—v0)?

- Q(to — 80) 2(t0 — So)
o — Yo 1 2

= T+ z°,
to — S50 2(t0 — 80)

so that |0zh(to, zo)| < |zo — yol/(to — s0) and to prove (7) it suffices to show that
the infimum defining h(tg, o) is attained at some (sg, yo) with

M < L. (28)
to — S50
We show that for any (s,y) € d@ N {s < tp} with

\iﬁo —y\ >

L, (29)
t() — S

there exists (5,7) € 0p@ N {s < to} satisfying

|zo — ?~/| - B (30)
to— S to— s
(w0 —p)? (0 — y)?
MY <h ~ I/ 1
and  h(sg,y) + 2tg—3) = (50,9) + 2ty —s) (31)

which proves (28).

There are two cases to consider, depending on which part of the parabolic
boundary (s,y) belongs to.

Case 1 : (s,y) € {0} x [0,1]. We look for (5,7) defined through § = 0 and

M:(l_g)p’ D= w’
to to
for some small € > 0, so that (30) is satisfied. On the other hand since h(0, -) has
Lipschitz constant < L, to show (31) it suffices to establish
(zo — y)* — (z0 — §)? L 1

Llj—y| < = Z<(1-ze),
7l < o SEEED

which is satisfied for small enough e since (29) amounts to |D| > L.
Case 2 : (s,y) € (0,1) x {0,1}. We assume y = 0, the case y = 1 being
similar. We look for (§,¢) defined through § = 0 and

Zo Zo

=(1-¢)D, D:=

to— 3 to— s’
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for some small € > 0, so that (30) is satisfied. On the other hand since h(1,-) has
Lipschitz constant < L?/2, to show (31) it suffices to establish

LQ‘ i < w21 1 L? <1

—ls =5 < — — = — —€

2 — 2 \tp—s to— S D? — ’

which is satisfied for small enough ¢ since (29) amounts to |D| > L. O
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