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CONVERGENCE RATE FOR A REGULARIZED SCALAR
CONSERVATION LAW

BILLEL GUELMAME AND HAROUNE HOUAMED

ABSTRACT. This work revisits a recent finding by the first author concerning the local
convergence of a regularized scalar conservation law. We significantly improve the orig-
inal statement by establishing a global convergence result within the Lebesgue spaces
Lo (RY; LP(R)), for any p € [1,00), as the regularization parameter ¢ approaches zero.
Notably, we demonstrate that this stability result is accompanied by a quantifiable rate
of convergence. A key insight in our proof lies in the observation that the fluctuations
of the solutions remain under control in low regularity spaces, allowing for a potential
quantification of their behavior in the limit as £ — 0. This is achieved through a careful
asymptotic analysis of the perturbative terms in the regularized equation, which, in our
view, constitutes a pivotal contribution to the core findings of this paper.

AMS Classification : 35L65; 35L67; 35Q35.
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1. INTRODUCTION

1.1. Motivation. The occurrence of shock formation in solutions of the scalar conserva-
tion laws

Owu+ 0, f(u) =0, (Scl)

is a well-known phenomenon. Given any smooth initial data ug, a unique strong solution
exists. However, due to the nonlinear nature of the flux f, discontinuous shock waves may
develop in finite time. This behavior represents one of the challenges associated with non-
linear conservation laws. In order to avoid the occurrence of shocks, various regularization

techniques have been proposed. These regularizations aim to smooth out discontinuities
1



2 GUELMAME AND HOUAMED

by adding “small” terms to the equation, such as diffusion and/or dispersion. While dif-
fusive regularizations are widely used, they tend to dissipate energy everywhere. On the
other hand, the entropy solutions of (Scl) concentrate the energy dissipation at singulari-
ties. Nevertheless, diffusive regularizations are considered as solid tools in establishing the
existence of solutions and in justifying the a priori estimates via the vanishing viscosity
method. Dispersion regularizations lead to the appearance of spurious oscillations and fail,
in general, to converge to the entropy solutions of (Scl).

1.2. The equations of our interest. In order to introduce a regularization while preserv-
ing essential properties of the original equations, Clamond and Dutykh [10] derived a non-
diffusive, non-dispersive regularized Saint-Venant (rSV) system. The study of traveling-
wave solutions to the rSV system has been done in [30]. Furthermore, the local well-
posedness of that system and a construction of initial data leading to the appearance of
singularities have been studied in [29]. The rSV system has been generalized lately to
regularize the barotropic Euler system [22]. Inspired by [10], and due to the complexity of
studying the singular limit for those systems, Guelmame et al. [23] proposed and studied
the scalar non-diffusive, non-dispersive regularized Burgers equation

O’ + u'Opu’ = 02 (9,u + 20,u 02 0" + u'dl, ut) (rB)
where ¢ is a positive parameter. The equation (rB) is Galilean invariant, it has been
derived using a variational principle and it enjoys both Lagrangian and Hamiltonian struc-
tures. Smooth solutions to (rB) conserve an H' energy, which prevents the appearing of
discontinuous shocks, thanks to the Sobolev embedding H'(R) < CP(R). In [23], the
authors studied weakly singular shocks and cusped traveling-wave weak solutions of (rB).
Additionally, they demonstrated that for every simple shock-wave entropy solution of the
inviscid Burgers equation, there exists a corresponding monotonic traveling-wave dissipa-
tive solution of (rB). Notably, these solutions exhibit identical shock speed and energy
dissipation rate as the original shock-wave solutions of the Burgers equation, which are
recovered taking ¢ — 0.

In order to obtain general solutions to (rB), inspired by [7, 8], the authors of [23] proved
the existence of two types of global weak solutions to (rB), conserving or dissipating the
energy. The method of proof consists in utilizing two equivalent semi-linear system of
ODEs, formulated in the Lagrangian coordinates. One system provides conservative solu-
tions while the other yields to dissipative ones. Conservative solutions maintain a constant
energy for almost all time, including at singularities. They also fail to satisfy a one-sided
Oleinik inequality, making them less accurate for regularizing entropy solutions of the
Burgers equation. Conversely, dissipative solutions concentrate the loss of the energy on
the singularities and satisfy the one-sided Oleinik inequality d,u’(t,x) < 2/t for almost all
(t,x) € (0,00) x R. The compactness of the dissipative solutions of (rB) have been studied
in [23]. However, the equation satisfied in the limit was not identified at that time.

In a recent work [21], the first author considered the regularized scalar conservation law

O + D, f (u') = @ (" + 2f" (u)Opu O + f'(u)u’ + 3" () (@), (11)
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where f is a uniformly convex flux. Notice that the regularized Burgers equation (rB) is
recovered taking f(u) = u?/2. Using an approximation of (1.1) involving a cut-off function,
it has been proved in [21] that global weak dissipative solutions to (1.1) exist. Moreover,
as ¢ approaches zero, it has been shown that

(R™; Ly (R)), (1.2)

v —u in Ly Toc
for any p € [1,00), where u is the unique entropy solution of the scalar conservation law
(Scl). This gives a justification of the denomination “regularization” of the equation (1.1).
The limit (1.2) was obtained via abstract compactness arguments which is why it was
only established on compact sets without a determination of a convergence rate. In this
paper, we improve the latter result (1.2) by showing that it holds globally in space and

establishing an explicit convergence rate. More precisely, we will prove later on that
| =0(tm),

for any T'> 0 and p € [1,00). We defer the discussion of this improvement to Section 2.

Hug - UHLOO([O,T];LP(]R)

1.3. Related equations. The rB equation (rB) can be compared to the well-known dis-
persionless Camassa—Holm equation [9]

' + 3u'du’ = 0* (6}

2ot +20,u' 02 1" + U0 ut) (CH)
The Camassa—Holm equation appears in modeling nonlinear wave propagation in the
shallow-water regime. Both (rB) and (CH) conserve an H' energy for smooth solutions
and they admit global weak conservative and dissipative solutions. Two key differences be-
tween the two equations are: (1) the equation (CH) is bi-Hamiltonian (therefore integrable)
while only one Hamiltonian structure is known for the equation (rB); (2) the equation (rB)
is Galilean invariant while the equation (CH) is not. The Galilean invariance is crucial
from the physical point of view and also for proving mathematical results. Indeed, due to
the lack of the Galilean invariance, we could only prove that dissipative solutions of the
equation (CH) satisfy a one-sided Oleinik inequality involving a constant that blows-up
as { — 0. This makes the singular limit ¢ — 0 for the equation (CH) more challenging.
To the authors’ knowledge, this remains an open problem. However, in the presence of
the viscosity in (CH), and under a condition that ¢ is small compared to the viscosity
parameter, the unique entropy solution of the equation dyu + 9,(3u?/2) = 0 is recovered
by taking both parameters to zero [12, 13, 26].

Another similar equation is the hyperelastic-rod wave equation [17, 18, 19]
O’ + 3uto,u’ = 07 (9}, u’ + v (20,002 u" + u'D2 b)), (1.3)

txx TTT

where 7 is a real parameter. The equation (1.3) describes radial deformation waves in
cylindrical hyperelastic rods with a finite length and small amplitude. Existence of global
weak solutions to (1.3) has been established in [11, 24]. Observe that the Camassa—Holm
equation is recovered taking v = 1 in (1.3). It worths noting that the equation (1.3)
satisfies a Galilean-like invariance property only when 7 takes the values 0 or 3. Setting
v = 0 yields to the Benjamin—Bona—Mahony equation [3], which describes long surface
gravity waves of small amplitude. The value v = 3, on the other hand, corresponds to
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the regularized equation (1.1) with f(u) = 3u?/2 (or simply to (rB) after a change of
variables). Therefore, we emphasize that the results established in [21] and in the present
paper work for the hyperelastic-rod wave equation (1.3) with v = 3, as well.
The equation (rB) can also be compared to the Leray-type regularization proposed and
studied by Bhat and Fetecau [4, 5]
o’ +ufout =2 (8fmu£ +u'o2,ub) (1.4)
which admits global solutions. Moreover, as ¢ — 0, solutions to (1.4) converge, up to a
subsequence, to a weak solution of the Burgers equation. Additionally, considering a simple
Riemann problem with a decreasing initial data, the correct shock of the Burgers equation
is recovered. However, for an increasing initial data, solutions of (1.4) create non-entropy

jumps [5].

1.4. Outline. This paper is organized as follows. In Section 2, we discuss some crucial
basis of the equations of our interest, including a result about the existence of solutions to
(1.1) and we state the main theorem of this paper. Then, Section 3 is devoted to obtaining
uniform bounds on the solutions to viscous approximations of both equations (Scl) and
(1.1). Thereafter, in Section 4, we establish a decay estimate on the perturbative terms
of (1.1) (on its non-local form, see (2.1) below) and prove the main result of the paper
(Theorem 2.3). At last, for clarity, we defer the recap on the definitions of the functional
spaces utilized in this paper to Appendix A, where, for the sake of completeness, we also
collect a few useful properties of these spaces which apply in our proofs.

2. PRELIMINARIES AND MAIN RESULT

Before we state our main result, allow us to prepare the ground around it by first setting
up the essential assumptions in the paper and introducing the notion of solutions we are
concerned with. Here, we are interested in the behavior, as ¢ tends to zero, of solutions to
the regularized scalar conservation laws

O’ + 0, f (ut) + £20,P =0, P — 292P = L") (0,u')” (2.1)

2
with an initial datum uy € H'(R). Hereafter, we chose to lighten our notations by denoting
0?2 instead of 92,.

Henceforth, the flux f is assumed to be a regular uniformly convex function in the sense
that

f e CYR), 0<er < f'(u) < e < oo, (2.2)

for some given positive constants ¢; and cy. Additionally, it will become apparent later
on that the initial datum will be required to be of a bounded variation and satisfies a
one-sided Lipschitz condition, that is
uh € LNR) and M ¥ supu(z) < oo. (2.3)
zeR
Note that the equation (2.1) is equivalent to (1.1) for smooth solutions. Indeed, one easily
sees that (1.1) is formally recovered from (2.1) by applying the elliptic operator Id — ¢292.
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Clearly the analysis of (2.1), and thus (1.1), hinges upon a comprehensive study of the
term P and its behavior in suitable functional spaces. A primary important observation
here is the validity of the identity

P=(ld- 6235)_1 <%f”(u£) (8$u[)2> = 11" (u") (3xue)2 * By,

where
def 1

Gy(r) = 5; exp <—%> .
Notice that (2.2) entails the lower bound
P >0, (2.4)

which will come in handy later on.
Let us now introduce the notion of solutions that we are concerned with in this paper.

Definition 2.1. We say that u* € L>°(R*; H')NLip(RT; L?) is a weak dissipative solution
of (2.1) if it satisfies the equation in the L* sense, dissipates the energy in a weak sense

00 (5 ()" + 36 (0)") + 0. (K (u) + 327 (') (0:0)" + u'P) <0,
where K'(u) = uf’(u), and is right continuous in H', that is to say

1 E . —_— z . —

}Lr% H’LL (ta ) u (t07 )HHl Oa
t>to

for allty > 0. In particular, the solution is required to satisfy the initial condition u‘(0,-) =

ugy in the sense of the H' norm.

One way to establish the existence of global weak dissipative solutions to (2.1) can be
performed via introducing a viscosity term, leading to the equation

O’ + 0, f (u') + 120, P = cdPu'”, P*— 292P° = Lf"(u") (9,u")?, (2.5

supplemented with the regularized initial datum u®¢(¢t,-) = u§ o ug * -, where . stands
for the standard one-dimensional Friedrich’s mollifier. Additionally, following [11, 21, 31],
one can show that, up to an extraction of a subsequence, solutions of (2.5) converge to
dissipative solutions of (2.1) as € — 0 in the sense that

u™ — uf,  in Ciee([0,00) x R). (2.6)

In another word, solutions of (2.1) can be constructed as accumulation points of the family
of regularized solutions u¢ as € — 0. As a result, the following theorem holds.

Theorem 2.2. Consider an initial datum ug € H'(R) and assume that the fluz is uniformly
convez in the sense of (2.2). Then, for any ¢ > 0, there exists a global weak dissipative
solution u* € L>([0,00), H}(R)) N C([0,00) x R) of (2.1) in the sense of Definition 2.1
satisfying the following:
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e For any T > 0, any bounded set [a,b] C R and o € [0,1) there exists C =
C(a,T,a,b,0) >0 such that

T b ) )
/ / (|8tu€‘ tey |8xue‘ +a> dedt < C.
0 a

e The one-sided Oleinik inequality

Opu'(t,z) < a.e. (t,x) € (0,00) x R,

at | 1
2 T M

where M = sup, g uy(z) € (0, 00].
Moreover, if the initial datum satisfies (2.3), then it holds that

2c

Mt =
o0 < o @l < s (5 +1) 7

for allt > 0.

The proof of Theorem 2.2 is presented in [21] using another approximated equation
involving a cut-off function, rather than the viscous approximation (2.5). However, the
same elements of proof therein remain valid for the viscous approximation, too. See also
[11, 31] for the vanishing viscosity limit for the Camassa—Holm equation.

Henceforth, we agree that v’ is a dissipative solution obtained from a vanishing viscos-
ity process, though, we believe that it possible to show that this is actually the unique
dissipative solution to (2.1), as discussed in our next remark.

Remark. Dafermos [16] proved, following the characteristics, that dissipative solutions of
the Hunter-Saxton equation are unique. In the same spirit, the uniqueness of dissipative
solutions to the Camassa-Holm equation (CH) has been proved in [27]. Additionally, a
different proof has been established recently in [20]. Although we do not address such an
issue in this paper, we believe that, following the same arguments from [16, 20, 27], one
could prove the uniqueness of dissipative solutions to the regularized equation (2.1), too.

As previously discussed in the introduction, given any solution of (2.1) by Theorem 2.2,
the next natural question to be asked is about its behavior as ¢ tends to zero. In [21],
the first author constructed global dissipative solutions to (2.1) converging to the unique
entropy solution of (Scl) in LS (R™; Li (R)), for any p € [1, 00).

The main result of this paper improves the preceding convergence by showing that it
holds globally in space and by also obtaining a precise rate of convergence. This is the

content of the next theorem.

Theorem 2.3. Let u® be any solution, given by Theorem 2.2, of (2.1) with a uniformly
conver flur (2.2) and an initial datum ug € H'(R) satisfying (2.3). Consider, moreover, u
to be the unique entropy solution of the scalar conservation law (Scl) with the same initial
datum ug. Then, for any T > 0, there exists a constant

¢=C <T7 ||u0||H1(]R) ) ||U6||L1(R) M, e, CQ) >0,
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such that X
< Ol (2.7)

[ UHLW([OvT];LP(R)) =

for any € € (0,1] and p € [1,00).

Remark. 1t will be apparent in the proof below that the convergence (2.7) can be improved
to hold in Sobolev spaces which scale below the BV regularity. However, we have chosen
to only state the convergence in Lebesgue spaces for the mere sake of simplicity.

Below, we briefly discuss the main challenges and comment on the strategy of our proof
of the main theorem.

Methodology and idea of the proof. A naive way to study the convergence of u’ — u
to zero would be by performing LP energy estimates directly on the equation

O(u’ —u) + 9, (f(u) — f(u)) + ?0,P = 0. (2.8)

Such a direct attempt to analyze the fluctuations u* —u probably would not be efficient and

the most drawback here would be the potential instability of the term ¢?0, P, as £ — 0, in
any Lebesgue space. Of course, neither the stability of the nonlinear term 0, ( fu®) —f (u))
in Lebesgue spaces is clear to be under control in the case of weak solutions.

The proof that we are going to present in this paper consists in first studying (2.8) in
a low regularity space, namely in a L2 (RT; W-L1(R))-like space. Once this is done, the
convergence in Lebesgue spaces of the fluctuations u‘ — u will be achieved by a direct
interpolation argument, seen that both u‘ and u enjoy some additional regularity — the
BV bound, to be more precise. This strategy of proof draws insight from the method
introduced in [1] to study the stability of Yudovich solutions to the two-dimensional Euler
equations. Technically speaking, the idea consists in taking care of the high and low
frequencies of the L2-norm separately: the low frequencies of the fluctuations will converge
to zero (with a certain rate) due to the convergence in low regularity spaces, whereas the
high frequencies are just uniformly bounded due to the additional BV regularity. This
paradigm of proof will be implemented here in L!-based spaces instead of L2 in order to
obtain a better rate of convergence.

Thus, a milestone in our approach is based upon the convergence of an anti-derivative
of the fluctuations in L (R™; L'(R)) which is the subject of Section 4.2. A crucial gain in
the analysis of the equation (2.8) in W, ! is that we will be solely seeking the stability of
(2P, rather than (20, P, in Lebesgue spaces. As we shall prove in Section 4.1 later on, the
term (2P, which is equivalent to ¢2|0,u‘|?, enjoys a decay rate of order £ in LL (R*; L*(R)).
This is a consequence of a careful analysis, improving on some results from [21], and is
based on a step-by-step argument (of a bootstrap-type) leading to the aforementioned rate
of convergence.

For clarity, we point out that this roadmap of proof will be conducted on regularized
equations; the solutions of which are sufficiently regular to fulfill all the requirements in
our computations and estimates which are close to the solutions u‘ and u. This will be
detailed in Section 3 along side with all the a priori bounds on the regularized solutions.

In the end, the proof of Theorem 2.3 will be outlined in Section 4.3.
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Notations. Allow us now to introduce some notations that will be routinely used through-
out the paper. Given two positive quantities A and B, we will often write A < B instead
of A < CB when the dependence on the generic constant C' > 0 is not of a substantial im-
pact. Moreover, we will sometime use the notation A <s B to emphasize that the generic
constant in that estimate depends on the some parameter §, which could blow up when o
approaches some critical values.

3. UNIFORM ESTIMATES

This section is devoted to establishing all the primary lineup of bounds on w and u’,
uniformly with respect to the parameter ¢ € (0,1]. This is obtained as a consequence of
a regularization procedure, made by adding the viscosity dissipation €9? to the equations
(Scl) and (2.1) and by smoothing out the initial datum. More precisely, we approximate
these equations by

ot + 0, f (u°) = ed2uf (3.1)
and
O 4 Oy f (ub®) 4 (20, P° = c0%u"*, P —(?02PF = %f”(ué’s) (&Eulz’s)2 (3.2)

respectively, where € € (0,1] and both regularized equations are supplemented with the
smooth initial data

ue’€|t:0 = u[=0 = = * o,
where (:)-¢(0,1) stands for the usual one-dimensional mollifier. In particular, we emphasize
that the regularized solutions u“* and u° enjoy enough regularities that will allow us to
perform all the computations in this section.

In Sections 3.1 and 3.2 below, we outline the elements of proof of the energy bounds
as well as the W' control on the regularized solutions uniformly with respect to the
parameters ¢,¢ € (0,1]. Note that similar findings have been established by the first
author in [21] using a different approach, based on a cut-off argument. Here, we show
that the same final bounds on u‘ can be achieved by a classical viscosity-regularization
procedure, as well.

3.1. Uniform bounds on u%¢. We begin with establishing the H'-energy bound on u%*.
To that end, introducing

qé,e d:ef axuf,s
and differentiating (3.2) with respect to the space variable we obtain that
81:(](’6 + f/(uf,a)axqf,e + %f//(ué,a)(qﬁ,a)2 + PE = 58561&6- (33)

Thus, it follows, by summing the resulting equations of multiplying (3.2) by u* and (3.3)
by £2¢"“¢, that

20k ((“g’g)2 + (CJ“)?) + 0, (K (u) + 127 (u") ()" + €2u£’€P5>

o 662@ (qé,aaxqf,a) o 6835 (uﬁ,eaxué,e) — —562 (6xq€,€)2 —e (qé,a)g7
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where K'(u) = uf’(u). Hence, integrating in time and space yields the energy bound

t t
/(|u£’€|2+£2|q£’5|2) dx+26€2/ /|8mqe’€|2dxdt+2e/ /yq’f»f|2dxdt
R 0 JR 0 JR (3'4)

Subsequently, integrating the second equation on the right-hand side of (3.2) with respect
to the space variable, we obtain, in view of (2.2), that

bl < [ £ o < Seal eI < dea fuolly (3.5)
R
The preceding bounds will come in handy, later on.
The next lemma produces the Oleinik inequality for «
thereafter for completeness.

t¢. Again, we outline its proof

Lemma 3.1. Let ug be in H'(R) and assume that the fluz f fulfills the uniform convezity
condition (2.2). Then, it holds that

du*(t, 1) < —— for a.e. (t,z) € (0,00) x R, (3.6)
St
where we set
def /
M = sup ug(x).
zeR

Remark. Tt is readily seen for non-trivial initial data that M € (0,00]. Indeed, this is a
direct consequence of the assumption that ug € H'(R), which entails that ug is continues
and vanishes at infinity, whence it cannot be decreasing.

Proof. We begin with noticing that Theorem 2.1 from [14] ensures the existence of at least
one point £(t) € R such that

def

h(t) = supq™*(t,x) = ¢ (t,£(1)),

z€R
where the function A is locally Lipschitz and is governed by the equation
dh
E(t) = 0,¢"°(t,&(t)), forall t > 0.

Since ¢“¢(t,-) reaches its maximum at £(t), it then follows that
Duq""(1,€(1)) =0, g™ (£,€(1)) <O,
0

Accordingly, we deduce from (2.2), (3.3) and the fact that P* >
in a similar way to (2.4)) that

(which can be established

dh C1

O <=2 (he))*.

At last, solving the preceding inequality with the initial condition ~(0) < M completes the
proof of the lemma. [l
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The next item in our agenda is to establish the W%! bound on w%¢. This is the content
of the following lemma.

Lemma 3.2. Let ug be in H'(R) N WHL(R) and assume that

M dzefsupug(a:) < 0.
zeR
Further assume that the flux f fulfills the uniform convexity condition (2.2). Then, it holds,
for allt > 0, that

2co

Mt e1
o O ey < Il (3 +1) .7

for any (¢,¢) € (0,1] x (0,1].

Remark. Note that, by one-dimensional Sobolev embeddings, the bound stated in the
preceding lemma implies the control

2co

Mt O\
1" Ol ey < L1 ey (Cl? ’ 1> -

for all ¢ > 0.
Proof. We begin with introducing the function
dof —q— %57 qc (_007 _6)7
S&(Q) = %QQ, qc [_5’ 6]7 (38)
q_%(su q€(5,oo),
for any ¢ € (0,1]. Accordingly, it is readily seen that

14S5(q) — ¢*S5(q)| < 0S5(q) (3.9)
and
|21 Lggz0y < S5(q) + 500 qq26y, lalLqqzey < 255(q), (3.10)
for any ¢ € R. Additionally, one can easily check that

Ss(q) S5 &,

which, in view of the energy bound (3.4), yields that S;(¢“¢)(t,-) € L*(R) for all §,¢,¢ €
(0,1] and any t > 0.

Next, we want to establish a uniform bound, with respect to the parameters ¢ and 9, on
the preceding L' control of Ss(¢“¢)(t,-). To that end, multiplying (3.3) by S5(¢¢) yields,
in view of the second equation in (2.5), that

0eS5(q"%) + 0u (f'(u")S5(™)) = f"(u™) (4" S5(¢"%) — (¢°)*S5(q")) — £2S5(¢"*) 2P
+ 20, (S5(q7°)02q"°) — 140e1<5(004")?. (3.11)
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Next, writing

le

€ € q €
—EQS:;(QK’ )8§P = 52 (]l{qe,s<_5} — Tﬂ{‘qé,aK(g} - ]l{qe,s>5}> 8§P

l,e
= (1 — (1 + %) Lgjqeci<sy — 2]1{qe,s>5}> 02 p*
and making use of the fact that
_628§P€ — %f//<q€,€)(q€,€)2 _ p¢ < %C2<q£’€)2,

which is a direct consequence of (2.2), (3.2) and that P° > 0, we find that

l.e
q- e
((1 + —5 ) ﬂ{|qé,5|<5} + 21{q£,g>6}) <q57 )2 dzx.

Therefore, simplifying the right-hand side by noticing, by definition of Ss(g), that

—EQ/Sg(qZ’a)aiPadxé %2/
R

R

le
i
(1 " T) 4711 1oy < 40S5(q")

and, by virtue of (3.10) and Lemma 3.1, that
21g" P Ligeesay < 2 (Ss(g") + 300 ggeez0) 4 T geessy

2
S5(¢"%) + 2055(¢"%),

<
c 1
9t + 57

yields in the end that

1
_62/ Ss(q") 2P dx < ¢ (35 + o ) / Ss(¢"<)dx.
R 2 R

2+M

In account of that, integrating (3.11) and utilizing (2.2) together with (3.9) to estimate
the first term in its right-hand side leads to the bound

d
dt Je

S5(¢"%) dz < <402(5—|— qtcg )/55((]4’5) dz,
R

1
2 T

which implies, by Gronwall’s inequality, that

2co
Mt e
/Sg(qe’g) do ettt (A28 49 ) 7 / |ug| dx.
R 2 R

In the end, taking the limit 6 — 0 and using the monotone convergence theorem completes
the proof of the lemma. [l
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3.2. Uniform bounds on u°. For € > 0, we consider here u° the solution of the viscous
scalar conservation law (3.1). For clarity, we are going to recast the estimates on u°,
without detailed justification. The estimates presented below are well-known, we refer the
reader to [6, 15, 25, 28] for additional details on the viscous approximation of hyperbolic
equations. Moreover, we emphasize that the same arguments presented in the preceding
section can be employed here as well.

The equation (3.1) is globally well-posed, and L” norms satisfy the maximum principle

|| Lo ((0,00), 22 (R)) < l|tol| 2o () (3.12)

for any p € [1, 00|, as soon as the initial datum belongs to L(R). In our case, due to the
assumption that ug € H'(R) and the embedding H'(R) — L?(R) N L*°(R), the bound
(3.12) holds for any p € [2,00]. Moreover, we can show that the total variation of u® is
decreasing in time, i.e.,

/R|3mu6(t,x)|dm</R|u6(x)|dx, (3.13)

for all £ > 0. Additionally, the solution of (3.1) satisfies the one-sided Oleinik inequality

Opu(t,z) < (3.14)

ot + 55
for all (t,z) € (0,00) x R, where M = sup, uy(x). Finally, one can show that, as ¢ — 0
and up to a subsequence, we have the convergence

u® —u in C([0,T]; LY (R)), (3.15)

loc

for any p € [1,00) and any 7" > 0, where u is the unique entropy solution of the scalar
conservation law (Scl).

4. DECAY ESTIMATES AND CONVERGENCE

4.1. A crucial decay estimate. An important milestone in our proof of the strong com-
pactness in Lebesgue spaces consists of the analysis of the same problem in a low regularity
space. Interestingly, we are going to show that the convergence in a W ~!-like space comes
with a rate. This turns out to be a consequence of Proposition 4.1 below, which can be
considered as the main new contribution in this section, improving on previous results by
the first author. More precisely, in [21], the first author proved that, for any 7' > 0, any
compact set K C R and any a € (0, %), there exists a constant Cr g o > 0 such that

T
/ / €2P€ dx dt < gaCT,Kva,
0 K

for all e > 0, any ¢ € (0,1]. Here, we provide a twofold improvement on the latter bound
by showing its validity for a = 1 and by also allowing the integral on = to be effective
over the whole real line R instead of a compact set K. This is the content of the next
proposition which is in the crux of the key findings in this paper.
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Proposition 4.1. Let ug be in H'(R) N W' (R) and assume that
M d:efsupu{)(x) < 0.
T€R

Further assume that the flux f fulfills the uniform convexity condition (2.2). Then, for all
T >0, there exists Cryg ey o > 0 such that

T
/ / €2P5 dx dt < ECT7’U,0,01702’
0 R

for all £ € (0,1].

Proof. We proceed in four steps by establishing:

(1) A uniform bound on ¢?|¢%¢|P¢ in L' ([0,00) x R), by a suitable energy estimate.

(2) A uniform bound on ¢?|¢“¢|°P¢ in L' ([0,T) x R), for any T € (0,00] and any
g e (%, 1), by an interpolation argument.

(3) A uniform bound on ¢2|¢%¢|>*# in L' ([0, T) x R), for any finite T > 0, by estimating
differently the case of the barely positive values of ¢°* — by the aid of the one-
sided Oleinik inequality (3.6) —, and the remaining range of its values — by a
constructive energy method.

(4) A decay rate for order ¢ for (2P in L' ([0,T] x R), for any finite time 7' > 0,
concluding the proof by “bootstrapping” all the bounds shown to hold so far.

Step 1. Multiplying (3.3) by £?|¢*¢| we obtain that
at (%€2qé,s|q€,€’) 4 az (%ng/(uZ,e)qZ,e‘qZ,sD + £2|qf,E|P€
— 5@2&33 (’qé,syaxqé,s) o 8628ign(q€,5)<axq€,s>2'

Therefore, integrating in time and space, we find that

/ Plq"e| P de dt <162 (/ ¢lgs| dr dt — lim / ¢“°|¢"°| da dt)
(0,00) xR R t—=oo Jg

+ ef? / (0.¢%)* da dt.

(0,00) xR
Thus, in view of (3.4), we arrive at the bound
/ g™ P dadt <, 1, (4.1)
(0,00)xR

for all e > 0 and ¢ € (0, 1].

Step 2. Let k € N* be fixed and we introduce

o 2k
ﬁd:f2k:+1€ [5:1)-
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For any g € R, we define ¢° = (q%)Tl+1 > 0. Accordingly, we write by Holder’s inequality
that

. . B, T 1-8
/ /EQ(QE’E)BPdedtg (/ /€2|qe’E!P5dxdt) (/ /£2P5dxdt) .
R 0 R

Therefore, it follows from (4.1) that
1-8

. .
/ /62 L9)8pe da dt <, (/ /EQPdedt) . (4.2)
0 R

In view of (3.5), the preceding control provides us with a uniform bound on ¢2(¢%¢)" Pe.
However, in the next step of the proof, we shall make use of the more precise estimate (4.2)
in order to obtain the desired decay, as ¢ — 0, of the term in its right-hand side.

Step 3. Our aim in this step is to obtain a bound on ¢?|¢“*[**# in L} . We begin with

noting that
T T
/ / |q£7€|2+ﬁ]l{qé,s>_l} dl’ dt < / / |qé’€’ﬁ+2]].{qi,e>0} dI dt
0 R 0 R

T
+/ /|qfv€|5+211{|qz,s|<1} dz dt
0 R
T
< (M1+ﬁ+1)/ /|q£’5|dxdt,
0 R

where we employed the one-sided Oleinik inequality (3.6) in the second estimate. Thus,
we deduce, in view of (3.7), that

T
62/ / |q£’8|2+’3]1{qe,a>,1} dx dt S./T,u0701702 62, (43)
0 R

for any finite time 7" > 0. Now we take care of the the case where ¢“¢ < —1. To that end,
we introduce the function

dof 1 ’CI|1+57 qc (_007 _1]7
G(q) = m (1_5)q3+(2_6)q27 qc [_170]7
0, q € [0, 00),

and we emphasize that, by a straightforward computation, one can show that
0< G(q) <2lg)*™, forall q€R, (4.4)
and that G is twice differentiable almost every where with
—G'(q) < 5|gf’, forall geR (4.5)

and
G"(q) 20, for almost all ¢ € R. (4.6)
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Now, multiplying (3.3) by G’(¢"¢) and rearranging the resulting terms yields that

f' W) A(G) = =0, (G(g™)) — 0 (f'(u™)G(¢")) — G'(¢") P*

4.7
+6az (G/(qf,a)gzqé,a) o 8G//(q€,5>(awa,e)27 ( )

where we denoted

def (1 o 6) |q€7£|2+/87 q € (_007 _1]7
A(d") = L(q")G(¢") — ¢"*G(") = R LR A
0, q € [0, 00),
whereby, due to the convexity condition (2.2), it is readily seen that
5 € 01(1 ) £
F'(ut)A(g) = WW PP gy

Therefore, integrating (4.7) in space and time and making use of (4.4), (4.5) and (4.6),
dropping the terms having a good sign, infers that

T T
/ / | gy dadt g, / G(qy) dz — / / G'(¢") P dz dt
0 R R 0 R
T
Spen / g da + / / PP dadt,
R 0 R

Since f € [2/3,1), employing Holder’s inequality, we end up with

T
/ / PN e 1y Az dt Sp, £ 0sttol parpage) + O / / 1P de dt.
0 R

All in all, in combination with (4.3) and by employing (4.2), we deduce that
1-p

fz/ /Iq“l”ﬂda:dt STaoereas ©© + (/ /€2P’5dxdt> . (4.8)

Step 4. We are now in position to conclude the proof of the proposition. To that end, we
first write by Holder inequality that

T .y T e
/ /€2|qﬁ,5|2 dz dt < {148 (/ /mf,eldxdt) (/ /£2 le 2+,3 dl’dt)
0 R
8
§Tuoc1 02561""8 </ /62 ZE 2+Bd$dt>

Therefore, it follows by virtue of (3.5) that

T 1+8 T
( / / ?pe dxdt) <o, ( / / £2|q£’8|2dxdt)
0 R 0 R

T
ST,uo,chcz,ﬁ 625/ / 62(qz’8)2+’6 dx dt,
0 R

1+
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whereby we deduce, by substituting (4.8), that

T 148 T
< / / (2P dx dt> Stugerinp 728 + 0% < / / 2P dx dt>
0 R 0 R

Hence, writing, by Young inequality, for any A > 0, that

T 1+ T
( / / (?P¢ dx dt) Suorereanp 20T+ CALTE 4 ) ( / / (?P¢ dx dt)
0 R 0 R

and choosing A as small as it is needed to absorb the last term in the right-hand side by
the right hand side concludes the proof of the proposition. O

1-p

14+

4.2. Convergence in a low regularity space. In this section, we establish a stability

estimate fOI' the difference
def
U)&E = UZ’E — UE

in a low regularity space. This will be done by particularly studying the evanescence of
the fluctuation

&%wﬂ?/vMme% (t,2) € (0,00) x K,

in L°Ll) as ¢ tends to zero, which crucially builds upon the decay estimate from the
preceding proposition. This is the content of the next proposition.

Proposition 4.2. Let ug be in H'(R) N W' (R) and we assume that

M dzefsupug(:v) < o0.
z€R

We further assume that the flux f fulfills the uniform convexity condition (2.2). Then, it
holds that

¢t € L2(0,7); L' (R))
for all T > 0, with

||§£7£HL°°([O,T];L1(]R)) Stugeres b (4.9)

Proof. We first observe, in view of (3.1) and (3.2), that w®® is governed by the equation
o' + 9, (V=w') + 0, P° = cdlu',  w'|g =0, (4.10)

where we have computed that

1

d
f(ue’s) — f(u®) = / — (7“ue’6 +(1- r)us) dr
o dr
1
= (/ f(rut® + (1= 7)) dr) whe & pheybe,
0

Now, since w"* is equal to zero initially, one can show by an energy method (similar to the
proof of Lemma 3.2, for instance), for fixed values of ¢,e € (0, 1], that

w" € Lis.(RY; L'(R)),

le
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for any ¢ > 0, where the preceding bound is not necessarily uniform when ¢ — 0 at this
stage. Therefore, by Lebesgue differentiation theorem, the anti-derivative of w®*, that is
¢%¢ which is introduced above, is well defined. More precisely, it satisfies that

0,CHe(t, x) = whe(t,x), for all (t,z) € RT x R, (4.11)

and enjoys the bounds

¢ € L (RT; GY(R)),

for any fixed £, € (0,1]. Additionally, thanks to the estimates on u** and u® that we
previously established in Section 3, the following bounds

0:¢"° € L=(RT; LA(R)) N Lis, (RY; WHY(R)),

loc
hold uniformly with respect to the parameters ¢, ¢ € (0, 1].
Now, given that (¢ = 0 initially, integrating (4.10) over R implies that (“¢ vanishes
at infinity for all time. Moreover, integrating (4.10) over (—oo,z) we deduce that (¢ is
governed by the equation

atcé,g + bﬁ,aaxcﬂ,e + £2P6 — gaicfﬁ' (412)

Notice that this equation can be recast as
t
che(t) = / (—b20,C — (2P + £02¢") dr.
0

In view of the aforementioned bounds on ¢ and the estimates that we established in
the previous section, one can show that the right-hand side belongs to L2 (R*; L'(R)),
whereby we deduce that

¢ € L (R"; LY(R)),
for any ¢, € (0,1]. Let now § € (0,1]. Considering Ss as is previously defined in (3.8)
and multiplying (4.12) by S;(¢%°) yields that

OS5 (C%) + 0, (b°55(¢5)) + CPPES5(CH) < €0y (S5(C5)0uCH°) + Ss(¢H) 0,0, (4.13)

Next, observe that the Oleinik inequalities (3.6) and (3.14) with (2.2) entail that

C
axbf,a < a(t) d:ef c1 - 1 -
20+

Thus, multiplying (4.13) by exp{— fg’ a(s)ds} and integrating over R, and employing the
simple observation |S5(¢%€)| < 1, we find that

d t
" (e—fo a(s) ds /R Ss(¢H)(t) dx) < /R 2P (t) da.

Therefore, by an integration in time and using Proposition 4.1, we arrive at the bound

/ S5(Cz7€)(t) dx §T7UO,CI,C2 L.
R

Finally, taking 6 — 0 and using the monotone convergence theorem, we obtain (4.9),
thereby completing the proof of the proposition. [l
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4.3. Proof of the main theorem. We are now in position to prove the main result of
this paper, that is Theorem 2.3. This will be achieved in two steps:

(1) Convergence of the approximate solutions in Lebesgue spaces, by an interpolation
argument.

(2) Convergence of the exact solutions in Lebesgue spaces, by local stability with re-
spect to €.

Step 1. We begin with writing, in view of the identity (4.11) and Besov embeddings (A.1),

that
[0 Ol ey 5 0., S 0y,

for any t > 0. Thus, by employing the interpolation inequality (A.3), we obtain that

¢, S Il _lle=Ollh, -

Therefore, by further making use of the identity (4.11) and the embeddings (A.1), we end
up with the control

1 1
<@gy, S NE=OIZ (0wt
In the end, applying (3.7), (3.13) and (4.9), we arrive at the bound

HwZ’EHLw([o,T];Ll(R)) STuocrer 0.

Moreover, by Holder inequality, one can also deduce, for any p € [1, 00), that

1
Hwﬁ,a HLoo([o,T};LP(R)) 5T,u0761702 {2r

Step 2. From (2.6) and (3.15) we deduce that, up to an extraction of a subsequence, we
have the convergence
w = u’ —u in O([0,T]; L) (R)),

as ¢ — 0. Therefore, it follows as a consequence of the convergence result from the
preceding step that

Huz(t) - u(t)HLp([_njn]) < hI;Liglf sz’aHC([QT];LP([_HM)) STueser,en €ﬁ>

for any n € N* and all ¢ € [0,7]. In the end, letting n — oo yields the validity of (2.7),
thereby concluding the proof of Theorem 2.3. O

APPENDIX A. FUNCTIONAL SPACES: INTERPOLATION AND EMBEDDINGS

In this appendix, we agree that d > 1 denotes the dimension of the space variable. We
shall collect some general results which cover the overall functional embeddings that we
routinely utilize in this paper. This mainly involves properties of distributions belonging
to Besov and BV spaces, which we recall below. For clarity, let us point out here that one
takeaway of this appendix is the justification of the known embedding

M(R?) < B} (R,
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where M(R?) stands for the space of Radon measures and B?W(Rd) is a homogeneous
Besov space, which implies that
BV(R?) — B} (RY),

where BV denotes the space of locally-integrable functions with bounded variations.

A.1. Besov and Sobolev spaces. We denote by §'(R?) the space of all tempered distri-
butions defined on RY. Moreover, we say that a tempered distribution f belongs to 8}, (R¢)
if it is not a polynomial near zero. More precisely, if it satisfies that [2, Definition 1.26]

T [0AD) ] e ey = 0,

for any 6 € D(RY), where the symbol (D) denotes the Fourier multiplier by the smooth
function 6. Note that the preceding condition is automatically satisfied for any tempered
distribution whose Fourier transform is locally integrable near zero [2, Example 1 page 22].

The homogeneous Besov space B;q(Rd), for s € R and p, q € [1, 0], is defined as the set
of all tempered distributions f in 8} (R?) such that

1
dof - qa\*
Bs ,(RY) — (E <2j ||Ajf||LP(Rd)> ) < 09,

JEZ

/]

with the standard change of definition in the case ¢ = oo, where (Aj)jez denotes the
usual (homogeneous) dyadic partition of unity, which is made of a family of a rescaled
smooth function supported away from zero. See [2, Section 2.2] for the precise definition
and important properties. We also recall the identification (in terms of the semi-norms)

B5,(R?) ~ H*(RY), forall seR,

which defines the homogeneous Soboley space H* (R%) as a particular case of Besov spaces.
Finally, we define the Sobolev space W#P(R?), for p € (1,00) and s € (0, %), as the set of
tempered distributions f € S’(R?) such that
def El
||fHW57P(]R'1) = H(_A)QfHLP(Rd) < o0.
The inhomogeneous Besov space B;q(Rd), on the other hand, is defined in a similar
manner and it consists of all tempered distributions f in 8'(R?) such that

1

a
def is
Bs ,(RY) = (Z (QJ HAijLP(Rd))q> < 00,

JEZ

/]

with the standard change of definition in the case ¢ = oo, where (A;);ez denotes the usual
(inhomogeneous) dyadic partition of unity. See [2, Section 2.2], again. Finally, we conclude
by pointing out that
s d\ ~ DS d d
B, (RY) ~ B, (RY) N LP(R?),
for all s > 0 and p,q € [1, 00].
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A.2. Radon measures and BV spaces. The set of Radon measures is defined as the
dual space of continuous functions. More precisely, we introduce

def

M(R {f €8'RY) :||fll < oo},
where .
de
[fllye = sup  [{f, )]
peCO(rRY)
llell Lo <1

Moreover, we define the space of functions with bounded variations as
BV(RY) € {fe Ll (RY) with VfeMRY}.

A.3. Embeddings. Here, we recall some functional inequalities which play a crucial role
in our work. We begin with the classical (continuous) Sobolev embeddings, recast in the
general context of Besov spaces [2, Proposition 2.20]

B (Rd) o B3, (RY = B, 0T ®Y) o BT (Ray, (A1)
forall s e R, 1 < p<r < ooandany g € [1,00]. In particular, it holds that
B, (RY) — DP(RY) = BY(RY), (A2)

for any p € [1,00]. Another important feature of embeddings of Besov spaces is the gain
in terms of the third index in interpolation inequalities. More precisely, it holds, for any
f € B (RY) N B3 (RY), that

1135 ey S 1N B0, ey 1Nt g (A.3)

for any p € [1,00] and real parameters so < s < 1 with s = so+ (1 —60)s; and 6 € (0,1).
At last, the bridge between BV and Besov spaces can be apparent in the following
embedding

17161y S 1 vy
for all f € BV(R?). This is a direct consequence of the bound [2, Proposition 2.39)
||VfHBgOO(Rd) S HVfHJv[(]Rd) :
The justification of this inequality can be done by duality, writing [2, Proposition 2.29]

IVflsy s S swp (V0.

peS(RD)
lellzo <1
0,1

which, in view of the embedding
BY,1(RY) — CO(RY),
yields the desired estimate
19050 ey S sup K@) = 1Vl -

peCO(RD)
ol Lo <1
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