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ABSTRACT. Gauss kernel method and Duhamel’s integral principle are used
to obtain solutions in the sense of Colombeau generalized functions to scalar
conservation laws with flux explicitly dependent on space variable, and to the
corresponding parabolic approximation. In homogeneous case, the existence
and uniqueness of generalized solution are obtained in [15]. This paper presents
generalization of results from [15] for wider class of problems.
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1. INTRODUCTION

Colombeau generalized functions naturally extend distributions through the con-
volution transform given by the mollifiers ¢, f — f % ¢. This fact and the integral
transform method are the basic tool in considering the Cauchy problem for a scalar
conservation law with a flux-function explicitly dependent on the space variable,

du(t,x) + 8, f(z,ult,z)) =0, z€R, t>0,

u(0, ) = uo(x), z € R. S
The ideas of integral transform methods are essential ones in our approach to this
problem.

The same problem, but in the homogeneous case, i.e. with a flux-function f =
f(u) dependent only on the state variable u, is completely solved in [15]. This
paper presents generalization of the results from [15] for wider class of problems,
i.e. for a more general flux-function f.

In the classical theory, the idea of solving problems as (1) is to consider an appro-
ximation of (1) involving small terms added on the right hand side of (1), such as
?vanishing viscosity” pug., where p is a small positive parameter tending to zero.
In order to obtain a solution to problem (1), one needs to study a limit of a family
of solutions (u*),, 1 — 0%, to the following family of problems

Owu(t, z) + 0p f(z, u(t, ) = pd2 u(t, x), z€eR, t>0,

u(0, z) = ug(x), z €R. @)

In the theory of Colombeau generalized functions such procedure can be obtained
by viewing p as a strictly positive generalized constant associated to zero.
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If we consider problem (2) with a smooth initial data up € C;°(R), whose all
derivatives are bounded, then (2) can be reformulated as an integral equation

1 [t 2
ut.a) = = / e gl = 2y dy+ 3)

b Foo 2
+ / / ye ' flz —2y/usy, u(t — s, — 2\/usy))dyds,
0 —00

TS

22
by the use of Duhamel’s principle and the heat-kernel E(t,z) = 2%e_m, where

@ > 0. The same formulation, (3), is valid for a representative of a generalized
solution, and it is used to prove the existence and uniqueness of a approximated
generalized solution to conservation law (1).

1.1. Algebra gg(Rﬁ_). Let us firstly recall the basic definitions and properties we
need here. We refer to [4, 9, 12, 14, 15, 16] for more details about generalized
functions.

Let RZ = (0,00) x R and
C(R3) :=={ue C*R3) : Vo, B€ N, VT >0,

[ulapr = sup [9802u(t.a)| < oo,
(t,z)e(0,T)xR
If one put T' = oo, then the corresponding space is denoted by C{f"(Ri). Excluding
R, and taking supremum over z € R, one obtains C°(R).

A net of functions {u}.c01) € (CZ(R3))OY is called moderate if for all
(a, ) € N? and all T > 0 there exists N € N such that ||ullo g7 = O(E™V),
as ¢ — 0T. Denote by SM&(Ri) the set of all moderate nets. A moderate net
{u®}oc(0,1) is called negligible (an element of N,(R2)) if for all (o, B) € N2, g €N
and all T > 0, ||uflasr = O(e9), as e — 0. Ear4(R2) and Ny (R2) are algebras
under pointwise multiplication and /\/'g(Ri) is an ideal in c‘,’M,g(Ri)7 SO we can
define Colombeau algebra G, (R2 ) = En,4(R%) /Ny (R?). In the same way, one can
define the algebra G,(R). -

The equality Cgo(Ri) = C’E‘X’(Ri), R? = [0,00) x R, enables us to define the
restriction of the generalized function u € G,(RY) to {t = 0}, uli=o € Gy(R),
as a class of the family {u®(0,z)}., where {u®(¢,x)}. is a representative of the
generalized function u (cf. [15] and the references therein).

The composition of a nonlinear function f : R?* — R and a generalized function
u € Gy(R2), f(z,u), such that f(z,u) € G,(R?Y), is defined as follows. A smooth
function f: R?* — R is called slowly increasing if

Va = (a1,a) € N?, 3N, €N, Jea >0 951052 (€, A)] < call + AN,

for all §, A € R. The number N ¢) is called the order of f. If f is slowly increasing
and u € G,(R?), then it is easy to prove that f(z,u(t,z)) := [{f(z,u®(t,2))}.] €
G,(R2).

Now we describe the embedding of the space of bounded distributions D}« (R)
into G4(R). Let p € S(R) be a rapidly decreasing function such that [, p(x)dz = 1,
fonp(x)dx =0, n=12,..and let p.(x) = %p (f% z€R, e >0. Let we
D}« (R). Then, the mapping ¢, : w — [{w * pe}E]Ng is aforementioned embedding
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that commutes with differentiation. Moreover, if w € Cp°(R), then {w.}. = {w}.
is a representative of the generalized function ¢,(w).

Recall, generalized function u = [{u.}.] € G4(R?), is associated to a distribution
w € D'(RY), u~w,if u* — win D'(RZ), when e — 0*.

A generalized function p € G4(R), is called generalized constant, if it has repre-
sentative {p.}. such that p(t,2) = u. € R, € € (0,1). It is said that a generalized
constant [{u.}c] is strictly positive if

INeN: N<pu.<e™ ot
If u is a strictly positive generalized constant, then 1/u is also a strictly positive
generalized constant. Strictly positive generalized constant p is associated to zero,
=~ 0, if and only if g, — 07, when € — 0.
A generalized function u € G, (Ri), is called of +/log-type if it has a represen-
tative {u®}c, such that VT > 0,

sup |uf(t,z)| = O(/|logel), e — 0T,

(t,z)€(0,T)xR
and it is called of bounded type if

sup |uf(t,z)| = O(1), e — 0.
(t,z)e(0,T)xR

2. GENERALIZED SOLUTIONS

A generalized function u € G,(R?2) that solves problem (1) in G,(R?%) is called
generalized solution to (1). It means that for given ug = [{u§}] € G4(R), {uf + (f(z,u)).}, €
N,(RZ) and {u®(0,-) —u§}. € Ny(R). A generalized function u € G,(R2) that
solves problem (1) in gg(Ri) with equality replaced by the association, =, is called
approzimated (generalized) solution to (1). This concept is widely investigated; we
refer to some papers concerning generalized solutions [1, 13, 15, 16, 17, 19]. Re-
lations between Colombeau type solutions to (1) and measure valued solutions to
(1), in the case when f(x,u) = f(u), are discussed in [1]. We refer to [5, 6, 7, 18]
for the measure valued solutions.

Generalized solutions of bounded type to (2) are of special importance because
they present approximate generalized solution to conservation law (1). If u €
gg(Ri) is of bounded type and pu is generalized constant associated to zero, u =~ 0,
then pug, =~ 0, too. That means that u solves conservation law (1) with equality
replaced by association, i.e. u; + f(x,u), =~ 0.

Another important fact is that if we consider the initial data uy € L*°(R), the
embedding of ug, t(ug) € G4(R) is of bounded type. Then, generalized solution
to (2) with initial data ¢(ug) is of bounded type, too, and additionally solves the
following problem,

ug + fx,u), =0, ult=o A2 ug.

The idea to work with generalized functions of bounded type comes from the
classical theory of conservation laws with the flux-function f explicitly dependent
on space variable x. If the initial data ug € L>°(R) is bounded with some constants
a < b, a < wup(x) < b, then the classical solution to (2) stays between the same
constants a < b, provided that flux-function f(x,\) vanish at A = a and A\ = b, i.e.

f(z,a) = f(z,b) =0, z€R, (4)
of. [2, 10, 11].
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The basic theorem on the existence and uniqueness of the generalized solutions
to (2), Theorem 4, is formulated for the initial data of bounded type and real
constant g. The proof of the Theorem 4 follows the procedure given in the proof
of the Theorem 3.3 from [15]. Comparing this work with the work done in [15],
there are some modifications of the properties of the function f. Also, we use more
general Gronwall-type inequality (Lemma 3) and involve some additional estimates
on the spatial derivative of the function f, denoted by D, f. The spatial derivative
D, is connected with the full derivative 9, in the following sense 0, f(z,u) =
D, f(z,u) + 0y f(x,u)d,u.

We use the following uniform boundedness property for the generalized functions
of bounded type.

Lemma 1. Ifv € G4(R) is of bounded type, then there are constants a < b, such
that for every representative {v°}., there exists g9 € (0, 1]

a <v¥(x) < b, x € R, €€ (0,¢). (5)

Proof. Let v = [{v°}.] € G4(R) be of bounded type, i.e. sup [v°(z)| = O(1), € = 0.
z€R

Thus, for a representative {v°}., there exist constants @ < b, and & € (0, 1], such

that @ < v°(x) < b, z € R, e € (0,2).
Let {w}. be (another) arbitrary representative of v, i.e. {v® —w®}. € Ny(R).

Since v° — w® — 0, as € — 0, there are constants @ € (@ — 1,a), b € (b,b+ 1) and

£>0,suchthat a < w(z) <b,z R, e € (0,€). Since all representatives of v have

bounds in intervals (@ — 1,a) and (b,b + 1), we take a := infa and b =supb. [
To specify bounds a < b we refer to ”a, b-bounded type”.

Definition 2. If v € G4(R) is of bounded type, and constants a < b are obtained
in the proof of the Lemma 1, then we say that v is of a, b-bounded type.

We also use the following Gronwall-type inequality, proved in [3], to (11).

Lemma 3. Let w = w(t) be nonnegative, continuous function that satisfies

t
w(t) < a(?) +/ b(s)w(s)ds, tel,
0
where a,b > 0, are nonnegative functions. Then
t
w(t) < alt) + / a(s)b(s)els ¥Mdrgs ¢ e,
0

Theorem 4. If the initial data uy € G4(R) is of a,b-bounded type, and the fluz-
function f is slowly increasing and fulfills (4), then there exists a unique generalized
solution u € Gy(R%) to (2), and u is of bounded type.

Proof. Let {u§}e be a representative of the initial data ug. For a fixed e, consider
the following problem

Opus (t, ) + Op f (z,u (t, ) = podZ us, (6)
U |4=0 = ug-

Integral equation (3) enables us to prove that for every fixed € there exists a unique
solution u® € Cgo(Rf_) to problem (6), cf. [15, 13].
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From a < u§(z) <b, x € R and (4) we have that
a<uf(t,x) <b, (t,z) € (0,T) x R. (7)

The proof of this assertion is standard, cf. [10, 11]. Let us give the sketch of the
proof. Let € be fixed and v§, 6 > 0, be the solution to the following problem

05 + (f(x,05))e = p0s,v5 — 6, (8)

V5 |t=0 = ug.

Then, v§ — uf, strongly in L>*((0,7) x R), as 6 — 0. Suppose that the set
K ={(t,z) € (0,T) xR : v§(t,x) > b} is not empty. Let K; = {t : (t,z) €
K, for some z} and tg = inf K;. Then, v5(to,z) < b, because it is continuous.
Also by continuity, there must exists an o such that v5(to, zo) = b and v§ (o, -) has
a local maximum at zg. So,

UE(th'rO) = ba aﬂﬂvg(tOVTO) = 07 8§xvg(t0?x0) S 0.

On the other hand v§(-,zo) is non-decreasing in some neighborhood of ¢y, which
means that 0,v5(to, zo) > 0. Now, consider (8) in (to,zo). We obtain

0 < 9yv5(to, wo) + Do f(z,v5)(t0, 7o) + Ouf (@, v5)(to, To) O2v5(to, 20) =  (9)
= pd?,v5(to, z0) — 8 < =35 < 0.

Since fy(z) = f(x,b) = 0, z € R, it follows that f/(z) = D, f(z,b) =0, z € R.
The contradiction in (9) implies that the set K is empty, i.e. v5(¢t,z) < b, (t,x) €
(0,T) x R, hence also u®(t,z) <b, (t,z) € (0,T) x R. Similarly we can prove that
us(t,z) > a, (t,z) € (0,T) x R.

Now, we prove that {u®}. is moderate. Since ug € G,(R) is of a, b-bounded type,
from (5) and (7) we have that a < u®(t,z) <b, (t,z) € (0,T) xR, £ € (0,9). Thus
for all T > 0,

sup  |uf(t,2)| < max{la],[b[} e, € - 07
(t,z)€(0,T)xR

To estimate the derivative uS, replace u by u® and ug by u§ in (3). The differenti-
ation with respect to = implies

wi(to) = 7= [ e () @ - 2 dy+

¢
+ /0 ;NS /Ryefy {sz(:ﬂ —2y/usy,ut(t — s,x — 2/pusy))+ (10)
+ 0uf (& —2¢/psy, u®(t — s, — 2\/usy)) ug,(t — s, o — 2\/ﬁy)] dyds,

ie.,

ug (t, z)| < %/Re-yﬂ(ug)'(x — 2v/pty)|dy+

t
1
+ / / |y\97y2 [61,0(1 + U (t — 5,2 — 2/psy) ) Vo +
0 R

TS

100 f (@ — 2115y, uF (t — 5,3 — 2y/fisy)) | [uE(t — 5,2 — 2/fisy)] | dyds.
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Taking supremum with respect to x € R, for w(t) = sup |ug (¢, z)| = [|ug(t, )| L= ®r),
zcR
we obtain

t
wl®) <1 Nom + en(1-+ 1oy

c b
Tl [ ois (1)

Notice that, since f is slowly increasing, from (7) we have that f,, is bounded.
t
Now, we apply Lemma 3. Taking for a(t) = ||(ug)’|| L~ +cl(1+Hu€||Loo(Rz+))Nl=° \/7,
1
_ C||quL°°

Vi Vi—s

w(t) < a(t) + /Ota(s)b(s)eclfﬁ"m.

and b(s) from (11) and previous lemma, we obtain

Taking supremum with respect to ¢t € (0,7), we obtain

sup w(t) < [[(ug)'|lpe+ (12)
te(0,T)

cllfull

T
+er(1+ [[ull ez )0y | a2t ca|(ug) [l L™V

Thus, for all " > 0, there exists N; € N such that

sup ug(t,2)| = O(e™™), e 0%
(t,2)€(0,T) xR

5

In a similar way we can estimate other derivatives of u® to conclude that {u®}. €
& M,g(Ri). Derivative with respect to t can be estimated in much easier way because
the absence od D,-term. It is important to stress that the derivative we want to
estimate in equality like (10) are always multiplied by f,, on the right hand side of
(10).

Finally, we conclude that {u®}. is a representative of u € G4(R?) that defines a
generalized solution to (2).

To prove the uniqueness, assume that u; and us are two generalized solutions to
(2). Then there exist N = {N.}. € N;(R%) and n = {n.}. € N,(R), such that

(uf — U;)t + f(z,uf)e — f(@,u5)e = p(ui — u;)m + Ne
(ui —u3)—g = Ne.

Using again (3), we obtain

1 2
(uf —uj) (t,x) = ﬁ/Re Y ne(z — 24/ pty)dy+
1 /t/ 2
+ — eV N(t — s,z — 2y/ uty)dyds
VT Jo Jr )

[ [ e [l 2y s - 2y -

TS

— flz —2/psy, us(t — s,z — %/;Ey))} dyds.
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This implies
| (U§ —u3) (b, )L < Inellzoe + tl[NellLoe0,m)xr)+

HfullLoo —u3)(s, )l L= ds.

=

Applying Lemma 3, we obtain
| (ui = ug) (¢ )]lLe <

2c
< (el + Nl e orem ) (1+ S Ml VE)es

ull?t

From here we conclude that

sup | (uf —u5) (t,2)| = O(M), €— 07,
(t,z)€(0,T)xR
for all T > 0 and M € N, provided that N € NV,(R?%) and n € N (R). Derivatives
of uf — u§ can be estimated in the same way as in the proof of the existence to
conclude that u; — us € Ng(Ri). O

Considering p as a generalized constant we can obtain similar results.

Theorem 5. Let p be a strictly positive generalized constant such that 1/ is of
log-type, i.e. 1/u. = O(|logel), € — 0T. Let ug be of a,b-bounded type, and let
f be slowly increasing and satisfies (4). Than there exists unique u € gg(Ri), of
bounded type, that solves problem (2).

Proof. The proof follows in the same manner as in the proof of Theorem 4, using
that 1/u. = O(log(1/¢)), € — 0T, in inequalities like (12). O

Remark 6. Notice that if u =~ 0, then the solution obtained in Theorem 5 is ap-
proximated (generalized) solution to (1).

Remark 7. Our assumption on 1 in Theorem 5 means that i is a slow-scale gen-
eralized constant. We refer to [8] for this notation which is useful but not used in
this paper.
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