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REGULARITY OF SOLUTIONS TO SCALAR
CONSERVATION LAWS WITH A FORCE

BENJAMIN GESS AND XAVIER LAMY

ABSTRACT. We prove regularity estimates for entropy solutions
to scalar conservation laws with a force. Based on the kinetic
form of a scalar conservation law, a new decomposition of entropy
solutions is introduced, by means of a decomposition in the veloc-
ity variable, adapted to the non-degeneracy properties of the flux
function. This allows a finer control of the degeneracy behavior
of the flux. In addition, this decomposition allows to make use of
the fact that the entropy dissipation measure has locally finite sin-
gular moments. Based on these observations, improved regularity
estimates for entropy solutions to (forced) scalar conservation laws
are obtained.

1. INTRODUCTION

We consider the regularity of solutions to scalar conservation laws
(1.1) O+ divA(u) =S on (0,7) x R"

u(0) =uy on R,
for S € L'([0,T] x R"), ugp € L'(R") and A € C?*(R;R") satisfying a
non-degeneracy condition to be specified below.

In the special case, n =1, S = 0 and A convex, the one-sided Oleinik
inequality for entropy solutions can be used to obtain optimal regularity
estimates for (1.1). More precisely, assuming in addition that

o @ - aw)

(u,v)ER2, u#v |u — U|Z

> 0

for some | > 0, Bourdarias, Gisclon and Junca have shown in [4] that

bounded entropy solutions for (1.1) satisfy wu(t) € éc_ E’K(R) for all
t,e > 0. A typical example is A(u) = |u|*™, £ > 1. For a flux function
A that fails to be convex, n = 1, S = 0, the same regularity can be
obtained under some restrictive assumptions on the zeroes of A”, by
combining results of Cheng [6] and Jabin [14].

In multiple dimensions, or for S non-smooth, these arguments do not
apply anymore. In this case, the best known regularity estimates rely
on the kinetic formulation of (1.1), as introduced by Lions, Perthame
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and Tadmor in [17]. In this work it was observed! that if u is an entropy
solution to (1.1) then the kinetic function

(12) f(tv xz, U) = ]10<’v<u(t,x) - ]10>’v>u(t,x)
satisfies
(1.3) O f +a() - Vuf = 0ym + 0y=yS,

for some Radon measure m > 0 and a := A’. Based on this and on
averaging techniques, regularity estimates for bounded entropy solu-
tions to (1.1) have been obtained in [17] assuming a non-degeneracy
property for the flux A and S = 0. For the special case of (1.1) with
A(u) = u**! this leads to

<4€+1
1+2£’p 2041

In this work, we provide improved regularity estimates in the case ! > 1,
based on a careful treatment of the degeneracy at u = 0.

(14)  weWP(0,T) x R") Vs <

loc

Regularity estimates for scalar conservation laws. The improved
regularity estimates for the special case A(u) = u‘*! will be obtained
as a consequence of a general regularity result for possibly higher di-
mensional fluxes A(u) with a finite number of degeneracy points. To
state this result precisely, we need to introduce technical assumptions
satisfied by the velocity field a(u) = A’(u), which quantify the “degree
of nonlinearity” at these isolated points and away from them. Loosely
speaking, we ask that:

e The overall nonlinearity be “higher” than some threshold rep-
resented by a number o € (0,1], where o = 1 corresponds in
one dimension to the least degenerate flux A(u) = u?/2 and
a = 1/f to the degenerate flux A(u) = u**!. See (1.6) below.

e The flux at the degeneracy points be “flatter” than some thresh-
old represented by an exponent x > 0, where kK = ¢ — 1 cor-
responds in one dimension to the degenerate flux A(u) = u‘*!
with ¢ > 1. See (1.7) below.

e The nonlinearity away from the degeneracy points be “higher”
than some threshhold 5 > « (that is, strictly higher than the
overall nonlinearity), in a way quantified, as one approaches a
degeneracy point, by an exponent 7 > 0 (the higher 7 is, the
faster nonlinearity is “lost” as one approaches the point). In
one dimension, the flux A(u) = u**! corresponds to 3 = 1 and
7 =/{—1. See (1.8) below.

More specifically, we consider a velocity field a € C'(R;R™) such that
the set of degeneracy points

(1.5) Z :={d =0} islocally finite

'In fact, [17] treated the case S = 0 but the same applies to non-vanishing S.
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and assume that there exist o < § € (0,1] and k,7 > 0 such that for
any bounded interval I C R, and A,d > 0 it holds
(1.6) sup {vel:|T+a)- & <} <09,
T24¢|*=1
(1.7) sup ld’(v)] < ¥,
vel, dist(v,Z)<A
(1.8) sup  [{v e I: dist(v,Z) >\, |7 +a(v) & <6} S AT
T24¢|*=1
Here the symbol < denotes inequality up to a multiplicative constant
that depends only on the interval I and the velocity field a. Note that
since [ is bounded, (1.6)—(1.8) are trivially satisfied for 6, A large.

We are now in a position to state our main general result on the regu-
larity of entropy solutions to scalar conservation laws.

Theorem 1. Let A € C*(R;R") satisfy (1.5)-(1.8), up € LY(R?),
S e LY[0,T] x R?) and u(t,z) be an entropy solution of (1.1) with
associated kinetic function f as in (1.2). Then, for all p € C°(R),

/f(t,x,v)¢(v) dv € WE((0,T) x RY) Vs < s,

where
Sx = (]- - 77)904 + 7]957
a E1
ea - ) = G, ) = = . =~
it =l n=p—g
1
Ey = min (/@ + 1, —) O,
«
2T T—1
Ey=max|——-r—1,——,0) b3,
i <B 8 ) ’
and the order of integrability r is given by
1 1- 1 146,
- = n—i_ia — = ) (a:aaﬁ)'
T Ta rg Ta 2

In particular, if ug € L®(R"™) and S € L>([0,T] x R™) then
uwe W20, T) x RY) Vs < s,.

loc

We next provide several examples of fluxes A satisfying the assumptions
(1.5)-(1.8).

Example 2. Let A € C?(I;R") for some interval I C R.

(1) Let A € C*([;R), n = 1. The valuation of A at v € I is
defined as m4(v) = inf{k > 1: A®*+D(v) £ 0}, the degeneracy
of Aon I is my :=sup,e; ma(v). If 0 < my < co we say that

A is non-degenerate of order m 4. In this case (1.6) is satisfied
with a = 1/my (cf. [3, Lemma 1]).
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(2) Let @’ be k-Holder continuous, i.e. A € C*™*(I;R™). Then (1.7)
is satisfied.
(3) Assume n =1, (1.5) and that for some 7 > 0 and all A > 0

A S inf ld'(v)].
vel, dist(v,Z) >\
Then a satisfies (1.8) with g = 1.
(4) Let A(v) = sin(v) or A(v) = cos(v). Then A satisfies (1.5)-(1.8)
with a =1/2, 6 =1and Kk =7 =1 (cf. Example 5 below).
(5) Our model one-dimensional velocity field a(v) = v satisfies
(1.5)-(1.8) witha=1/{,f=1and k=7 =/{(— 1.

The regularity for entropy solutions in the special case A(u) = u*! is

an immediate consequence of Theorem 1.

Corollary 3. Let £ > 1, ug € L'(R), S € L'([0,T] x R) and u(t,z)
be an entropy solution of (1.1) with n = 1, A(v) = o[ or A(v) =

sgn(v)|v|™" and associated kinetic function f as in (1.2). Then, for
all ¢ € C=(R),
$ n . 1 1
/f(t,x,v)gzﬁ(v) dv € W2H(0,T) x R") Vs < min (5’ H—1> ‘

In particular, if ug € L>*°(R™) and S € L>([0,T] x R™) then

1 1
u € MGZ;((O,T) X Rn) Vs < min (g, H—l) .

Motivated by some ideas going back to Tadmor and Tao [19], the proof
of Theorem 1 relies on introducing a new decomposition of entropy
solutions u which allows to make use of the fact that apart from the
degeneracy at u = 0, the flux A(u) = u*! has non-vanishing second de-
rivative. Using this aspect alone we show that it is possible to improve
the regularity in (1.4) to s < 2%6 In the literature, a key draw-back of
the methods to estimate the regularity of solutions to (1.4) based on
averaging techniques is that these methods are not able to make use of
the sign of the entropy dissipation measure m in (1.3). Indeed, these
arguments could only use that m has locally finite mass. In contrast,
we make use of the observation that for entropy solutions to (1.1) the
entropy defect measure m has, thanks to its sign, locally finite singular
moments, that is, |[v|”"m has locally finite mass for all v € [0,1). This
is, to our knowledge, the first time that a kinetic averaging lemma man-
ages, when applied to scalar conservation laws, to take advantage of the
sign of the entropy production (see also [11]). Specializing our results
to the particular case A(u) = u!™! we obtain the following result.

Remark 4. Solutions of (1.1) for which the entropy dissipation m is
only assumed to be a locally finite signed measure are sometimes called
quasi-solutions [8]. For the model case in Corollary 3, the arguments in
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[17] still apply to this larger class of solutions and provide the regularity
(1.4). However, when /¢ is an integer and S = 0, Crippa, Otto and
Westdickenberg obtain in [7, Proposition 4.4], without using averaging
lemmata, a better order of differentiability s < 1/(2 + ¢) which has
been shown to be optimal by De Lellis and Westdickenberg [9]. In the
case where A is convex, Golse and Perthame [12] provide a proof of
the same regularity that could be adapted to the presence of a forcing
term S. Our arguments yield this optimal order of differentiability
s < 1/(2+ ¢) for quasi-solutions and for all A as in Corollary 3 and in
the presence of the forcing term S.

Example 5. Consider (1.1) with flux A(v) = sin(v) or A(v) = cos(v),
up € L*(R) and S € L*([0,7] x R). Then

1
uwe W2 ((0,T) x R) V3<§,r§§

loc )
2
despite the existence of degeneracy points, i.e. {v € R: A”(v) =0} #
(. This improves the previously known regularity of s < £ [17].

Our estimates are based on the strategy introduced by Lions, Perthame
and Tadmor in [17], namely applying averaging lemmas to the kinetic
formulation (1.3). Accordingly, a general regularity estimate for solu-
tions to kinetic equations will be given in the following section.

Averaging lemmas for kinetic equations. It is a well-known phe-
nomenon that under suitable nonlinearity assumptions on the velocity
field a(v), velocity averages of f solving (1.3) are more regular than
f. In [17], Lions, Perthame and Tadmor use the following assumption:
there exists an a € (0, 1] such that for every bounded interval I C R,
and all 6 > 0,

(1.9) sup {vel:|r+a(v)- & <} <o
2 ig[2=1

Note that this is exactly our assumption (1.6). They prove that if (1.9)
holds and f € L? solves (1.3) with m € L9 for some p,q € (1,2], then
for any bump function ¢ € C2°(I), the velocity averages

F(t,2) = / £t 2, 0)6(0) do,

satisfy

. . afp 1 1-6 6
e W ((0,T) xR™), Vs<0= , —=——+—.

FE Wiaell01) R A —UD+2 7 p

In [19], Tadmor and Tao introduce the additional assumption

(1.10) sup{|a’(v)~£|: vel, 2+ =1, |t +alv) ¢ < (5} < or.
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They prove that if (1.9)-(1.10) hold, then the velocity averages satisfy
alp 1_1—9’+9’
al/p =1/¢)+2—-p v p q
However, in many cases of interest this additional assumption is not
satisfied. As an example let us consider the velocity field a(v) = v*
for some ¢ > 1. Then (1.9) holds with o = 7 and this is used in [17]
to obtain that entropy solutions of (1.1) enjoy differentiability of order
s = 1/(1 4 2¢). On the other hand, choosing ¢ = —7 = 1/v/2 and

v = 11in (1.10) shows that one cannot do better than p = 0. Hence, for
a(v) = v* the result in [19] can not provide any improvement on [17].

fews Vs<@ =

loc»

Theorem 1 will be obtained as a corollary of a general averaging lemma
for the kinetic equation

(1.11) Ohf+a) -Vef =0,9+h onR xR! xR,.

As outlined above, our argument is based on the idea underlying the
assumption (1.10) in [19] but requires a finer decomposition, relying on
our technical assumptions (1.5)-(1.8).

Theorem 6. Let a € C'Y(R;R") satisfy (1.5)-(1.8). Let p,q € [1,2]
with p > ¢q, v € [0,1] and o € [0,1). Assume that [ € LI (R; x
R WP(R,)) solves the kinetic equation (1.11) with

loc

L (R xRE xR,)  if g€ (1,p],

1.12) h, (1 + dist(v, Z)™7
(112) A, (1 + dist(o, 2) ”6{/\4100(&%;%) fa=1

Then, for any ¢ € C*(R), the average f(t,z) = [ f(t,z,v)¢(v)dv
satisfies
feW (R, xR?)  Vse|0,s,),

loc

where the order of differentiability s, is given by

se = (1 —1)0n +nbs,
By

a/p
ea: = 5 )
=112 ek n=gTE
_ 2 ,
N (1
pe[1+0p,,p] (1, 00),

£y = min ((% +), é - (1= 7)) Ocs

2T T—1
FEy = max ——/@—’y,—+1—’y,0>9,
i (ﬁ 8 ’
and the order of integrability r is given by
1 1- I 1-0, 6,
- = U — = +E (a = a,p).

r To rg’ Ta P



SCALAR CONSERVATION LAWS WITH A FORCE 7

The proof of Theorem 6 consists in splitting the velocity average into
velocities which are close to the degeneracy set {v € R : dist(v, Z) < A}
and far away from it {v € R : dist(v, Z) > A}. Close to Z, assumption
(1.6) only allows us to obtain a differentiability of order 6, by arguing
as in [17], but assumption (1.7) allows us (in the spirit of [19]) to
estimate the corresponding norms with A\**. Away from Z, assumption
(1.8) allows us to obtain differentiability of the better order 63, with a
corresponding estimate in A~2. Then optimizing the choice of \ yields
the conclusion.

Notation. All along the proofs of the main results Theorem 6 and
Theorem 1 in Section 2 below, the functions f, g, h will be fixed, as
well as the cut-off function ¢, and we will systematically denote by C' a
constant that may depend on these functions and may change from line
to line, but that will be independent of the interpolation parameters A
and 0 to be introduced.

Further, 7 = F; , denotes the Fourier transform in the (¢,x) variables
and for (7,£) € R""! let

1
(7',€) = —==—=—=(7.,§),
VR
so that (7/)? +|¢'|* = 1. For p > 1 we let p’ be the conjugate exponent,
that is, }% + }% = 1. For Z C R, dist(v, Z) :=inf ez |v — 2|.

Structure of the paper. The plan of the paper is as follows. In
Section 2 we present the proof of the main results Theorem 6 and
Theorem 1. Some background material on scalar conservation laws
with an L'-force is presented in Appendix A. In Appendix B we recall
a basic LP estimate for Fourier multipliers.

2. PROOFS OF THE MAIN RESULTS

Reduction to ZNsupp ¢ = {0} and localization. If ZNsupp ¢ = ()
then Theorem 6 does not improve on [17], so we may assume that
Z Nsupp ¢ contains at least one element. If ZNsupp ¢ = {v1,...,un},
we may choose a smooth partition of unity ¢;(v)+---+¢y(v) = 1 such
that Z Nsupp ¢; = {v;} forall j € {1,...,N}. Since f = fi +---+ fn
with f; = [ f(t,z,v)¢(v)¢;(v) dv, it suffices to prove Theorem 6 in the
case where Z Nsupp ¢ contains exactly one element. Translating v, we
may moreover assume that this element is 0.

Note that we may moreover assume that f, g, h have compact support:
for ¢(t,xz,v) smooth and compactly supported, the function f = ¢f is
compactly supported and satisfies

(2.1) O f +alv) Vuf =8,§+h,



8 BENJAMIN GESS AND XAVIER LAMY
with
h = f0i$+ a(v) Ve — (0u0)g + h
¢g-
We note that 71, g are compactly supported and satisfy (1.12) since

q=p
Hence, the assumptions (1.7)-(1.12) become

Qe
I

(2.2) sup |d'(v)| < N7,
vel, |v|<A

(2.3) sup v el:|v| >N\ |7+aw)- €& <o} SAT°,
T2 4¢|*=1

LI(R, x R* x R,) if ¢ € (1,2],

2.4 h, (14 v
(2.4) (1 + v )QE{M(Rthﬁva) if g = 1.

Separating small and large velocities. We fix a bounded interval
I C [-A,A] C R and a bump function ¢ € C(I). We further fix a
cut-off function 7, € C°(R) satisfying

m(v) € [0,1] for all v € R,
m(v) =1 for [v] <1, n(v) =0 for |v| > 2.
Then we set 1, := 1 — 1y, so that for any A > 0 it holds

| T = [ e nosem G [ i oowm)d
=AM f+ A

Note that for all A > A we have A}f = f and A3 f = 0 so that in the
sequel we will only need to consider A < A.

(2.5

Since Ay f does not see small velocities, we could use assumption (2.3)
and obtain from [17] that A3 f has differentiability of order s = 5. In
contrast, for A} f we can only use (1.6) to see that it has differentiability
of order s = 0, < 3. But our assumptions allow us to take advantage
of the fact that A}f only sees small velocities in two ways: first, by
using that a/(v) is small thanks to (2.2) — along the idea that led to
introducing the assumption (1.10) in [19]; and second, by using the
finite singular moment assumption (2.4) on g. That way we find that
the estimate for A7 f comes with a constant that goes to zero when A
approaches zero (cf. Lemma 7 below). On the other hand, the estimate
for Ay f comes with a constant that blows up when A\ approaches zero
(cf. Lemma 8 below).

Lemma 7. For all s € [0,0,) there exists a constant C' > 0 such that
for any A < A it holds

142 [l < CX*,
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where Ey s given by
1
E; = min <(Ii +7), o (1— 7)) 0,

Proof. The proof will follow the strategy of [19, Averaging Lemma 2.1],
the main difference residing in the fact that we want to keep track of
the dependence on A of all the estimates.

We fix ¢y(z) supported in |z| < 2 and 1), (2) supported in 1/2 < |z| < 2
such that

L=(z)+ Y ¥i(272), VzeC.

Jj=>1
For any 6 > 0 we decompose f as
(26) f:f0+f1>

where

e p=rw (TS gy

fl:zf‘%(” +;i¢((5 )ff Zf)'

j>1 j>1
Then we estimate the L norm of A}f° and the W' norm of A} f!
and conclude using real interpolation.

We treat first the case ¢ > 1. Invoking Lemma 13 and using (1.6) we
have

A O], <C sup [{vel:fo] <2) |7 +a(v)- € <20}
T24€*=1
(2.8) < C'min(6%, )P,

Using (1.3) in Fourier variables yields, for all (7,&,v) € R*™ such that
'+ i - a(v) # 0,

1 1
= e viE oy’ *It
_E(A 2L
= F(-Au) 0 1ir’+i§’-a(v)}~(avg+h)‘

Hence, setting ¢ (2) := 1(z)/z we find that for j > 1 we have

1 [~ [ir+ia(v)- €
g g (780 Fogotom (2)

s /qb1 (%5)6/) Fho(v)m (;) dv.

Integrating by parts thus yields
F(=B0a) 241
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- % s [0 (ot -7 ot (5)
~ 35 | O (2—5()) ol Flol g s(o)a () do
%/% (W) o Flol g ¢/ () (5 ) do

bos [0 () oo (3) v

Invoking Lemma 13 with p = g,0 = 0,7 = ¢/, recalling that £ is a
bounded L? multiplier, that [v| g € L? and using (2.2), we deduce

42D g < C(27267200(206)7 4 2776710071 (276)7

o o
7 7

o
7

27957\ (275) s +2—j5—1<2ﬂ‘5)%)

< C(27U§ 2N (298) 0 4 27967 INTL(294) 7).
In the second inequality we were able to discard the two last terms in
the previous line because A < A and v < 1. Since a < ¢/, summing
over j > 1 yields

(2.9) 427 [0 < C(872F 0 N7 67 H 7201,
From (2.8)-(2.9) we obtain for all ¢ > 0 that
W17q>

< (8% + 107 PN aov ),

Kt Ad) = it (]
A} f=f0+f1

]?1

—|—t‘
P

Next we optimize in 6. We choose it of the form § = t*A?, where b will
be chosen later and a is determined by balancing the powers of ¢ in the

first two terms:
« o D
a—_:1+a(—/—2) i.e. azgéa.
p q «

(L AN) < C(NF + (724t | 200 Ab(ifl)ﬂl),

This gives

Note that the last term is small for small £. On the other hand for large
t we can use the fact (obtained from (2.8) by sending 6 — oo) that

143f],, < O,
to deduce, for any pu > 0,

e gy < o 40 # AT G o<
R W Y for t > p.
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Next we choose i in order to balance the last terms of the above two
lines, i.e.
p = oo (5+(1-5) 1),

and conclude that
KR 2O 5 (sl

Finally we want to choose b to optimize the above powers of A : set

r gb )
p
a
E; := sup min kt+y—=(2== )b
beR q
1

(1—@(1—7)—@(1—g)b>
la+p q J

We denote by Lj(b), Lo(b), L3(b) the three affine functions of b ap-
pearing in the definition of E;. Since L; is increasing and Lo, L3 are
decreasing, the function min(Ly, Ly, L3) is bounded from above, thus
FE < +00. Moreover E is given by

E1 = min(Ll(Ll = Lg), Ll(Ll = Lg))

~ min <(/<c+'y), é - 7)> 6.

Then, denoting by ||-||, the norm in the real interpolation space [L?, W],
(see e.g. [2] for definition and properties), we have

142l < €A™,

which implies the conclusion of Lemma 7.

In the case ¢ = 1, we obtain the same estimates, but the space W14 =
(=A;,)"Y2L has to be replaced with (—A;,)~Y/2M. Since this space
contains W#*! for all s < 1 we still obtain the conclusion. U

Lemma 8. For all s € [0,03) there exists C > 0 such that for any
A < A it holds

HA%JCHW”& < C)‘_E2>

where Ey is given by

2T T—1
Fy = max ——/{—7,——%1—%0)0.
i <f3 E ’

Proof. As in the proof of Lemma 7 we consider the decomposition (2.6)
and treat first the case ¢ > 1.
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Let n(v) = m(v/2) — m1(v), so that 7 is supported inside {1 < |v| < 4}
and 7(v) = Y50 7(v/2%). Hence, it holds

A= A0f

k>0

AP s = [ 1tz 000)7 (55) v

. Fix k>0 and let p := 2F ), so that
s

Next we estimate HAgk) f

AP S = [ 1tz 00000/ do
—Z/fj)txv )(v/,udv—ZAk)f

ji>1 j>1

with f) defined as in (2.7). Analogously,
APL = [ £t 00w n) do

Note that Agk) f is nonzero only for k such that p = 28\ < A, since ¢
is supported in [—A, A] and 7j(v/p) vanishes for |v| < p. By Lemma 13
and assumption (2.3) it holds

|A97| <c s ol auz ol 2 p b+ a()g) < 2617
T24£2=1
(2.10) < C'min(u™76", ,u)%

As in the proof of Lemma 7 we have

F(=A, )1/2A(k)f(j)
- 5 [ (TS Yl ¢l g0 ()

S R G s T C R

~ o5 [0 (TS e g e (£)
it +ia(v) - € (v

+55 [ (—2]5 )fhcb(v)n (;) v

which yields, using assumptions (2.2)-(2.4),

< C<5 2+q’,u q,+n+w+5—1+§u—1—§+w>_

(2.11) HAg

Wia
Here as in the proof of Lemma 7 we estimated the third and fourth
term by the second term on the right hand side since they come with
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higher powers of ;1 < 1. The estimates (2.10)-(2.11) then imply
(k) Y . : 70 71
Kt AP = it (|7] )

A f=fo+ 1
T B B_o9 _T .k B_1 _1—1
gc(u—ﬁaﬁ T R ALY ot qfﬂ).

+t’
Lp

Equilibrating the first and the second term yields the choice § = $5% ub.
1

Since HAgk)fHLp < pu? we also have K(t,Aék)f) < 1forallt>0 We

thus obtain

R (t, A f)
T T 4ika~—b(2—E D T a~v—p(1=E
“eo M—5+blg+ﬂ o +rty—b(2-5) A b(1-5) for t < v,
v v fort > v.

o (1) 4

We choose v = ) to deduce
t 9K (t, AV f) < C(u*% b5 u‘§+"+”‘b<2‘§)
n u—Blﬂs(—1+ﬁ(1—w+;)+ﬁ(1—§)b))_

Then optimizing in b we set

(

] T
F = inf max — — K=
q

beR
1 (_ T _B
\6+p( 1+B<1 7Jrq’>+6(1 Q’>b>,

and obtain (recall u < A) that

(2.12) HAg’“)f

< C,u’E — 9—kE\-E
s

We denote by Li(b), Lo(b), L3(b) the three affine functions of b appear-
ing in the definition of E. Since L; is increasing while Lo, L3 are in-
creasing, the function max(Lj, Lo, L3) is bounded from below, thus
E > —o0. Moreover it holds

E =max(L, (L, = Ly), Li(L, = L3))

(2T T—1+1 )0
=maxX|——K—7,—— - .
3 A ’

If £ > 0, then summing (2.12) over k > 0 yields HAngHﬁ < C\E,
If £ <0, then summing (2.12) over those k satisfying u = 2"\ < A
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yields

[A3f]l, <CAF > @ F)F <oa PR < ¢
0<k<log(A/X)

Hence we conclude that HAé\f”eﬁ < O\~ max(E0)

To treat the case ¢ = 1 we argue as in the proof of Lemma 7. U
Proofs of Theorem 6 and Theorem 1.
Proof of Theorem 6. By (2.5), Lemma 7 and Lemma 8, for A < 1 and
t >0,
K(t,f):= inf (‘f” /! >
=0+t 05
< (|42, + #1441,

<C (AEl + t/\*EQ).

—l—t)
O

Choosing, A = tﬁ yields
Kt f) < Ctmitm — 1 Vi <1
Since Hﬂ’ea < C (as can be seen e.g. by choosing A = A in Lemma 7)
we have
K(t, ) <C|f|, <C vt>o.
Hence, f belongs to the real interpolation space

[[Lp’ W17q]91700a [Lp’ W17q]92,oo:| - [Lp’ WLq]G,oov

77700

where 6 = (1 —n)0, +nbs and the equality follows from the reiteration
Theorem of real interpolation. We further note that this space contains
W#=" for all s < s, = 6. This argument works for ¢ > 1 and for ¢ = 1
we may adapt it as in the proof of Lemma 7. U

Proof of Theorem 1. We apply the kinetic formulation for (1.1) (cf. Ap-
pendix A), that is,

[ = ]10<v<u(t,yc) - ]10>v>u(t,:p)a
satisfies, in the sense of distributions,
(2.13) Of+a(v) Vuf =0,m~+0,=,S on[0,7T] xR} xR,
for some Radon measure m > 0. We further note that
fe Y0, T] x R? x R,) N L™®([0,T] x R? x R,)
and f € L>([0,T] x R?; BV(R,)). Hence, by interpolation,
f e L2.(0.T] x R Wo2(R,))

for all o € [0, 3).
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For a bounded interval I C R, let ZNI = {z,...,zy}. By Proposition
12 below, |v — z]|* 'm has locally finite mass for every a € (0,1) and
i€1,...,N. It follows that dist(v,Z) 7m has locally finite mass for
any v € (0,1).

Let n € C°(0,7). Then f := fn satisfies (1.11) with g = mn, h =
Sp—uSn +nf and f € L2 (R; x R Wo2(R,)) for all o € [0,

1

loc 5)
We now apply Theorem 6 with p =2, ¢ = 1, any o € [0,1) and any
v € [0, 1), to obtain, for all ¢ € C°(R),

/ fodv e Wi

for all s < s,, where r is as in the conclusion of Theorem 1, and the
value of s, can be choosen, depending on ¢ and -, in the way described
by the conclusion of Theorem 6. It can be checked directly that taking
o arbitrarily close to  and ~ arbitrarily close to 1 allows to take s,

2
arbitrarily close to the value given by the conclusion of Theorem 1. [

APPENDIX A. KINETIC SOLUTIONS FOR SCALAR CONSERVATION
LAWS WITH A FORCE

In this section we present some brief comments on the extension of
the concept of kinetic solutions and their well-posedness for scalar con-
servation laws with an L'-force (1.1). This proceeds along the lines
of [5,18]. We will refer to kinetic solutions also as entropy solutions.

Definition 9. A kinetic/entropy solution to (1.1) is a function u €
C([0,T]; L*(R™)) such that the corresponding kinetic function

f(t7 xz, U) = X(U> U(ta w)) = ]10<v<u(t,x) - ]10>v>u(t,x)
satisfies, in the sense of distributions,
(A1) Of +a) -Vuf =0m+d,=,S on (0,7) xR"
fit=0 = x(v,u9) on R,

where a := A’, m is a non-negative Radon measure and
/m(t,x,v) dtdr < p(v) € Ly (R),

where LP(R) denotes the space of all essentially bounded functions
decaying to zero for |v| = oco.

Remark 10. For a comparison of the concept of renormalized entropy
solutions introduced in [1] and kinetic solutions we refer to [13]. A
proof that entropy solutions give rise to kinetic solutions is contained
in the proof of Theorem 11 below.
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Theorem 11. Let ug € L*(R"), S € LY([0,T] x R™). Then there is a

unique kinetic solution u to (1.1). For two kinetic solutions u', u* with

initial conditions ul, u2 and forces S*,S? respectively we have

sup | (u' () — u* (1) |y < (g — ug)+ /| )

(A.Q) t€[0,T7]
+ 15" = SZll L 0.7 xR -

Proof. Contraction: We first note that the function g(t, z,v) = Tyt
satisfies the same kinetic equation as f, since

f(ta Z, U) - g(t7 T, U) = _]lv>0 - ]lv:O]lu(t,m)z[) - ]lv<0]lu(t,x):v7
(&g + Cl(?)) . Vx)]lv<0 =0 in Dllf,x,v?

and 1,—o = Ly e)— =0 for a.e. (t,z,v).
The proof of the contraction inequality (A.2) relies on the identity
[ o= e =@~ ).

We introduce nonnegative mollifiers ®.(¢,z) and let the subscript ¢
denote the convolution in (¢, ) with ®.. In particular, we have

(0 + a(v) - Vi)ge = e + (Gumua)S(t, 7)) _,
where ((5U:u(t7x)S (t, x))E is the distribution given by
((Bomuea) S(t, 7)), O(t, 2,0))
= /S(t,a:) /G(S,y,u(t,a:))@g(s —t,y — x)dsdydxdt.

We also introduce a nonnegative cut-off function x(v). By dominated
differentiation, for any £1,e5 > 0 we have

T .= at/gall(l — ¢2,)x(v)dv + V, - /ggl(l — ¢2)x(v)a(v)dv
— [ X 2)0+ a(w) - Vg do

+ / X(W)gh (0, + a(v) - Vo )(1 — g2)dv
1 1 2
= llgl_I)r(l) (T6 + T(;) 3
where

T}(t,2) = / V)L = &2 (1,2, ) (B + a(v) - Va)gb, (t,2,0) ps(v — w)dudo,

Téz(t’ IL") = /X(U)gall (tv L, w)(at + CL(U) ’ vx)(l - 9522 (t’ Z, U))p(;(v - w)dvdw,
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and ps(v) is an even nonnegative mollifier. Using the equation satisfied
by ¢g' we have, for any nonnegative test function 6(¢, ),

(T5.9)

- —/mil(dt,dx,dv)@(t,x)x'(v) /(1 — g2, (t,z,w))ps(v — w)dvdw
- /mil(dt,dx,dv)ﬁ(t,x)x(v) /(1 — g2, (t,z,w))(ps) (v — w)dvdw
+ [ 00t.0) [ ' 5.0)0a (0 = 5.0 = pxu's.0)

[ ot 5.) = w)dudsdydrds.

The second term on right-hand side is nonpositive since w +— (1 —
g2, (t,z,w)) = (Ly>u2(ta))e, is nondecreasing. Moreover, since ps is
even, for any (¢,z,v) we have as § — 0,

[0 -tz wpesto - wydu
= /(1)62 (t -8 T = y) / ]lw2u2(s,y)p5(v - w) dwdey

- /% (t —s,2 —y)sgni (v —u’(s,y)) dsdy
2
- [Sgn—g(v - u2)]62 (ta J]),

where sgn (z) = 1(0..0)(2) + 3110}(2). Hence, we find
2

limsup (7}, 6) < /6’(t,x)|x’(v)|m;(dt,da:,dv)

6—0
s [00t0) [ S50 - 5.0 = pxut(s.)
: [sgng(ul(s, y) — u?)]e, (t, ) dsdydtdz.

A similar computation shows

limsup (73, 6) < /9(t,x)|x'(v)]m?2(dt7dx,dv)

6—0
= [00.9) [ S50t = 5.0~ x(e5.9)
- [sent (u! — u?(s,y))]-, (¢, x) dsdydtd.
By Fatou’s lemma these inequalities imply
<T7 0> < </ |X/(U)|mi1('7 K dv)a 6> + </ |X/(U)|m32('7 K dv)a 6>
(8" sent (u! = u?),)., . 0)
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— <(Szx(u2) sgng(ul — u2)51)€2, 9>.

Next we “integrate” this inequality in z, that is, we apply it to a test
function 0(t,z) = ((t)K(x) > 0 and let K(z) approach K = 1. Note
that since

/ 19 (5,5, 0)| - 11— (5", o/, 0) dv = (u (s, 9) — (s ')

for any 6(t,z) € L™ and ¢(v) € LyS, we have
/|g81 (1 —g82 (t,x)(v) ‘ dtdxdv

< 1148 2 supp 6] (uulm + el )

Using this together with S € L and [ m/(dt, dx, dv)|x'(v)| < oo, and
letting K (x) approach K = 1 nicely enough, we obtain

O / g%, (1= g2)x(v) dxdv
/Ix )m!, (-, dz, dv) + /|X )|m2, (-, dz, dv)
[ S ), 0
- / (5°x(u?) sgnf (u' —u?).,)_, da.

The same integrability properties also allow to let €;,9 — 0 and to
find

a/ (1 — ¢®)x(v) dwdo

/’X )m!' (-, dx, dv) + /’X )|m? (-, dz, dv)
/S1 sgn1 u' —u?) dw — /52 sgnl(u —u?) dw.

We apply this inequality to a nonnegative test function ((t) and choose
X = Xn for a sequence x, — 1 a.e. with x/(v) = 0 for |v] < n and
|x),| < 1. Then the first two terms in the right-hand side are estimated
by
Iz - sup (p}(v) + p*(v))
|v|>n

which tends to 0 as n — oo since i/ € L5°. The two last terms converge
by dominated convergence, which yields

at/gl(l — ¢*) dadv < /(S1 — 8% sgnt (u' — u?) dx.

2
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Applying this to a nonnegative test function ¢ approaching ¢ = Ly
and using that v/ € C([0,T7], L*(R%)), we conclude that

[ - ) de < [0 =) do+ 15" = oo,
Interchanging the roles of u!, u? thus yields

sup [Ju'(t) — w?(t)]| 1 @ny < llug — gl @)
(A.B) te[0,7)
+ |8t — SQHLl([O,T}XR")‘

Existence: Let uf € WHe(R"), 8¢ € WH=([0,T] x R") with u§ — g
in L'(R") and S — S in L'([0,7] x R™). By [15] and [16, Corollary
2.5] there is a unique entropy solution u® € C([0,T]; L'(R")) to (1.1)
with initial condition u§ and force S°.

To see that u® is also a kinetic solution we follow the arguments given
in [18]: Let

fa(tv xz, U) = X(Uv ua(t> $)) = ]lo<v<u5(t,z) - ]10>v>uf(t,:p)
and define the distribution m by

mt = / atfe dw + / a(w) : foa dw — / (SuE:wS‘E dw.
0 0 0

Hence, f© satisfies (A.1) and it remains to show that m® is a non-
negative measure. Given n € C°(R) convex we obtain, in the sense of
distributions,

- [ @do= [+ [ V. i
)

- /n'(v)duevss dv
= Om(u®) + divA"(u®) — 7' (u®)S®.

(A4

Since u° is an entropy solution, the right hand side is non-positive. This
implies that m® is a non-negative distribution and thus a measure.

A standard approximation argument (cf. e.g. [18, Proposition 3.2.3])
allows to choose 1'(v) = sgn (v — k) in (A.4), which yields

/ (WE(E) — k), d + / me (¢, @, k) dtdz
= /(us(O) — k) dx + /sglmr(u‘€ — k)S® dtdx.
An analogous equality is satisfied for (u(t) — k)_. Hence, with

(k) =Tizo([[u(0) = k)l + [ sgny (u” = K)S7[|zy )
Hle<o([[u™(0) = k)l + [ sgn_(u” = k)S7[|z1 )

(A.5)
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we have u® € LP(R) by dominated convergence, and

/me(t,x, k) dtdx < p° (k).

Hence, u® is a kinetic solution.
By (A.3) we have

lu* = lloqoryi@ny < lug — uglloi@n) + 2115° = S° [l oo zyxmn).

Since uf and S¢ were chosen to converge in L'(R") and L'([0, T] x R"),
this implies that u® is a Cauchy sequence in C([0,T]; L'(R™)). Hence,
there is a u € C([0,T]; L'(R™)) and a sequence ¢, converging to zero
such that v — w in C([0,T]; L*(R")) and almost everywhere in
[0,7] x R™. Moreover, by (A.5) we obtain that m® has locally uni-
formly bounded mass. Thus, choosing a diagonal sequence we obtain
a subsequence (again denoted by £;) such that m® —* m in the space
of measures on R, x R™ x R. It is then easy to see that w is a kinetic
solution to (1.1). O

Proposition 12. Let ug € L*(R™), S € L'([0,T] x R™) and u be the
corresponding entropy solution to (1.1). For each o € (0,1) and each
vg € R the measure |[v — vo|*"'m has locally finite mass.

Proof. Let a € (0,1). Let ¢ be a non-negative smooth compactly
supported function in (0, T) xR™xR. Then (A.1) implies, with f := ¢f,
m = ¢m,

By translation we may assume vy = 0. We next choose a sequence
of smooth, compactly supported functions n° such that sgn(n®(v)) =
sgn(v), n°(v) < Ljv|* and (F)" 1 |v|*"" pointwise. Multiplying (A.6)
by n° and integrating yields

/ (" f)(t) dzdv + /0 t / (n°)' 1 dxdv dr = / ,U(ne £)(0)
+ /Ot / (= 07 (0u®)m + 17 POueyS + 070 f + 1 (a(v) - Vo) f) dadv dr.

Since m > 0, by Fatou’s Lemma we may pass to the limit ¢ — 0 to
obtain

t
/ /|’U\a_1mdxdv dr <C < o0
0

|l My 1Sl O

loc

for some constant C' depending on |uglz: ,

loc
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APPENDIX B. A BASIC ESTIMATE

From [11] we recall the following basic LP-estimate for certain Fourier
multipliers. This result generalizes [19, Lemma 2.2] by taking into
account possible v-regularity of f. This allows to avoid bootstrapping
arguments in the application to scalar conservation laws. This is crucial
in the case of scalar conservation laws with L!-forcing, since in this case
bootstrapping arguments do not apply.

Lemma 13. Let m(7',&,v) :== i7" +ia(v) - &, v, ¢ be bounded, smooth
functions, ¢ be a smooth cut-off function and M, be the Fourier multi-

plier with symbol (7', &' ) (W) Then, foralll <p <2, 0 >0,

re [%M?p,] N (17 OO);

1
||/M¢f¢dv||Lp(Rthg) S ollr@xrrwormyy sup  [Qu(7, €, 9)]7,

7/,&’ €suppp
where Q, (17',&',0) = {v € supp ¢ : |m(7',&,v)| < d}. Moreover,

||/M¢f¢dv||M(Rt><Rg) S ||f¢||M(Rth£)'

5
M) multiplier uniformly in v € I and § > 0 (the truncation property
in [19]). This can be deduced, arguing as in [10], from the invariance of
the LP” multiplier norm under partial dilations and the Marcinkiewicz
multiplier theorem. For details we refer to [11, Lemma A.3].

Lemma 13 relies on the fact that v <M> is a bounded L (and
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