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CONCENTRATION ESTIMATES FOR ENTROPY MEASURES
CAMILLO DE LELLIS, TRISTAN RIVIERE

ABSTRACT. We show that entropy solutions to 1 dimensional scalar conservation laws for
totally nonlinear fluxes and for arbitrary measurable bounded data have a structure similar
to the one of BV maps without being always BV. The singular set -shock waves- of such
solutions is contained in a countable union of C! curves and H' almost everywhere along
these curves the solution has left and right approximate limits. The entropy production is
concentrated on the shock waves and can be explicitly computed in terms of the approximate
limits. The solution is approximately continuous H' almost everywhere outside this union
of curves.

1. INTRODUCTION

Let u : RS x R, be a bounded entropy solution of d,u + 9,[f(u)] = 0 and assume f is
strictly convex. Since the classical results of Lax and Oleinik, it is known that u is locally a
BV function, even when the initial data u(0,-) are very irregular. We recall that a bounded
distributional solution of dyu + 9, [f(u)] = 0 is an entropy solution if and only if

e Oi[q(u)] + O;[n(u)] is a nonpositive measure for every convex entropy—entropy flux pair
(q,m), i.e. for every (g,n) such that ¢ is convex and ¢'(t) = n'(t) f'(t) £ -a.c..

When f is not convex the solution of the Cauchy problem

Opu+ 0,[f(w)] = 0
(1)
u(0,) = uo(")

is BVj,. if up € BVj,.(R). But for less regular wug, u is not, in general, a BV function. In
[LPT] the authors have introduced a kinetic formulation for (1) and, using velocity averaging
lemmas, they have proved that v belongs always to some fractional Sobolev space W4, even
if ug is not better than L> (the exponents o and ¢ depending on the nonlinearity of the flux
f). We refer to the book [P] for an account of the rich literature on kinetic formulations for
conservation laws. See also [DW] for some examples concerning the optimal regularity of w.

However, the fractional Sobolev spaces W*4 with a < 1 do not provide good information
on the “structure” of the singularities of the function u. The meaning of structure is explained
by the following examples. First, let u be a C'* solution of (1) and (7, ¢) a C! entropy—entropy
flux pair. Then

T = On(w)] + 0:[q(w)] = n'(wue + (¢ (w)ua = ¢'(u)[ur + f'(wus] = 0. (2)

Instead, let u be discontinuous but piecewise C'. In particular assume the existence of a
smooth 1-dimensional set .J, such that u is C' on R?\ J, and has left and right traces

(denoted by u*) on J,. Then the distribution 7" does not vanish any more, but it is a
1
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measure concentrated on J,. Indeed, if (1,s)/v/1+ s? denotes the tangent to J, and H!
denotes the 1-d Hausdorff measure, then

o= [ [s[nw )= o)) = [aH) —a@]] 5

V1+ s?

For BV solutions, the BV structure theorem and Vol’pert chain rule (see [AFP]) give a fairly
good understanding of what happens. Indeed they imply the existence of a rectifiable set J,
such that

(i) u is approximately continuous outside J, and has left and right traces on Jy;
(ii) for every entropy—entropy flux pair (7, q) the distribution 7 is still given by (3).

In this note we prove that, under some regularity assumptions on the flux f, the same
structure holds for every entropy solution u

Theorem 1.1. Let f € C*(R,R) and {z|f"(x) = 0} be locally finite. If u is an entropy
solution of (1), then there is a rectifiable 1-d. set J C R? s.t.

(a) Everyy & J is a Lebesgue point for u.

(b) w has right and left traces H'-a.e. on J.

(¢c) For any smooth entropy—entropy flux pair (n,q), the entropy production is concentrated
on J and can be computed “classically” as

s[n(u™) —n(u™)] = [q(u™) —q(u)]
V1+ s?

Remark 1.2. We stress on the fact that such solutions u are not, in general, in BV. Indeed,
let f(v) = |v|P, with p > 2. Clearly, f satisfies all the assumptions above. Then, there are
entropy solutions to Oyu + Oy|ulP = 0 such that v ¢ W for any o > zﬁ (and any q); cp.

Proposition 3.4. of [DW].

Or[n(u(t, )] + Oulq(u(t, x))] = HiLT.  (4)

Remark 1.3. In view of the fact that u is an entropy solution we actually expect that wu is

continuous outside J,. Indeed this is known to be true for strictly convex fluxes (see Chapter
XI of [Da]).

Much is known about the regularity of solutions to scalar conservation laws in one—
dimension and, after all, if the initial data are BV, the solution is BV. Indeed our interest

comes from a more general question in measure theory, which arises naturally in different
areas of PDE.

1.1. The general measure—theoretic question.

Problem 1.4. Let £ C CYRF,R") and u € L®(R™, R¥). Assume that pg = div[®(u)] is
a Radon measure for every ® € £.

(i)” Does there exist a codimension 1 rectifiable set J, such that u is approximately contin-
uous outside J,, and has left and right traces on J,?

()" If the answer to (i) is yes and ®, ¥ € £, can we relate the measures py, pe, and the
pointwise information on u by “chain—rule” formulas?
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We can give more specific versions of this quite general problem by simply assuming more
information on the ue’s (i.e. that some are nonnegative measures, or that some vanish):
Indeed in many concrete examples we know more about fig.

Note that the classical structure theorem of BV functions is a positive answer to (i)’ when
£ is the class of linear mappings L : R*¥ — R™. In this case the information of (i)’ are
summarized in the so called precise representative of u. Vol'pert chain-rule is a positive
answer to (i)’ when & contains the linear maps L. In this case, for any ® € C', Vol'pert
chain-rule provides an explicit formula for div[®(u)] in terms of the measures d;u’ and of
the precise representative of w.

Thus, Problem 1.4 can be considered as a non—linear version of the theory of fine properties
of BV functions. Recently, some papers (see [AKLR], [DO], [DOW], [LR]) have given a
positive answer to (i)’ for many examples of classes £ related to PDE problems. To our
knowledge this note provides the first positive answer to (i)’ in a case where there is no BV
regularity. Moreover the answer to (i)’ given in the papers cited above is not complete: their
results do not prove that outside J,, the function is approximate continuous, but they yield
a milder property (cp. (a’) in subsection 2.1 and (a) in Theorem 1.1). In the particular case
considered here we are also able to fill this gap.

1.2. Applications to PDEs. The link with the theory of scalar conservation laws is trans-
parent. In this case u is an L™ entropy solution of (1) and £ is the set of convex entropy—
entropy flux pairs (7, ¢). This framework is available also for multi—d scalar equations, where
Kruzkov’s theory provides existence and uniqueness of entropy solutions to the Cauchy prob-
lem. Even for 2 x 2 systems in 1 spatial dimension one can show, via compensated com-
pactness, the existence of global L* entropy solutions for any bounded initial data (this
approach was pioneered in [DP] in the system of isentropic gas dynamics; we refer to [Se]
for the general treatment of 2 x 2 systems). However, except for some isolated examples,
nothing is known about the regularity and the structure of these solutions. In this case an
answer to Problem 1.4 would be much more relevant, since even when the initial data are
BV, there are no global-in—time BV estimates when starting from large data. For small data,
the recent remarkable work [BB] give BV estimates when the entropy solution achieved by
compensated compactness is generated by the vanishing viscosity limit.

Besides the area of conservation laws, there is another active field in which Problem 1.4 has
interesting applications. In recent years, models arising from different areas of physics (such
as micromagnetism, liquid crystals, film-blistering) have raised the issues of understanding
the asymptotic behavior of certain second—order functionals of Ginzburg-Landau type (see
for example [AG], [DKMO1] and [GO]J). It turns out that the I'-limit of these functionals
(i.e. the appropriate limiting variational problem) can be properly understood in classes
of functions which satisfy certain PDE’s and for which the divergence of certain nonlinear
quantities are Radon measures (see [ADM], [DKMOZ2], [JK| and [RS1]). Indeed the total
variation of these Radon measures is controlled by the limit functional. It turns out, however,
that this control does not give BV bounds and these classes of functions are strictly larger
than BV (see [ADM] and [DW]).

In these variational problems the papers [DO] and [AKLR] provide, by giving a partial
answer to (i)', a regularity theory for the functions in the domain of the conjectured I'-limits.
A positive answer to (ii)’, which is still lacking, would give nice formulas for the conjectured
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[limits and, potentially, could lead to complete proofs of the I'-convergence results (see
[ADM] and [RS1]).

1.3. Links to kinetic theory. Most of the PDE problems mentioned above enjoy a kinetic
formulation (for the variational cases this formulation was introduced by [JP] and [RS2]).
We give the kinetic formulation for entropy solutions of (1) and we refer to the book [P]
for an account of the various kinetic formulations of the problems mentioned above. Let u
be an entropy solution of (1) and assume (for simplicity) that u is nonnegative. Define the
maxwellian y : R, X R, x R, as

41 if0<wv<u(tx)
X(v,t,2) = { 0  otherwise

Then y satisfies, in the sense of distributions, the kinetic equation

ox + f'(0)0ex = Oups (5)

where p is a Radon measure on R, x R? . Moreover, if we set

K(v,u) — {v ifu>wo

u otherwise

(6)

we then have pi(v,t, ) = 0;[K (v, u(t,z))] + 0, [ f(K (v, u(t,z))]. Thus, a characterization of
the measures

o = O [K(v,u(t,z))] + 0. [f(K(v,ul(t, z))] (7)

is equivalent to characterize the r.h.s. of (5). Indeed, in all the cases where a kinetic
formulation is available, point (ii)” of Problem 1.4 reduces essentially to prove that the r.h.s.
of the corresponding kinetic equation is concentrated on the set J,. We point out that the
problem of proving concentration estimates for the entropy measure p was first mentioned
in [LPT] (cf. the first open question listed in section 1.13 of [P]).

Finally we remark that some technical lemmas proved in this note yield new results even
in the kinetic theory. Indeed:

1. Thanks to a regularity result of [Ch] we prove that for p in (5), 9?u is a measure (see
Proposition 4.1). This information can be combined with suitable modifications of the
velocity averaging lemmas in [JP2] to improve the Sobolev regularity of u known up to
now. However we do not pursue this issue.

2. In Section 6 we derive a new averaging lemma for solutions of the transport equation
(43). To our knowledge this is the first example of an averaging lemma where no L?
bounds in the transported values are assumed.

2. OUTLINE OF THE PROOF
2.1. Previous results. From theorem 2.4 and remark 2.5 of [DOW] we know the existence
of a rectifiable set J such that (b) above holds and:

(a’) In every y ¢ J the mean oscillation of u vanishes.
(¢’) For any smooth entropy—entropy flux pair (7, q), the entropy production is given by
¢ + «, where ( is the right hand—side of (4) and « satisfies the following condition:

alK) =0 for every Borel set K with H!(K) < co. (8)
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Hence, our tasks are to improve (a’) and (¢’) to (a) and (c). A crucial role will be played by
the following theorem of [Ch]:

Theorem 2.1. There is a constant C' (depending on ||u||l and f) such that
/ b—a
Jou[rur ]y < ¢ (1457 o

Actually, the author in [Ch] gives an explicit proof of Theorem 2.1 when [{f” = 0}| < 2
and at the end of the paper remarks that this proof can be generalized to the case when the
set {f” = 0} is locally finite (cp. section 6 of [Ch]).

2.2. Strategy of the proof. We first establish some notation which will be used throughout
the paper. If v is a Radon measure on €, then v+ and v~ denote its positive and negative
part (v = v —v7). ||v| denotes the measure v +v~ and ||v|| ;) denotes the total variation
of v on Q (that is, ||v[[(£2)). B,(y) denotes the ball of radius r centered at y.

Proof of (a) This is based on the following remark. Assume that at point (o, z¢) the
mean oscillation of u vanishes, but u is not approximate continuous. This implies that the
averages of u on the balls of radius r oscillates between two values a < basr | 0. By a
Fubini-Tonelli argument, this oscillation will take place in most of the lines passing through
(to, o). A linear change of variables and Theorem 2.1 give that this oscillation cannot take
place if the lines are space-like. The detailed proof is given in Section 3.

Proof of (c) Everything boils down to show that the measure p on the r.h.s of (5) is
concentrated on J.

Using Theorem 2.1, in Section 4 we prove that 9%y is a measure. Denote by v the non-
negative measure on R? which is the (z,¢)-marginal of the total variation of 9?y. Then the
estimate on 9%y allows to write u as g(v, t, z)v, where 9g(-, ¢, x) is a measure in v for v—a.e.
(t,x) (see Lemma 5.1). Thus our claim is equivalent to show that v is concentrated on J.
We argue by contradiction and assume that v(R?\ J) > 0. Take a “typical” point which
lies outside J but which “sees” the measure v (for the precise meaning compare with the set
A defined in Proposition 5.3). In what follows, this point will be called base point and for
simplicity we assume that it is the origin.

We look at the rescaled kinetic equations satisfied by the rescaled functions x,(v,t, x) :=
X(v,rt,rx), that is

atXr + f/(v)axXr - av% . (10)

Here the fi" are the appropriate rescalings of the measure . We divide (10) by the quantity
a, = v(B,)/r, thus getting

Xr g Xr i r
at a, + f (U)ax a, av V(Br) av,u ( )
By (c’) it follows that J coincides (up to r—negligible sets) with the set of points y where
B,
lim sup 71/( )
rl0 r

> 0.

Thus, “typically” «, | 0, since our base point is out of J.
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By an infinite version of Radon-Nykodim Theorem (see Proposition 5.3), the convergent
subsequences p™ are converging to a measure of the form g(v).#' X vy, where v is a
nonnegative measure on R2. This product structure is a consequence of a very general fact
and similar remarks have already been used in [DO], [DOW] and [AKLR]. Note that, since
the base point is “typical” and sees the measure v, we have that g(v)£' X v, is not the
trivial measure.

Take an arbitrary T' € [—1, 1] and consider the solution x; of the free transport equation

X, + ' (0)0ux), = 0
(12)
X?fL(U7 T7 x) = X'f‘n (/07 T? x) M
Define

Xrr (Ua ta :L') — X’I’fL(U7 tv x)
678

F.(v,t,x) =

n

and note that they solve the transport equation

OE, + f'(v)0.F, = Opp™

(13)
F,(v,T,z) = 0.
Formally, in the limit we get a distribution L which solves
L+ f(v)0,L = ¢ V)V
(14)

L(,T,x) = 0.

The x,, (v,-) are rescalings of the x(v,-), which are the characteristic functions of the v—
sublevel sets of u. Since our base point does not belong to J, (a) applies and hence the
rescalings of u around the base point are converging to a constant (recall that the base point
is the origin and thus this constant is «(0)). Thus x,, (v,-) is converging to the constant 1
if 0 < v < u(0) and to the constant 0 otherwise. The Y/, being solutions of a free transport
equation, take value in {0,1}. Thus one could hope that the distribution L satisfies the sign
condition:

L <0 on |u(0),+oo[ xR?*and L > 0 on |0, u(0)[ xR2. (15)

o f
This may not be the case, since L is the limit F,, = *==X and o, | 0. However, recall the

n

estimate on 9?u. In a “typical point” this estimate translates into a uniform estimate for
the measures 9%y This is used in section 6 to prove an averaging lemma (see Lemma 6.1)
for the functions F,. This lemma is, to our knowledge, new and provides sufficiently strong
information in order to derive (15). Then, playing with the arbitrariness of 7" in (14), with
(15) and with the condition v, > 0, we can prove that L and v, must vanish identically.
This gives a contradiction since we have fixed a typical point which “sees” the measure v
(that is, V4, cannot vanish identically).
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3. FrRoM VMO TO LEBESGUE POINTS

In this section we use Theorem 2.1 to show (a). Let us fix y ¢ J and assume y € {t > 0}.
For simplicity, assume that y = (7,0) and recall that u is an entropy solution in {t > 0}.
Set

1
= — u(t, ) dtdx .
mr Br(y)
From (a’) we get that
1
lim—z/ u(t,x) —u’| dtdz = 0. (16)
rl0 T B (y)

Thus we have to prove that a := liminf, o u, = limsup, , %, =: b.
Step 1 Assume, by contradiction, that a < b and fix the following convention:
- If 7 is a half-line starting at y and y; # yo € £, then we say that y; > yo if |y1] > |yal.
- We parameterize the family of all half-lines £’s using vectors of S in the usual way.
Applying Fubini-Tonelli Theorem in polar coordinates, we get the following:
(Co) Let > 0 be given, N > 0 be any given natural number and Iy, I Cla,b] two given
intervals. Then for H'-a.e. ¢, there exist 2N points yy, ... ,yay € £ N Bs(y) with
(1) y1 > w2 > ... > 1on;
(ii) All y;’s are Lebesgue points for u and u(yy;) € Ia, u(yais1) € 1.
Fix now two intervals Iy, I C [a,b] such that f'(I;) < ¢ < d < f'(I) (this is certainly
possible since f” vanishes only in finitely many points). Note that, if for NV large enough
one of the ’s above were the x axis, we would have a contradiction. Indeed we would have
TV (f'(u(T,-))) > N(d —c) and for large N’s this would contradict (9). In the next step we
will modify this idea using half-lines ¢ which are close to the horizontal one.

Step 2 Let us make a linear change of coordinates by putting £ = x — t. In these new
coordinates the conservation law becomes

OJu+ef(u)] + 0¢[f(u)] = 0.

Note that for € sufficiently small the function ¢.(v) = v 4 ¢f(v) is invertible in the range of
u (the range of u is bounded). We define

Je:]=CrCi[— R as fo(v) = fg7'(v)),

and w. = u-+ef(u), where C is a suitable constant. Note that w, is a distributional solution
of dyw, + O¢[f-(w:)] = 0. Actually it is not difficult to see that w. is an entropy solution.
Moreover the following straightforward computations show that the numbers of zeros of f.
and f are the same (cf. (17) below). From f.(g-(v)) = f(v) and ¢L(v) = 1+¢cf'(v), we get

, OIS N

Hao) = e = 2 [ e

) L w1 P

flo:) = o {(Ha‘f’(v))z] = Tref )P a7

We are in the conditions of applying Theorem 2.1 with w, in place of w and f. in place of
f. In order to simplify the notation, we will use the following convention: If S C R? is any
segment and ¢g : R* — R, then TV (g, S) is the total variation of the restriction of g to S.
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Define S§ as the segment joining y = (7',0) and the point y + §(1,¢)/v/1 + €2. Denote by
h. the function h.(v) = fl(g-(v)). Apply Theorem 2.1 to w. and f. in place of w and f and
translate the BV estimate in the old coordinates (¢, x). It is immediate to check that we get
the following: There exists a constant K such that, if § and € are small enough, then

TV (he(u),S5) < K. (18)
Recall ¢, d, I; and Iy defined in Step 1. Clearly, for ¢ sufficiently small we have
ha(ll) < Ky < kg < he(jg) . (]_9)

Now choose N large enough so that 2N (kg — /1) > K and select € so that S? contains 2V
points yi, ... ,yan satisfying (i) and (ii) of (Co) in the previous step. Then we would have
TV (he(u(t,z)),S%) > 2N (k1 — ky) > K, which contradicts (18).

4. ESTIMATE FOR 02y

Proposition 4.1. Let u and f be as in Theorem 1.1 and let y = (T, z) € RT x R. There
is a constant Cy (depending on ||ul|s, f and T') s.t.

1020l (R, x Brps(y)) < Ci. (20)

Proof. 1t is sufficient to prove (20) when u € BVj,.. Indeed, assume that (20) holds for BV
solutions and fix an entropy solution u. Choose a sequence {v,} C BV},.(R) s.t.

vn(+) — u(0,-) in Lj

loc and anHoo < ufloo -

Let u,, be the entropy solution of

Oy, + Oz [f(un)] = 0

un(0,-) = va(+)

By the maximum principle, ||[t,]lso < [[Un]loe < ||t|leo- By the L' contraction principle (see

Theorems 6.2.2 and 6.2.3 of [Da]), u, € BVj,.(R?) and u,, — u in L}, (RT x R). Thus
pn = 0y(Oxn + f'(W)0uxn) — O in the sense of distributions .
Since ||02p, || (R, x Brj2(y)) < Ci, by semicontinuity of the total variation we get (20).

The case u € BV,
For u € BVj,., we prove (20) using Vol'pert chain rule. Denote by J the jump set of u
and by € = (1,s)/v/1 + s? the tangent to J. Then Vol’pert chain rule implies

> ) = £
oo = L

We calculate p using (7). Vol'pert chain rule gives = g(v,u™,u=, s)H'L J, with

s { LU ) = PO )] = s[K ) = K (0] |

Assume, for the sake of simplicity, that u™ > u~. Then
h(S, qua u-, U) = [f(K(qua U)) - f(K(uia U))] - S[K(qua U) - K(uia U)]
[f (") = f(v) = s(u™ = )] 101 (0) -

H'LJ. (21)

+

g(/U7u 7/U/77S> =
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For each t, z, consider the function

hir(v) = h(s(t,z),u" (t,2),u” (t,x),v).
Clearly h;, € C?([u~,u"]). The Rankine-Hugoniot condition gives
_fwh) S

ut —u~

Hence hy,(u*) = ht,(u”) = 0. Note that
02 = [ (0) + B ()0 (0) = ()3 ()| 1L

Thus, set B = Br/2(y) and compute

ut

|0%u|(R, x B) = / / 1Y (o) do -+ (B ()] ()| dHi (). (22)
JNBra(y) | Ju~

To estimate (22), we split J N B into two parts. Fix € so small that
{ v # vy, ["(v1) = ["(ve) =0 and |v;] < ||u]|so } = |y —wm|>¢ (23)
and define the sets

J'o= {t,x)e JNB: Jut(t,z) —u (t,z)] > ¢
J* = At,r)e JNB: |[ut(t,z) —u (t,x)] <e}.
Clearly there is a C(e) such that, if |[u™ —u~| > &, then
[ @l b 4 )] < €@ [ e, @
Thus
105l (R, x ) < C(e) ull R, x J)) < C(e) |ull (R, x B). (25)

Fix (t,x) € J*. Since b, (v) = —f"(v)/V1+ 5%, (23) implies that h{, changes sign at most
once in [u~,ut]. Recall that

heo(u™) = hio(u®) = 0
and that, since > 0, we have h;, > 0 on [u™,u"]. All these conditions imply that h{, <0
on [u~,ut] (which in turn implies f” > 0). Moreover there exists a v € [u~,u"| such that
hi .(v) = 0. Thus

ut ut

[ m@lds + )]+ o)l <3 [ L@
- 2 [ e = WOTE) (26)
(21) implies that
o2 (R x 7% < 3lals @] () < 3ol @ (). @

Adding (25) and (27) we get
1050l (R, x B) < C(e) [|ul| (R, x B) + 310" (w)][l (B) -
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The first part of the right hand side is bounded by a constant depending only on ||u||« and

f. The second part can be bounded using Theorem 2.1. This concludes the proof. O
5. BLOW-UP OF MEASURES

Let p1, w and x be as in Subsection (1.3). We denote by v the x, t-marginal of |04/, i.e.
the measure of M(R?) defined as

v(A) = [|0?u]|(R, x A) for all Borel sets A C R?. (28)

Note that we can give a “pointwise”—in v meaning to the measure y. More precisely, thanks
to equation (7), the distribution

1y = 0K (v, ult, ) + 8, [f(K(v,u(t,a;)))} (29)

is a measure for each v and
/(p(v,t,x) du(v,t,z) = / {/ (v, t,x) duv(t,x)} dv for all p € C.(R?).  (30)
R L/R2

Lemma 5.1. There exists a bounded Borel function g s.t. u(v,t,x) = g(v,t,z)v and
forv—a.e. (t,x), 92g(-,t,x) is a measure on R, with ||07g(-,t, )| mm, = 1. (31)
Proof. Fix v > 0 and a ball B C R?. Take a sequence of functions {¢,} C C>°(R), with
lonllmr = 1 and ©n — 0, in the sense of distributions .
Choose a sequence
{P,,} C CX(B) with @, T 15 pointwise everywhere.
Using (30), (29) and the nonnegativity of yu,, we easily get

ty(B) = lim lim [ ¢, (v)®,,(t, z) du(v, t,x) . (32)

mToo nfoo

Recall that ||u]|. < oo by assumption and that p, = 0 for v & [—||]/s, ||t]|c]. Choose ¥,
such that 1) = @, and [[¢n|[Loe(r) < 2[|t|oo- Then we have

[ ontntta) dutotn)| = | [ento@nlt 0 aiulte, )| < 2. 63
Combining (32) and (33) we conclude

po(B) < 2||ullocr(B) -

By the arbitrariness of B and by Radon—Nykodim Theorem, pu, = ¢,(t,z)v for some g, €
LY (R* v). We set g(v,t,z) = g,(t, z), getting u = g(v,t, z)v. Clearly,

// lg(v, t,z)|dvdr(t,x) = |[p]|(RxU) < o for every bounded set U.

Thus the function g . (v) := g(v,t,x) is in L'(R, £?) for v-a.e. (¢,x). Hence the distribution
9. € D'(R,) is well defined (for v—almost every (¢,z)) and

/wéﬂ /(qf t,x), g, (-)) dv(t, x) (34)
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for every U € C®(R3). Since v is the ¢,z marginal of ||0?y||, standard theorems in the
disintegration of measures (see for instance [AFP]) imply the existence of a map ¢ : R? >

(t,z) = & € M(R) such that:

1&tellmm) = 1 for v-a.e. (t,z); (35)
/\Ifd82 / / (v,t,2) d&; . (v) dv(t, ) for every U € C*(R3). (36)

R2
Comparing (34) and (36) we get easily that g/, = &, for v-a.e. , 2. O

We now want to study a particular class of rescalings of the measure p. We first set a bit
of notation on tangent measures

Definition 5.2. Let v € M(R?), up € M(R, x R?) and y € R*. We define the measures
vr o uYm as

A
v (A) % for all bounded Borel sets A C R?
v(B,(y
A
P (C x A) pex (y +rd)) for all bounded Borel sets A C R*,C C R,,.

(R x B.(y))

The sets of tangent measures T'(y,v) (resp. T'(y, p)) are defined as the limits of all sequences
{v¥"™ Y, 10 (resp. {p¥™ },10) which are convergent in the sense of measures.

We come to the main goal of this section.

Proposition 5.3. Let v, u and g be as in Lemma 5.1. For every y = (t,z) denote by &, the
measure g,(v).L* of M(R). Then there is a Borel set A with v(R*\ G) = 0 such that for
every y € A the following holds:

If v*° € T'(y,v) then the product measure &, x v>° is in T(y, jn); (37)
If > € T(y, p), then there is v>° € T(y,v) such that p> = &, x v>°. (38)
Warning 5.4. We stress on the fact that §, x v>° is a product, that is

/ p()b(t, ) dig, x v7)(u,1, 1) = / o(v) dg, (v) / () dv>(t,z)

Proof. First of all select a countable set {¢, } C C.(R) which is dense in the uniform topology
on compact subsets. We define the functions

o) = gl wnlto) = [l do
We define the set
G = {y|y is a v—Lebesgue point for w and wy, and w(y) # 0}.

Thanks to Lemma 5.1 we have v(R?\ G) = 0. We prove only (37), the proof of (38) being

analogous. Fix y € G and v* € T(y,v). Thus there exists a sequence v¥"™ of rescaled
measures converging to v*>°. Let ® € C.(R?). Note that

/(pk(v)@(t,x) dp?™ (v, t,x) = /wk(t,:p)@(t,x) dv?™ (t, x) (39)
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and that, since y is v—Lebesgue point for wy,

hm/’ wi(t, ) — wi( y))@(t,x)’dl/y’”(t,x) =0,

lirll% wi(t, z)P(t, z) dv¥"™ (t,x)(t,x) = lirl% wi(y)®(t, ) dv?™ (t, )

- / we(y)D(t, ) dv™(t, z) . (40)

Choose a subsequence of {r,} such that p¥™ has a limit y*. Being y a v—Lebesgue point
for w, we have that that

lim (R x B, (y))
rml0 v (B, (y))

— w(y) # 0. (41)

Then (40) and (41) imply

/(pk(v)@(t,x) du>(v,t,z) = wr(v)dE,(v) /Cb(t,x) dv™(t, x) . (42)

Recall that {¢x} is dense in C.(R). Hence, (42) holds for every ¢ € C.(R) in place of ¢.
The arbitrariness of ¢ and ¢ gives (37). O

6. AN AVERAGING LEMMA

In this section we prove an averaging lemma which will be used in the proof of point (c)
of Theorem 1.1.

Lemma 6.1. Let F,, : R, x R, x R, — R be L' solutions of the transport equations

atFn + f/(v)aan = v,un

(43)
F(v,0,2) = 0.
Assume that
o Fo,yi” =0 on (R\ L) x R}, for some bounded interval L;
e O*u" are all Radon measures;
o ||02u™]|(R x U) is a bounded sequence for every bounded open set U CC R?.
Let I be an interval such that infr | f”| > 0 and let p € C°(I). Then:
IFullzy mxvy s a bounded sequence for every U CC R?. (44)
The functions Z,(t,z) = /1/1 w(v,t, ) dv are weakly precompact in L}, (45)

Proof
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6.1. L' bound. In this subsection we prove (44). Choose balls B C B’ C R?. Since d9?u"
is a measure and p* = 0 on (R\ L) x R7,, it is immediate to check that [|0,u"[|(R x B’) is
bounded. The ball B’ will be chosen later.

By standard arguments (e.g. using convolution kernels in ¢, x) for every n we can find L!
functions G,, and g, satisfying the following conditions:

e For Z'-a.e. v, the functions G,(v,),gn(v,) € C*(R?) and satisfy the transport

equation
ath + f/(v)axGn = 0On
{G(va):O (46)
[ ] ”F G ”Ll (RxB') > % and ”gnHLlRXB/ < Havlu ”(R X B/) %

Since ¢, (v, -) is smooth we can explicitly compute

Gn(v,t,x) = /0 n (x +(r—t)f'(v),, ’U) dr . (47)

Take the absolute value and integrate in ¢ and z. Recall that f/ € C'(L) and thus is bounded
on L. Then there exists a constant C' such that, if the ball B’ is large enough, then

/|Gn(v,t,x)|dtdx < Ol (0, Wy forve L. (48)
B

Note also that the size of B’ depends only on the size of B and on supy, |f’|. Integrating (48)
in v and recalling that G, =0 on R\ L, we get ||G,||1mxn) < C||Oupin|| L1 mxs)-

6.2. Weak L'-precompactness. It remains to show that {Z,} is weakly precompact.
Define g,, and G, as in subsection 6.1. Our claim reduces to the local weak L' precompactness

of the functions
= / Y(0)Gy(v,t,x) dv,

We restrict to a compact set of RQ, say a ball B. To show the weak L'-precompactness of
Q, in B, it is sufficient to show that for every € > 0 there exists 0 > 0 such that

J.o
E

Recall that the g,’s are supported in L’ x R? for some bounded L’. Thus, since the velocity of
propagation of the transport equation is bounded, we can truncate g, smoothly to 0 outside
a compact set of R?, without affecting the value of €2, in the ball B. Hence, we assume that
the g, are supported in I x [—C, C]?, for some constant C'.

We split E into that E = EN{t > 0} and E- = EN{t < 0}. Since the estimate is
the same, we only show the one for E and for simplicity we drop the plus. Using (47) we
compute

/ //R21E” /w /gnU79€+(T—t)f())devd:zcdt.

We rewrite the integral as

////1E(t,x) Lio(7) ©(v) gu (v, 7y + (7 = ) f'(v)) dT dv dz dt

If £ C B satisfies Z*(F) < 4, then we have lim

nloo

< e. (49)
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We change variable by putting y = z + (7 — ) f’(v) and we get

////IE(t,y+ (7 = 1)f'(v)) Lo.g(7) (v) gu(v, 7,y) d7 dv dy dt

We now integrate by parts in v and get

//// [/ 1p(t,y+ (t—1w )dw} L10.4(7) [¥'(0)gn(v, 7, y)+10(0)Dygn (v, T,y)] dr dv dy dt
where 7 is the left endpoint of the interval I. The functions
Ou(v,7y) = [V (V)ga(v,7,y) +(v)0ogn(v, 7, 9)] .

are supported in a compact set I x [—C, C]?. Thus we rewrite the integral as

/// [/ (/ Lg(t,y+ (t = 7w )dw) 1]T,C](t)dt] On(v,7,y)dydr dv.

Recall that the L! norm of the ©,,’s is bounded. Thus, if we define the functions

W, 7,y) = / /1Ety+t—r)f( ) dwdt. (50)
we just need to prove that for any € > 0, there exists 4 s.t.:
L*E) < 6§ = sup |V (v, 7,y)] < €. (51)

(v, y)eIX[-C,CP

Since the sets F and E + (0, y) have the same area, it suffices to show (51) when y = 0. By
changing coordinates with ¢ =t — 7, this reduces to estimating

C—1 pv
sup / / 1g(c+ 1,0f (w))dwdo . (52)
vel,7e[-C,C1 J0 n
Hence, it is sufficient to bound
2C v
sup/ / 1g(c+ 1,0f (w))dwdo.
vel JO n
Since E and E + (7,0) have the same area, it suffices to bound
2C v
sup/ / 1g(o,0f'(w)) dwdo . (53)
vel Jo n

Recall that inf; |f”| > k > 0. Thus we can change variable by putting z = o f'(w), getting
2C af’(v) d
sup /{_1/ / 1p(0, 2) &~

wvinl 0 af'(n) o

We split E into two parts: Ey := EN{oc < A} and E \ E\. Then

2C af’(v) d 2C af’(v) d
/{1/ / 1g, (0, 2) Yo < /11/ / 1ioery(0,2) &

0 af'(n) o 0 af'(n) g

A
< 2suplf(w) ~ ) = G

vel

do .

do




Whereas,
L2 (E)

do <
7= KA

CONCENTRATION ESTIMATES FOR ENTROPY MEASURES 15
af’(v) dz
/U 1E\E,\ (07 Z) ;

20
K1 /
0 1 (n)

Thus, for every ¢ > 0, we first choose A so that C1A < ¢/2 and then we choose § such that
§/(kX) <e/2. Clearly, Z?(FE) < ¢ implies

2C  pof’ (v dz
sup k- / / (0,2) —do < ¢,
vel af'(n) o

which gives (51). This completes the proof. O

7. CONCENTRATION—RECTIFIABILITY

We now come to the proof of (c¢) of Theorem 1.1. Recall the definition of the (convex)
functions K(v,-) : R — R given by (6). Define the set Kr as the pairs (7, ¢) such that
there exist real numbers vq,... ,v,, a1,...,q, such that

= i%‘K(Uz‘,') Zaz (vs,-)
i=1

It is not difficult to see that for any convex entropy—entropy flux pair (7, ¢) there is a sequence
{(ni,q:)} < {Kr} such that n; — 1 and ¢; — ¢ uniformly on compact sets. Thus it is enough
to prove that (c) holds for the entropies of {Kr}. By linearity, it is sufficient to prove (c) for
(K(v,-), f(K(v,-))) for each v. Thanks to (c¢’), it is sufficient to show that each u, of (29)
is concentrated on J. Recall that

Ox + f'(V)x = Oupr
Thanks to Lemma 5.1 (and to the continuity in v of K (v,-)) we only need to show that v is
concentrated in .J, where v is the x,t-marginal of x (see Section 5).

7.1. Setting and blow—up. We argue by contradiction using a blow—up argument. Let A
be the set of Proposition 5.3. If v is not concentrated on J, then there exists y € A\ J such
that T'(y, u) # {0}. From (a) in Theorem 1.1, we know that

y is a Lebesgue point for u. (54)
Without loss of generality, assume that
y =0 and  wu(0) = 1. (55)

So fix a > € T(0,r) which is non—trivial and a sequence 7, | 0 such that v%™ — v> in
the sense of measures. Thanks to Proposition 5.3,

p% converge to go(v) L x v>°(t, x). (56)

Moreover, since by Lemma 5.1 g/, is a measure for v—a.e. A, without loosing our generality
we can assume that gj is a measure. Let us go back to the kinetic equation dyx + f/(v)d.x =
Opt. We make a radial change of coordinates (¢,z) — (r,t,r,z). We denote by yx, the
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function y in the rescaled coordinates, that is, x,(v,t, x) := x(v, rpt, r,x) and for simplicity
we put u" = ™. Then, we can rewrite the kinetic equation as

a%+ )X = aum, (57)

n

where «,, are suitable constants.

7.2. Comparison with the free transport. Since gj is a measure (and is supported on
a compact set), g{ is BV. Hence, g} is continuous except for an (at most) countable set.
Moreover gy # 0, otherwise T'(0, 1) would be the trivial set {0}. Thus we can fix an interval
I such that

gy # 0 on 1. (58)
For the sake of simplicity, assume
go<0onl=[n¢and0<n<&<1l=u(0) (59)

(it is easy to see that in the other cases we can argue similarly). Since f” vanishes finitely
many times, we can assume

irllf|f”| > 0. (60)
Finally, without loosing our generality, we can impose that
v> is non trivial in the ball B;(0), that is »>°(B;(0)) > 0. (61)

Recall that the x,, are the characteristic functions of sublevel sets of rescalings of the initial
function u. Thus, using Fubini—Tonelli Theorem and the monotonicity in v of y,, we have:

For almost every T' < —1, x,(v,-) has a trace on the line {t = T'} for each v. (62)

T will be chosen later so to fulfill appropriate requirements (see subsection 7.3). We denote
by x/ the solution of the free transport equation

oxid, + f'(0)duxi, = 0

(63)
(v, T,x) = xo(v,T, 7).
We define the functions
n\Y ta -/ ) ta
Fota) o X t3) (0 1)
Qi
and note that they solve the transport equation
OF, + f(v)0.F, = Opu™
(64)

F(v,T,z) = 0.
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7.3. Contradiction. In the next subsection we will prove that there is a subsequence n(k)
such that

On I x R?, the F,y's converge, in the sense of measures, to a nonnegative w. (65)

Here we show how (65) yields a contradiction. Fix a segment a on {t = T} and a line
¢={t="T}. Both T, T" and a will be chosen later. For each w, consider the two adjacent
segments (say b, and d,,) parallel to the vector (1, f'(w)), starting at the endpoints of a and
ending when they meet /. Finally we denote by ¢, the segment of ¢ which, together with
Ay, by and ¢, forms a parallelogram P, (see Fig. 1).

Denote by n < & the two endpoints of I and consider the three-dimensional S :=
Uwepyel Lo~ The set S is bounded by the four planes {t =T}, R x £, {v = n} and {v = {}
and by two ruled surfaces I'; and T'y. We first choose a nonnegative function ¢ € C1(S) with
the following properties:

¢ = 0 in a neighborhood of R x ¢ and is constant in a neigh. of {t =T}; (66)
(0 + f'(w)0,)e < 0 everywhere on S; (67)
¢ >1on I x B(0). (68)
It is easy to construct ¢ “slice-by-slice”, i.e. constructing each ¢(v,-) € C*(P,), provided

that: {t =T} and ¢ = {t = T"} are sufficiently far from B;(0) and a is sufficiently large; see
Fig. 1. This choice can be clearly made (recall that a.e. T' < —1 satisfies the trace—condition

(62)).

B1(0)

© is constant

{t="1}

FIGURE 1. The parallelogram P, and the shape of (a typical) ¢ on P,. In
the rectangular region ¢ grows from 0 to a constant and depends only on
t+ f(w)x

Next, we choose a nonnegative function ¢» € C*(S) such that

»=0onTyand I'y and ¢y =1 on I x B;(0)
(O + f(w)0,)Yh = 0 everywhere on S.

Moreover, we fix a smooth nonnegative bump function ¢ supported on I and equal to 1 on
some interval L. Thus, the nonnegative function ® = (i € C1(S) satisfies the following
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conditions:

(0 + f(w)d,)® <0on S and (0, + f'(w)9,)® =0 on 9S (69)
® = 0 in a neighborhood of S\ {t =T} and ® =1 on L x B;(0) (70)

Finally, we claim that 7" can be chosen so that
v*{t=T}) = 0. (71)

Since the T"s for which v*°({t = T'}) are countably many, this is certainly possible.
Test (29) with the function ®. Since ® vanishes on a neighborhood of 95\ {t = T'} and
F, =0 on {t =T}, we can integrate by parts and get

—/ [(at—kf'(v)am)@(v,t,x)} F,(v,t,x)dwdtde = /@(v,t,x) d(Opp™) (v, t,z) . (72)
S S

Since (0; + f(v)0,)® vanishes in a neighborhood of 05, thanks to (65), we can pass to the
limit in the left hand side and we conclude that this limit is

/S [ — (9, + f’(v)@m)@] dw(v,t, ). (73)

Since w is a nonnegative measure and the integrand in (73) is nonnegative, the number (73)
is nonnegative.

Note that d,u™ converges, in the sense of measure, to 9,u™ = gf£" x v>. Moreover, by
(71), v>*°({t = T}) = 0, whereas ® vanishes in a neighborhood of S \ {t = T'}. By classical
theorems on the weak convergence of measures, these conditions imply that the right hand
side of (72) converges to

/@d[@v,uoo] : (74)
s

Recall that, because of (59), 0,u* is a nonpositive measure on S and that, by (61), we have
Opi1™°(L x B1(0)) < 0 for every interval L C I. For one such interval, we have ® = 1 on
L x By(0). Since ® > 0, this implies that (74) is a negative number. By (72), (73) should
be equal to (74), which is a contradiction.

7.4. Fy converge to a nonnegative measure on [ x R?. It remains to show (65). Since
(60) holds, we can apply Lemma 6.1 to get

[ Fally mxw) 1s a bounded sequence for every U CC R2. (75)
Thanks to (75) we can extract a subsequence which is converging in the sense of measures

to a measure w. Fix a nonnegative » € C°(I). Again thanks to Lemma 6.1 we have:

loc*

En(t,z) = /w(v)Fn(v,t,x) dv are weakly precompact in L} (76)

We will show below that this implies:

If = is limit of a subsequence of Z,,, then Z,, > 0. (77)
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Note that (77) gives [ (v)¢(t, z) dw(v,t,z) > 0 for all nonnegative functions ¢ € C([),
¢ € C>(R?). By a standard density argument, we get [ ®dw > 0 for every ® € C.(I x R?).
This gives (65). We now come to the proof of (77). Recall the following facts

Foo = (xn —x3)/ (78)
Xn (v, -) is the characteristic of the v—sublevel of a suitable rescaling of u;  (79)
x/ is defined via (63); thus its range is contained in {0, 1}; (80)
0 is a Lebesgue point for u, I = [n,£] and 0 <n < & < 1 = u(0). (81)

Define the set
Ay = {z € R¥xu(n.t.x) > 1}
and fix any compact set K C R?. (79) and (81) imply that
LK\ A,) | 0 fornT oo.

Moreover (79) implies x, (v, ) < xn(w,-) for every 0 < v < w. Hence y,(v,-) =1 on A, for
every v € 1. This, together with (78) and (80), implies

F.(v,t,x) > 0 for every v € I and every (t,z) € A,,.

Hence Z,, > 0 on A,,. Thanks to the weak L!'-precompactness of {Z,} we have

lim/ }En(t,x)’ dtdxz = 0.
n A,
This implies Z, > 0 for any =, which is limit of a subsequence of {Z,,}.
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