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Asymptotic stabilization of entropy solutions to scalar conservation laws
through a stationary feedback law.

Vincent Perrollaz *f

October 19, 2012

Abstract In this paper, we study the problem of asymptotic stabilization by closed loop feedback for a scalar conservation
law with a convex flux and in the context of entropy solutions. Besides the boundary data, we use an additional control
which is a source term acting uniformly in space.

Keywords Asymptotic stabilization, conservation law, entropy solution, generalized characteristics, PDE control.

1 Introduction.

This paper is concerned with the asymptotic stabilization problem for a nonlinear scalar conservation law with a
source term, on a bounded interval and in the framework of entropy solutions:

Opu + Ou f (u) = g(t),
u(0,2) = uo(x),
u(t,0) = w(?),

u(t, L) = u,(t).

(t,x) € (0,T) x (0,1), (1)

Here u is the state and wu;, u, and g are the controls. For any regular strictly convex flux f in C!(R;R) and any
state u € R we will provide explicit stationary feedback law for g, u, and wu; such that the state @ is asymptotically
stable in the L(0,1) norm and in the L°°(0,1) norm.

1.1 Generalities and previous results.

Scalar conservation laws are used for instance to model traffic flow or gas networks, but their importance also
consists in being a first step in the understanding of systems of conservation laws. Those systems of equations
model a huge number of physical phenomena: gas dynamics, electromagnetism, magneto-hydrodynamics, shallow
water theory, combustion theory... see [12, Chapter2].

For equations such as (1), the Cauchy problem on the whole line is well posed in small time in the framework
of classical solutions and with a C! initial value. However those solutions generally blow up in finite time: shock
waves appear. Hence to get global in time results, a weaker notion of solution is called for. In [24] Oleinik proved
that given a flux f € C? such that f” > 0 and any ug € L*>(R) there exists a unique weak solution to:

Ug + (f(u))x = O, zeRandt > O, (2)
’LL(O, ) = 'LLO, (3)
satisfying the additional condition:

u(t,z + a) —u(t,x)

<

E
" forx e R, ¢t>0, and a > 0. (4)
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Here E depends only on the quantities inf(f”) and sup(f’) taken on [—||ug||Le<,||tuo||re] and not on ug. Later
n [22], Kruzkov extended this global result to the multidimensional problem, with a C* flux f : R — R" not
necessarily convex:

up + div(f(t,z,u)) = g(¢t,z,u), fort>0and x € R"™. (5)

This time the weak entropy solution is defined as satisfying the following integral inequality:

for all real numbers k and all non-negative functions ¢ in C}(R?), (6)
// lu — k|é +sgn(u — k)(f(u) — f(k))Ve +sgn(u — k)g(t, x, u)pdtdz + / uo(z)@(0, z)dx > 0. (7)
R? R

The initial boundary value problem for equation (1) is also well posed as shown by Leroux in [20] for the one
dimensional case with BV data, by Bardos, Leroux and Nédélec in [6] for the multidimensional case with C? data
and later by Otto in [25] (see also [23]) for L> data. However the meaning of the boundary condition is quite
intricate and the Dirichlet condition may not be fulfilled pointwise a.e. in time. We will go into further details
later.
Now for a general control system:
{X F(X,U), )

X (to) = Xo,

(X being the state of the system belongs to the space X and U the so called control belongs to the space U), we
can consider two classical problems (among others) in control theory.

1. First the exact controllability problem which consists, given two states Xy and X; in X and a positive time
T, in finding a certain function ¢ € [0,T] — U(t) € U such that the solution to (8) satisfies X (T') = X;.

2. If F(0,0) = 0, the problem of asymptotic stabilization by a stationary feedback law asks to find a function of
the state X € X — U(X) € U, such that for any state X a maximal solution X (¢) of the closed loop system:

X(t) = F(X(t), U(X(1),
X(to) = Xo,

is global in time and satisfies additionally:

VR >0, 3r > 0 such that || Xo|| <r = VteR, || X{#)|| <R, (10)
X(t) o 0. (11)

The asymptotic stabilization property might seem weaker than exact controllability: for any initial state X, we can
find T and U(t) such that the solution to (8) satisfies X (T') = 0 in this way we stabilize 0 in finite time. However
this method suffers from a lack of robustness with respect to perturbation: with any error on the model, or on the
initial state, the control may not act properly anymore. This motivates the problem of asymptotic stabilization by
a stationary feedback law which is more robust. In fact in finite dimension, the asymptotic stabilization property
automatically guarantees the existence of a Lyapunov function.

In the framework of entropy solutions, only a few results exist for the exact controllability problem see [2], [3],
[1], [7], [14], [15], [17]. In all cases the control act only at the boundary points. Furthermore many of those results
show that boundary controls are not sufficient to reach many states. However with an additional control g(t) as
in (1) and with f(z) = % (Burgers equation), Chapouly showed in [8] that in the framework of classical solutions,
any regular state is reachable from any regular initial data and in any time (note that in this context, the controls
also had to prevent the blow up of the solution, which will not be a concern for entropy solutions). It was shown
in [26] that the same kind of improvement also occur in the framework of entropy solutions.

The aim of this paper is to investigate the problem of asymptotic stabilization with this additional control on
the right-hand side. To the author’s knowledge it is the first result about asymptotic stabilization through a closed
loop feedback law in the framework of entropy solutions. However, it should be noted that in the framework of
classical solutions the problem has been studied extensively, see for example: [19], [4] or [5] among many others.



As for the physical significance of g, it can be seen as a pressure field in the case where the Burgers equation
is considered as a one dimensional isentropic Euler compressible equation. Equation (1) is also a toy model for the
compressible Euler-Poisson system:

Oip + Opm :20, p(0,.) = po, p(t,0) = pi(t), p(t,L) = pr(t),
m

oym + 31(7 +p(p)) = pdV —m, m(0,.) =mgo, m(t,0) =my(t), m(t,L) =m.(t), (12)
_8£mv =P V(ta O) = ‘/l(t)v V(ta L) = %(t)a

where the controls are p;, p,-, m;, m,, V; and V,.. Indeed once we take g(t) = M we get 0,V = g(t) + Ap(t)
with A the following linear integral operator:

Ab(x) = /01 0(z)dz — %/OL /Oy 0(z)dzdy.

So we have to deal with a hyperbolic system controlled by the boundary data and an additional source term
depending only on the time variable.

1.2 Results.

In this article, functions in BV(R) will be considered continuous from the left in order to prevent ambiguity on the
representative of the L' equivalence class.

We will also suppose that the flux f is a C! strictly convex function.

We will make use the following notation:
Va,5 € R I(a, 8) = [min(e, 8), max(«, 8)]. (13)
We are interested in the following equation:

Oyu+ 0z (f(u)) = g(t) on (0, +00) x (0,1),

u(0,.) = uo on (0,1),

se(ult, 1) — uy () (F(u(t 1) — FR) >0 k€ T(un (), ult, 1)), dt ac.
sgn(u(t,07) — () (f(u(t,07)) — f(k)) <0 Vk € I(w(t),u(t,0%)), dt a.e..

We recall that following [20] and [6] a function u in L>°((0,400); BV(0,1)) is an entropy solution of (14) when it
satisfies the following inequality for every k in R and every non-negative function ¢ in C}(R?):

(14)

+oopl 1
/0 / Ju — Kl + sgn(u — k)(F(u) — F(K))ds + sen(u — k)g(t)pdzdt + / fup(z) — k| $(0, z)de
+oo
n / sgn(un (£) — R)(F(k) — Flu(t, 17))p(t, 1) — sgn(un(t) — K)(F (k) — F(u(t,07)o(t,0)dt >0 (15)

Remark 1. o Let us recall that with a convex flux, an entropy solution satisfy (see [11] or [12, chapter 11]):

Y(t,z) € (0,400) x (0,1), wu(t,z™) >u(t,z™). (16)

e [t should be noted that if u in L>((0,+00); BV(0,1))NLip([0, +00); L1(0,1)) the exists a unique representative
u such that:
u € Lip([0, +00); L*(0,1))  and ¥t >0, wu(t,.) € BV(0,1).

Thus the traces of u at x = 0 and © = 1 are taken as the limit of this representative for every time t and
the boundary conditions in (14) hold almost everywhere and not necessarily everywhere. This will make the
analysis more delicate as will be seen in Section 3.



Here the functions g, v; and u,- will not depend on the time but on the state u(¢,.). Their value will be prescribed
by a closed loop feedback law.
Consider @ € R. It is clear that if we define u by:

W(t,z) € R+ x(0,1), ult,a) = @,

then w is an entropy solution of (14) for initial and boundary data equal to @. In the following we will provide
two feedback laws and two corresponding results (in the respective cases f'(@) = 0 and f’(@) > 0), such that the
previous stationary solution is asymptotically stable. Note that the case f'(z) < 0 can be directly deduced from
the positive case using the transformation:

X=1—-uz,
F(z) = f(=2),
Ut,X)=—u(t,1—x).

If /(@) > 0, we will use the following stationary feedback laws:

YW € LY0,1), G (W)= f/;ﬁ)

YW e LY0,1), w(W) = u.(W) = . (18)

[[W —al|L10,1), (17)

In the system (14) we will replace: g(t) by Gi(u(t,.)), ui(t) by ui(u(t,.)) and finally w.(t) by u,(u(t,.)) to obtain a
closed loop system.
We will need to distinguish between two possible behaviors of f as follows:

Definition 1. o We say that f if of type I if there exists u* such that:
f(u*) =0. (19)
The Burgers equation has a fluz of type I
o We say that f is of type II otherwise. In this case we have either
VzeR, f'(z)>0, (20)
or
VzeR, f'(z)<0. (21)
The flux f(z) = e* is of type I
Remark 2. If the flux f is of type I, we can deduce since it also strictly convex:

lim f(z)= lim f(z)= +oo. (22)

z— 400 zZ——00

If f'(u) # 0, guarantees the existence of 4 # @ such that f(@) = f(@). We can then reformulate the boundary
condition of (14) as follows (we describe the case f'(w) > 0):

u(t,17) € [u;+00) dt a.e., (23)
u(t,07) € (—oo, 4] U {ua} dt a.e.. (24)
We can now enounce the following result.

Theorem 1. For any ug in BV(0, 1), the closed loop system (14) where u;, u, and g are given by the feedback laws
(18) and (17) has a unique entropy solution u. It is global in time, belongs to the space L>°((0,400); BV(0,1)) N
Lip([0, +00) ; L'(0, 1)) and continuously depends on the initial data. Furthermore if the flux f is of type I we have:



e There exist two positive constants C1 and Cy depending only on @ such that u satisfies:

V>0, |Ju(t,.) — allpion) < Cre 2 (25)
i 0,  flult,) — allieon < Coe” F luo — allieo, (26)
o There exists a certain time T depending only on @ such that u is C* on (T, +00) x [0,1].
On the other hand if the flux f is of type II we have the following properties.
e The solution u satisfies the following stabilization estimate:
W20, [ult) - olleon < 7T TG e A g e o, (27)

o There exists a certain time T' depending on u and ||ug — || (0,1) such that u is C' on (T',+00) x [0,1].
Remark 3. e In Section 4, we will provide explicit formulas for Cy, Co, C3, T and T'.

e [t is interesting to see that a feedback using the L* mnorm actually provides a control in the L™ norm. On the
other hand a feedback relying on the L norm might be problematic due to the impossibility of taking the limit
in ||.||Le(0,1) with only a pointwise convergence and also due to the lack of time reqularity of ||u(t,.)||L=(0,1)
for an entropy solution of the open loop system.

Let us now suppose that f/(@) = 0, we introduce the following auxiliary function A:

f(atz)—f(w) ifo<z<1
Al2) =9 e D@ o1 (28)
We will use once again:
YW e LY0,1), w(W) = u. (W) = a,
for the boundary terms but the stationary feedback law for the source term will now be:
YW e LY(0,1), Go(W) =AW —allz1(0,1)); (29)

and as before we will replace g(t) by Ga(u(t,.)) in (14). This allows us to prove the following.

Theorem 2. The closed loop system (14) where u;, u, and g are provided by the feedback laws (18) and (29) has
the following properties.

o For any ug in BV(0,1) there exists a unique entropy solution u. It is global in time, belongs to the space
L>((0,+00); BV(0,1)) N Lip([0, +-00) ; L' (0, 1)).
and depends continuously on the initial data.

e The solution satisfies:
[u(t,.) — |l L (0,1 0. (30)

t%+

o [If additionally

o "
a = inf f(2) > 0,

then we have a globally Lipschitz function R such that:

mo = LG 2 e (). @)

vt=0,  lu(t,.) = ullz=o) < Rlluo — @l[L=(0,1))- (32)




Remark 4. The last property is weaker than stability, thus we do not have asymptotic stability of u. However
taking c positive and adjusting A as follows:

f(ﬂ+z%7f(71) Zfo <z<¢c

A(z) = 1= . = B -7 33
(2) =19 (@), _ ) 4 LEH=I@ o> (33)
we can see that @ tends to 0 with ¢ and therefore R(0) can be as small as we want.

The feedback laws (17) and (29) act in two steps. In the first step the control g uniformly increases the state
u(t,.) and therefore the characteristic speed f’(u(t,.)) (in the case where f’(@) > 0) to eventually reach a point
where the speed is everywhere positive on (0,1) (the same speed profile as the target state @). It should be noted
that we may potentially increase ||u(t,.) — @|| during this part. Once such a speed profile is reached the feedback
loop increases the speed f’(u) more than the state u and we have stabilization toward 4. This is the same strategy
as the return method of J.-M. Coron [9], [10].

The paper will be organized as follows. In Section 2, we will prove using a Banach fixed point theorem that the
closed loop systems of both Theorem 1 and 2 has a unique maximal entropy solution which furthermore is global
in time, one might consider looking at the articles [27] and [28] where related questions are considered (note that
a Lax-Friedrichs scheme with a discrete ||u(t,.) — @|[z1(0,1) would have also provided existence). In Section 3, we
will adapt the result of [11] and describe the influence of the boundary conditions on the generalized characteristics
touching the boundary points. In Section 4 we prove Theorem 1. Finally in Section 5 we will prove Theorem 2.

2 Cauchy problem for the closed loop system.

In this section, we will prove the following result which will imply the first part of Theorem 1 and Theorem 2 about
existence uniqueness and continuous dependence on the initial data for the closed loop systems.

Proposition 2.1. For i in R, ug in BV(0,1) and g a C* function on R which is globally Lipschitz (with constant
L¢ ) and satisfies g(0) = 0, there exists a unique entropy solution of:

Buu+ 0 (f () = gllult, ) — s o) on (0,+00)  (0,1),
u(0,.) = ug on (0,1),

sgn(u(t,17) —a)(f(u(t,17)) — f(k)) Vk € I(u,u(t,17)), dt a.e.,
sgn(u(t,07) — @) (f(u(t,07)) — f(k)) Vk € I(u,u(t,0m)), dt a.e..

Furthermore two solutions u and v of (34) for two initial data uy and vy satisfy:

>0
<0

vt >0, [lut,.) = o(t, )ILr(0,1) < [luo = vol|L10,1ye™ <"

It is crucial that the boundary data is independent of u, so that we can use a fixed point theorem on the source
term of the equation. This proposition implies the first parts of Theorem 1 and Theorem 2 because both take the
form of (34).

Thanks to [20], [21] and [6], we know that for any ug in BV(0,1) and any function h in C°(R™) there exists a
unique entropy solution v in L ((0, +00); BV(0,1)) N Lip,,. ([0, +00); L1(0,1)) to

loc
Ov + 9:(f(v)) = h(d), on (0, 400) x (0,1),
v(0,.) = o, on (0,1), (35)
sgn(v(t,17) —a)(f(v(t,17)) — f(k)) Vk € I(u,v(t,17)), dt a.e.,

> 07
sgn(v(t,07) —a)(f(v(t,07)) — f(k)) <0, Vk € I(u,v(t,01)), dt a.e..

We now have the following key estimate, which is a classical result of Kruzkov [22] when there is no boundary.

N

Lemma 1. Ifv and ¥ are entropy solutions of (35) with respective source terms h and h and respective initial data
ug and g then we have:

T
VI >0, (T, .) = (T, )10y < lluo = dollL10,0) +/ |h(s) = h(s)|ds. (36)
0



Proof. Following the method of Kruzkov[22], we take 1) nonnegative function in C}(R*). Since for any (Z,%) in R?,
(., 1,.,7) is in CH(R?) we get with k = (£, %) in (15):

+ooprl
/0 / lo(ts ) — 5, )|t ., F) + sgn(v(t, 2) — 5 5) (0t ) — FBE 5w (1,2, 5)

1
+sgn(v(t,x)—f;(f,j))h(t)¢(t,£,x,5:)dxdt+/O luo(x) — 0(t, %)Y (t, t, , 7)dx

+OO ~ ~
+ / sen( — 5(5, ) (F(00, #)) — F(o(t, 1)L 1,7)
—sgn(a — 0(t, %)) (f(0(t, %)) — f(v(t,0M)(t,t,0,%)dt > 0.

Integrating the above inequality in #,# (which is possible since we have a compact support) and we get:

+oop+o0
/ / / / lo(t,2) — 5(F, D)1, 2,7) + sgn(olt, 2) — 5 B) (F(ot, 7)) — F@EE D))t F, 2, 7)
+oopl pl
+sgn(v(t,x)—f)(t,fc))h(t)q/)(t,f,x,jz)dxdidtdf+/0 /0/0 luo(z) — 0(t, %) |¥(0, T, z, ) drdzdt

+oopl p+4oo0
+/0 /0/0 sgu(u — o(t, 2))(f(0(F,2)) — f(o(t,17))(t,E,1,Z)
—sgn(a — 0(t, %)) (f(0(t, %)) — f(u(t,0")p(t, 1,0, T)dtdzdt > 0. (37)

Reversing the role of v and v we also have:

+o00p+00
/ / / / lo(t,2) — 5, )[(t, 0, F) + sgn(v(t, 2) — 5(E 5)(F(o(t,2)) — FBE 5)bs (4.5, 2, 7)

+oopl pl
+sen(8(F, 7) — v(t, 2) (O (L, T, o, ) dedTdtdi + / / / lio(2) — v(t, @) (£, 0, 2, &) dTdadt
0 0J0

+oo +oo o
+ / / / sen( — v(t, 2))(f(o(t,2)) — F@(E 1 ))(EE 2, 1)
—sgn(a — o(t,x))(f(v(t,x)) — f(f)(f, 0+))1/1(t, f, x, O)dtdzdf >0. (38)
And finally adding (37) and (38) we get:

+ooptoopl pl o ]
/0 /0 /0/0Iv(tasv)—ﬁ(if)l(wt(t,ﬂm)+¢t~(t,£,x,;z))+sgn(v(t,x)—@(E,@))(h(t)—h(t))¢(t,t,x,;z)
+ sen(vl(t,2) — 68, D)/ (v(t ) — FEE D) (ot F 2, ) + (86,2, 3))dedidtdd
+oopl 1 +oopl pl - i ) o
—i—/o /o ; lio(Z) —v(t, z) | (¢, 0,2 x)dxd:vdt—i—/o /0/0 |uo(x) — 0(t, 2)|(0, t, 2, &)dxdzdt

+oo
/ / / sgn(@ — v(t, 2))(f(olt, 2)) — FE 1))t Lz, 1)
—sgn(u — o(t,2))(f(v(t,z)) — f(B(E0M)p(t, ¢, z,0)dtdwdt
+oo +oo
4 / / / sen(t — o(F, 1)) (F(5(F, 7)) — Fo(t, 17))(tE1,7)
~sgn(a — (i, ) (f(5(F, 7)) — Folt,07)e(t,§,0,7)dtdzdi > 0. (39)

Now consider ¢ a non-negative function in C!(R?) and p a non-negative, even, C* function with support in [—1;1]
and satisfying fil p(z)dz = 1. We define the family (¢,,) of non-negative functions in C!(R*) by:

Unltsd, ) = w200 T2 plale — D)tz - 2)). (10)

7



It is clear that for all » in N and all (¢,,z, %) in R*:

t_;ﬂ v ;F I\ p(n(t = D)p(n(z — ),

2T ot~ D)l — ).

Ohn(t, 1,2, T) 4 Opthy (£, 8,2, &) = n°016(

Opthn (t, 1,2, %) + Ozthn (t, 1, 2, &) = n?Do(

We substitute ¢, in (39) and let n tend to infinity. We will do so term by term.

+ooprl 1
/ // li0(2) — v(t, 2)|tbn (.0, 2, &) didadt
0 0J0

-/ +7 / 0(2) = o(t.2) o L. l’”)p(nt)p( (o — &)didedt

2
= [T [t = ) e xSt X5t
to(X n’ 2n 2n’ PROEIPOz =
after the change of variable (t,z,&) — (0; = nt,0, = n(z — &), X = E£). And since
1
] 5 5 PN
/0 ‘uO(X— 2) = v(5, X = 35|65, X)dX Hm/ ldo(X) — uo(X)[6(0, X)dX  db,dé, a.e.,

we obtain:

+oopl p1 1 1

/ // liio() — o(t, 2)|n (£, 0, &, &) didedt  — —/ liio(X) — uo(X)[6(0, X )dX. (41)
o JoJo n—+too 2 Jo

Note that the % factor comes from integrating d; from 0 to 400 and because p is even.
The same type of reasoning imply:

—+o0

+oop+o00 1
/ / //|v(t,x)—@(f,f)|(at¢n(t,£,x,f)+at~¢n(t,£,x,f))da:d5:dtdf
0 0 0JO

+oopl p1 1
/ // fwol) — 5(E Din (0.5, D) dodidi %/ lii6(X) — w0 (X)|$(0, X)dX, (42)
0 0J0 0

“+oopl }
n;jm/o /0|”(TaX)—U(TvX)|3T¢(T,X)dXd?, |
43

+oop+o00 1
/O /0 /O /O san(u(t, z) — (5, @) (F(0(t, 2)) — FOE ) Outom(t, 2, F) + Oston (b F, 7, 7)) dzdTdtdi

“+oopl
ot | s x) = s 0N, 0) - £, X)0x (T, X)X ar.
o Jo
(44)
In the derivation of (44) the fact that (w,z) — sgn(z — w)(f(z) — f(w)) is Lipschitz near z = w is crucial so the

lack of regularity of (w, z) — sgn(z — w) prevents the same argument to work for the remaining terms. However it
is clear that

sgn(v(t,z) — o(f, &) (h(t) — (D) (t, 1,2, %) < |h(t) — h({D) (L, T, 2, 7).

So we get:

+oop+o00 1 . - B _ _ B +ooprl 5
I;Eigg/o /0 /0/Osgn(v(t,x) o(t, x))(h(t)—h(t))wn(t,t,x,x)dacd:vdtdtS/0 /0|h(T) hT)|o(T, X)ch(lZS)



It only remains to control the boundary terms:

+oo
/ / / san(i — v(t, 2)) (F(o(t, 2)) — FHE)))bn(t,E2,1)
—sgn(a — 0(t,z))(f(v(t,z)) — f(@(t,07))n(t, t, z,0)dtdzdt,
a [T [ s 20662 - S0 08
an sgn(a — o(t, T o(t,z)) — f(v n(t,t, 1,2
O 0 0 g ) 3 )
—sgn(a — 0(t, %)) (f(0(t, %)) — f(v(t,07))b,(t, 1,0, %)dtdzdt.
But if ¢ has a support in R x (0, 1) then for n large enough we have:
wn('? ) 0) = wn('? ) 1) = wn('? bl 17 ') = z/]('7 * 07 ') = 07
so both boundary terms tend to 0. Combining this with (41), (42), (43), (44) and (45), we see that for every

non-negative function ¢ in C1(R x (0,1)):

+ogrl =
/0 Z'U(tvx) - ﬁ(tvx”(bt(tv ‘T) + SgD(U(t,CL‘) - ﬁ(tv I))(f(v(t,.%‘)) - f(ﬁ(tv ‘T)))(bw (t,.’L‘) + |h(t) - h(t)|¢(t7 ‘T)dxdt
1
+/ luo(x) — @ (z)|¢(0,2)dx > 0. (46)
0

A density argument shows that the previous estimate holds for any Lipschitz function ¢ with compact support in
x (0,1). Now for T'> 0 and n € N*, we define «,, and 3, as follows:

1 fort <T,
a,(t) =<0 fortzT—i-%,
1—-n(t-T) forTgth—i—%,

1 for z € [£,1— 1],
2nx — 1 for z € [5, 2],

Bn(x) = an q 1
2n(l—2z)—1 forzell—-,1—5-]
0 otherwise .

Taking ¢ = a,(t)Bn(z) in (46) and letting n tend to infinity we end up with:

T ~
o = ol = 10(T2-) = 5T Mlzscay + [ 1hte) = Bt
T
+ /OSgIl(’U(t, O+) —o(t, O+))(f(v(t7 O+)) — f(o(t, O+))) —sgn(v(t,17) =0, 17)(f(v(t,17)) = f(0(t,17)))dt > 0.
(47)
Now for three numbers a, b, c we have:
Vk € I(a,b) N I(a,c) NI(b,c), sgn(c—0b)(f(c)— f(b)) =sgn(c—a)(f(c) — f(k)) +sgn(b—a)(f(b) — f(k)).

Applying this identity with (¢ = @,b = v(t,17),¢ = 9(¢t,17)) or (a = u,b = v(¢,07),c = 9(¢,0")) and using the
boundary conditions of (35) we obtain:

sgn(v(t, O+) —o(t, O+))(f(v(t7 0+)) — f(o(t, O+))) <0 dtae.,
sen(v(t, 17) — o(t, 1)) (F(o(t, 17)) — F@E17) >0 dt ace..

Finally substituting those inequalities in (47) provides (36). O



We define X as the following function space:
X ={aeC'R") | |laflx := supso(|a(t)le25e") < +oo},

where L¢ is the Lipschitz constant of g (see 2.1). Consider the operator F which to o € X associates the function
[v(t,.) = l|L1(0,1), with v the entropy solution of:

0w+ 0:(f(v) = g(a(t)) on (0, 400) x (0,1),
v(0,.) = ug on (0,1),

sgn(v(t,17) —a)(f(v(t,17)) — f(k)) Vk € I(a,v(t,17)), dt a.e.,
sgn(v(t,07) —a)(f(v(t,07)) — f(k)) Vk € I(u,v(t,01")), dt a.e..

Then we have the following result.

Lemma 2. The operator F has the following properties.
e For any function a in X, the function F(a) belongs to X.
o The operator F is %-Lipschitz on X.

Proof. We take a in X and v the entropy solution of (48). The constant function @ is a solution of (35) with source
term equal to 0 and initial data equal to @. So using (36) we have:

F(a)(T) = [[v(T,.) —allz1(0,1)
T
< o = allpson + | lotate)lat
0
Therefore for any T > 0, we have:

T T
e 2T F(a)(T) < JJuo — il L1 (0,1) +/ e 2T g(a(t))dt < |luo — | (0,1) +/ Lage™ 2t D|a(t)|e 2 dt
0 0

T
_ - - _ olx
< lluo = allzro,1) + ||04||x/ Lae 2T dt < jug — |1 (0,1) + I 2” :
0

It follows that F(«) is in X.
In order to prove the second assertion let us consider «, 8 in X and v,, vg the corresponding entropy solutions
of (48). Using (36) we see that for any non-negative 7"

[F(e)(T) = FBUT)| = [l[va(T,.) = ullzr(0,1) = [[va(T' ) = @llLr(o,n)]
< ||U0t(T7 ) - UB(Tv ')||L1(0,1)

T
< / lg(alt)) — g(B(t))\dt.
But for any 7' > 0:

T
e\ F @) = FEID) < [ Lae 2T la(t) - fle)le2Eotdr
0

T
< |la— ﬂllx/ Lge 2be(T=t gy
0

_lla=Bllx
- 2
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Let us now go back to the proof of Proposition 2.1. Applying the Banach fixed point theorem to F, we see that
(34) has a unique entropy solution u such that ||u(T,.) — u||L1(p,1) is in X. But if v is an entropy solution of (34)
and if we use (36) we have:

T
[[0(T,.) = al|L10,1) < ||uo — @l L1(0,1) +/ Lgl|v(t,.) — al|pr(0,1)dt-
0

Using Gronwall’s lemma we obtain:
|[o(T,.) — ﬂ”Ll(O,l) < fuo — ﬁ||L1(071)6LGT.

Thus the application:
T+ ||’U(T, ) — ’U,||L1(071),

is in A and therefore v = u. Using Lemma 1 and Gronwall’s lemma we have that for u and v the entropy solutions
to (34) for initial data ug and v:

vt >0, [lu(t,.) = o(t, ILr(0,1) < [luo = vol|L1o,1ye™ "

This concludes concludes the proof of Proposition 2.1.

3 Generalized characteristics and boundary conditions.

We begin by recalling a few definitions and results from [11]. We will refer in this section to the system:

Oy + 0. f(u)) = h(1) on (0, +00) x (0,1),

u(0,.) = ug on (0,1), (49)
sgn(u(t,17) —a)(f(u(t,17)) — f(k)) >0 VEk € I(u,u(t,17)), dt a.e.,

sgn(u(t,0%) — @) (f(u(t,07)) — f(k)) <0 Vk € I(u,u(t,01)), dt a.e.,

where vy € BV(0,1), h € C°(RT), @ € R and u is the unique entropy solution. Following [11] we introduce the
notion of generalized characteristic.

Definition 2. o Ifv is an absolutely continuous function defined on an interval (a,b) C RT and with values in
(0,1), we say that v is a generalized characteristic of (49) if:

A(t) € I(f (u(t,y() 7)), f'(ult,y(H))  dt ae.
This is the classical characteristic ODE taken in the weak sense of Filippov [13].

o A generalized characteristic v is said to be genuine on (a,b) if:
u(t,y(t)T) = u(t,y(t)") dt a.e..
We recall the following results from [11].

Theorem 3. e For any (t,x) in (0,+00) x (0,1) there exists at least one generalized characteristic v defined
on (a,b) such that a <t <b and v(t) = x.

o If v is a generalized characteristics defined on (a,b) then for almost all t in (a,b):

{f’(U(tﬁ(t)) if u(t,y()*) =

u
u(t, N —f(u s - . _
FLla O BT if u(t, (1)) # ult, 4 (1))

() =

11



o If v is a genuine generalized characteristics on (a,b), then there exists a C* function v defined on (a,b) such
that:

u(b, (b)) < w(b) < u(b, (b)),
u(t,y(t)7) = v(t) = u(t,y(t)”) VtE (a,b), (50)
u(a,v(a)”) < v(a) < ufa,y(a)").

Furthermore (v,v) satisfy the classical ODE equation:

A(t) = f'(v(t)),
{O(t) R, vt € (a,b). (51)

o Two genuine characteristics may intersect only at their endpoints.

o Ify1 and o are two generalized characteristics defined on (a,b), then we have:
vt € (a,b),  (n(t) =72(t) = Vs =1, 11(s) = 12(s)).

e For any (t,x) in RT x (0,1) there exist two generalized characteristics x* and x~ called maximal and minimal
and associated to v and v~ by (51), such that if v is a generalized characteristic going through (t,x) then

Vs <t,  x(s) <(s) <xT(s),
* and x~ are genuine on {s <t} ,

vt (t) = u(t, ™) and v (t) = ult,z™).

Note that in the previous theorem, every property dealt only with the interior of R™ x [0,1]. We will now be
interested in the influence of the boundary conditions on the generalized characteristics. Following the method of
[11], we begin with a few technical identities.

Lemma 3. e If x is a Lipschitz function defined on [a,b] and satisfying:
Vi € (a,b), 0<x(t) <1, (52)

we have:
x(b) x(a) b b

/ u(b,)dz— / u(a, z)dz = / (O(E)d+ / Fu(t,0%)) — Flultx(8))) + X(Eult, (8 H)dr. (53)
0 0 a a

o If x is a Lipschitz function defined on [a,b] and such that:
vt € (a,b), 12> x(t) >0,

we have:

/Xzb) u(b, z)dx — /XZa) u(a, z)dr = /ab (1 — x(t)h(t)dt + /ab Flult, x(®)7) = fu(t,17)) = x()u(t, x(£)7)dt.

e Finally if x1 and x2 are two Lipschitz functions defined on [a,b] and satisfying:
Vt € (a,b), 0<xui(t) < xo(t) <1,
the following holds:
x2(b) x2(a) b
/ u(b, x)dx — / u(a, z)dx = / h(t)(x2(t) — xa(t))dt
x1(b) x1(a) a
b
+/ Flut, xa(t)7)) = flult, x2()F)) + Xa(B)ult, x2() ") — X1 (t)ult, x1 (t)")dt.  (55)

12



Proof. We begin with the proof of (53). We may prove the equality when (52) holds on [a,b] and then extend it
since both sides of (53) are continuous in a and b. For € > 0 we define the following two functions:

1 when ¢ € [a,b] and 0 < z < x(?),
Ye(t,x) =41 — I%X(t) when ¢ € [a,b] and x(t) <z < x(t) + ¢,
0 otherwise,
1 when a +e¢ <t <b,
b—t

when b —e <t <b,

vVt € RT, t) =
pe(t) when a <t <a+e,

€

~
]

™

0 otherwise.

The product p.t. is Lipschitz, non-negative and has compact support in RT x |

0,1]. Since u is a weak solution of
(49) we have:

+o0 pl
/0 / u(t, 2)(Oepe(O)e(t, ) + pe(B)Dpbe(t, 7)) + Flult 2))pe(t)Dutbe (1) + B(E)pel(t)e (b, x)drdt

T +oo
+ / uo(2)pe (0)e (0, z)dz + / Fu(t,07))pe(t)e(t,0) — f(u(t, 17))pe(t) e (t, 1)dt = 0. (56)
0 0
It is easy to see that:
e for e >0, p.(0) =0,
e for e small enough: p(t)1(¢,1) = 0 for all ¢,
o when € =+ 0, vt > 0, p()(t.0) = L0 (0)

e when € — 0, we have:

/+OO/ u(t, ©)Orpe () (¢, x)dadt — /X(a) (a,x)dx — /OX(b) u(b, z)dx,

+oo
/ / (t, 2)pe(t)Opthe (t, x)dxdt —>/ )Hdt,
+oo
[T sttt a0 00.5 0,000 - / Flult (O )it
0 0 a
Therefore taking the limit in (56) we get:

x(a) x(b) T T
/0 u(a, z)dx — /0 u(b, z)dx + /a h(t)dt + /a Flu(t,00) — f(ut,x(®)T)) + x(t)ult, x(t)T)dt = 0,
which is exactly (53).

The proof of (54) is symmetrical and is omitted. And for (55) we use the same ideas but with the following test
functions:

1 when t € [a,b] and x1(t) < 2 < xa(t),
et z) = 1—%2(0 when ¢ € [a,b] and x2(t) <z < x2(t) + ¢,
e HE%XI(” when t € [a,b] and x1(t) — e < z < x1(¢),
0 otherwise,
1 when a + e <t <b—ce¢,
b—t

when b —e <t <b,

Vt€R+a pé(t):
when a <t < a+e,

| o

~
S}

o

o

otherwise.
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Let us also show the additional lemma.

Lemma 4. Consider t > 0 and z in {0,1} and suppose that one of the following conditions is satisfied:

x=1and f'(u(t,z”)) >0,
r=0 and f'(u(t,z1)) <O0.

Then there is a genuine backward characteristic v going through (t,z) and such that:

. o fl(u(t7 1_)) Zf z=1,
W) = {f'(u(t,o+)) if x=0.

Proof. We will prove only the first case, the second one being identical. Let (x,) be an increasing sequence in (0, 1)
such that z,, — 1. We immediately see that:

n—-+oo

fllult,zn)) = f(u(t,17)), (57)

n—-+oo

and so we can suppose that:

(e, 1)

Vnz 0, fult o) 2 S

(58)

Now consider y,, the maximal generalized backward characteristic going through (¢,x,) and v, the function as-
sociated to x, by (51). Using (58) and the continuity of h, we deduce that there exists e > 0 independent of n
such that if the functions x,, v, are maximally defined on an interval I then [t —¢,¢] C I. Now a classical ODE
result asserts that because x,, and f'(u(t,x,)) converge then the functions x, and v, converge uniformly toward
two functions v and v satisfying:

0(s) = h(s) v(t) = u(t, 17),

Y(s) = f'(v(s)) ~(t) = 1. (59)

Vs € [t — e, {
It is know that the uniform limit of generalized characteristics is a generalized characteristic (see [16][Chapter 1] or

[11][Chapter 10]) therefore 7 is a generalized characteristic. It is genuine since it satisfies (59). O

In the remaining part of this section, we will suppose:

f/(@) >0 and VteRT, h(t)>0. (60)

Remark 5. Note that h being non-negative and f being convexr, any genuine generalized characteristic is also
convex since it satisfies ODE (51).

We will now describe the behavior of generalized characteristics at boundary points.

Proposition 3.1. There is no genuine generalized characteristic v defined on (a,b) with a > 0 and such that:

Nt — L (61)
t—at
Proof. Let us suppose that (61) is false. We have a genuine characteristic v defined on (a, b) such that y(a) = 1
and a > 0. Thanks to Remark 5, we know

f(v(a)) < 0.

Since we supposed f'(#) > 0 this forces f to be of type I. Thus we have a unique u* such that f/(u*) = 0 and the
boundary condition at x = 1 becomes:
u(t,17) > u*, dta.e. (62)
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Now consider € > 0 and apply (55) with x1(¢) = y(t) — € and x2 = . Then for T in (a, b):

y(T) 1 T
/ u(T, z)dz —/ u(a, z)dx = e/ h(s)ds
Y(T)—e 1—e

/ Fu(s,v(s) = €7)) = fluls,7(s) ™) = () (uls, y(s) =€) —u(s,¥(s)"))ds.

Since u(s,v(s)*t) = v(s), ¥(s) = f'(v(s)) and f is convex we obtain:
y(T) 1
/ u(T, z)dx — / u(a, z)dx > e(v(T) — v(a)).
~(T)—e 1—e

Therefore after dividing by € and taking the limit € — 0 we arrive at:

o(T) —u(a,17) > v(T) — v(a). (63)
And so:

f'(u(a,17)) < f'(v(a)) <O.

Consider (z,)n>0 satisfying:

Vn>0, 0<z,<xpy <1,

u(a,.) is continuous at every x,,

T, — 1,
n—-+4oo

vn >0, f(ula,x,)) < w.

This sequence exists thanks to (63) and also because u(a,.) is in BV(0, 1). Using Theorem 3 we know that for any
n, there exist a unique number a,, < a and two regular functions =, and v, solutions of:

Un (t) = h(t),
{vn(a) = u(a, Tn), (64)
{%@—fwwm, (65)
Fyn(a) = Tn,
'Yn(an - 1; (66)

maximally defined on (a,,a). Furthermore 7, is a genuine generalized characteristic on (a,, a). Using the fact that
Zy, is increasing and Theorem 3, we can see that a,, is non-decreasing. Furthermore using f’ (v, (a)) < W <0,
h >0 and f convex, we obtain:

Qp — a.
n—-+o0o

Suppose now that given n, we have a certain T such that a,, < T < a and f'(u(T,17)) > 0. Using Lemma 4, we
get a time R < T and a backward characteristic ¢ issued from (7', 1), defined on [R,T] and genuine on (R,T). We
also have R > a,, and 6(R) = 1 because ~,, and ¢ do not cross. Additionally if w is the regular function associated
to ¢ by (51), we have w(T) = u(T,17). It follows that:

1 T
FT17) = F @) = 7= [ (@) = @)

"l /./ st

T R
< —IIf”IILooIIhIIme T)

| /\

a —
S e NPl (-
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Figure 1:

Combined with (62) this implies:
essup f'(u(t,17)) — 0. (67)

te€la—wv,al v—0+

Since f is convex and there is only one number u* such that f'(u*) =0, we can deduce:

essup f(u(t,17)) — f(u"). (68)

tela—v,al v—0+

Let us now consider any number u; such that f/(u;) < 0 and define x.(t) =1 — €+ f/(u;)(t — a). Applying (54)

between a(e) = a + 77y and a we obtain:

1 a a
/ Mm@M:/ O—M@M@ﬁ+/ (FCaltxe(®))) — F(ult,17)) — Ye(O)ult, xe(£)))dt
1—e a(e) a(e)

:/;u—m@mwﬁ+/;uwmﬁw>wﬁw»—n®W@M@>‘“W“

+/a(€) (f(ui)—f(u(t,l—)))dt+/a(€) Xe(t)u;dt.

Using the convexity of f and since x. = f’(u;) we have:

vt € (a(e), a),  flult,xe(t)")) = fui) = Xe(®)(ult, xe(t)™) —ui) > 0. (69)

We have supposed f’(u;) < 0 therefore f(u;) > f(u*) and then for e small enough, a(e) is close enough to a to
guarantee, thanks to (68):

flu) > f(u(t,17)) dt a.e. on (a(e),a).

Thus we have: .
/ u(a, z)dx > / (1 — xe(t))h(t)dt + eu,;.
1—e a(e)
And now dividing by € and letting € tend to 0 we obtain:
Vu; s.t. f'(u;) <0, u(a,17) > u,.

In turn this implies f’(u(a,17)) > 0 and we have a contradiction. O

Proposition 3.2. Consider a genuine generalized characteristic v defined on (a,b) with a > 0 and v the regular
function associated to v by (51). If v(t) 2.0 then v(t) U
—a —a

Proof. We will proceed in two steps.

16



Figure 2:

o First let us show that v(a) > @. Once again we consider € > 0 small enough and define the time
T(e) = inf{t € (a,b) | v(t) > €}.

Then if we apply (55) to x1(t) = v(t) — € and x2(t) = v(t) on [T'(¢), b] we get:

v(b) € b
/ u(b, z)dx — / u(T(e),x)dx = e/ h(t)dt
7 (b)—e 0 T(e)

b
+ /T( : (f(ult,v(t) =€) = flult,y() ) + (@) (wt, v () ) — ult,y(t) —7)))dt.
We apply (53) to x(t) = y(t) on [a,T(€)] to have:

¢ ~(a) T(e) T(e)
[ ur@.ie— [ wtaade = [ @m0 [ 00007) = Fua® ) + a0
0 0 a a
Adding the two previous equalities and remembering that:

v(a) =0, u(t,(t)) = v(t) and §(t) = f'(v(2)),

we obtain:

v(b) b T(e) T(e)
/ u(b, z)dz = ¢ / ht)dt + / A(O)h(E)dt + / (Flu(t,0%)) — Fu(t) + F/(o(t)o(b)dt
v(b)—e T (e) a a
b
+ / Pty (t) — ) — FOO) + F 0 0(t) — ult, 1(t) — ).
T(e)

Now using the fact that f(u(t,07)) > f(u) for almost all ¢ (thanks to the boundary condition at z = 0 see
(49)) and remembering that f is convex we have:

b b
| o) = fe®) + Fo@pei = [ (@ - o) + o))
T(e) T(e)
b
> a) — f(u(t) — f'(v(t))(@—v(t))dt +a y(t)d
2 [ = S00) ~ ) [ s

> €l.
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The convexity of f also implies:

b
Amfwam@wﬂ,»—f@@»+fw@xmw—wuﬂw—e»wzo
But thanks to (51) we know that:

/ W(t)dt = v(b) — v(T(e)),

T(e)

so in the end we have for any € positive and small enough:
7(b) T(e)
w/y(b)—e w(b, z)dz > /a y()h(t)dt + e(v(b) — v(T'(€))) + €.
Dividing by € and letting it tend to 0 provides (thanks to 0 < (¢) < e and T'(¢) — 0):
v(b) > v(b) — v(a) + 4,
which is indeed v(a) > @.

Now to prove v(a) < 1, let us suppose v(a) > 4.

For e positive if we apply (55) to x1 = v and x2 = v + € between a and ¢ > a, we have:

v(t)+e € t t
/W(t) u(t, z)dx —/O u(a, z)dx = e/a h(s)ds —I—/a f(t) — flult,(v(t) +e)™))
+ (@), (v(t) +€)) —v(t))dt
< 6/ h(s)ds

<o(t) —v(a).
Dividing by € and letting it tend to 0 provides:
u(t,y(t)") —u(a,0) < v(t) — v(a).

Since 7 is genuine this implies:
u < v(a) < u(a,0m). (70)
Now consider z in (0, 1), x the minimal generalized characteristic through (a, z) and w the function associated

to it by (51). We can see that if z is close enough to 0 then thanks to f/(u(a,0%)) > 0 there exists ¢ < a such
that

x(c) = 0.
Consider T such that ¢ < T < @ and suppose that f/(u(T,0%)) < 0. Using Lemma 4 we get a generalized
characteristic 6 on [R,T], genuine on (R,T) and such that §(7) = 0. But we would also have R > ¢ and

d(R) = 0 because ¢ and v do not cross (Theorem 3). This is impossible because thanks to Remark 5, ¢ is
convex, therefore no such T exists. (see figure 3)

Therefore we have:
VT € (ca), f'(u(T,0%) 0.

Combined with the boundary condition at = 0 this implies:
for almost all ¢ in (¢, a), u(t,07) = u.
Now we consider u; larger than @. This implies that f’(u;) is positive. We define 7. and a. by:

Ye(t) = e+ f'(wi)(t — a),

18



Figure 3:

If we apply (53) with x = 7. for € small enough (so that a. > ¢), we obtain:

[ etz = [acomar+ [ .00 = Fute ) + 7 dute o)

€ €

</ (D)t + / ") — Pt (t))) + £ () (b 7o (0 ) — i)+ e

< /a Ye(t)h(t)dt + eu;.

€

Dividing by e and letting it tend to 0 provides:
u(a,0) < ;.
Since u; can be arbitrarily close to @, we end up with:
v(a) < ula,0") < @.
O

Proposition 3.3. If v is a genuine generalized characteristic defined on (a,b) with a > 0 and v is the regular
function associated to v by (51). Suppose:

~(t) hd 0 and v(t) =, v, (71)
then
f'(v) <0 and f(v) > f(a). (72)

Proof. Since 7 is convex and since for ¢ in (a,b) v(t) > 0 = (), we have:
vt € (a,b), A(t) <0.

Letting t tend to b we have
f(©) =lim f'(v(t)) = lim5(t) < 0.

t—b t—b

Now consider € positive and define:
T(e) = sup{t € (a,b) | v(t) > €}.
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We apply (55) to x1(t) = v(t) — € and x2(t) = v(¢) on [a,T(¢)] and get:
€ v(a) T(e)
/0 u(T(e),x)dx — [y(a)é u(a,x)dzr = e/a h(t)dt

T(e)
+ / (f (ult, (v(t) = €)7)) = flult,y(&)")) + (E) (ult,y()") — ult, (v(t) — €)7)))dt.

We apply (53) to x(t) = v(¢t) on [T'(e),b] to obtain:
~(b) € b b
/ u(b,z)dz — / W(T(e), z)dz = / A()h()dt + / (Flu(t,0%)) — Flult,v(8)D) + A (Oult (1))t
0 0 T (e) T (e)

As in the proof of Proposition 3.2, we add the two previous equalities and remember that:
Y(b) =0, u(t,(t)) = v(t) and 4(t) = f'(v(t)),
to get:

~(a) T (€) b b
— ula,xr T = € u + — v ! v v
A (a,2)d / h(t)dt + /T RCOI / (Flu(t,0%)) — Fu(t)) + £ (w(t))o(t))dt

(a)—e T(e)
T(e)
+ / (f(u(t, (v(t) = )7)) = F((®) + f/(0(®)(v(t) — ult, (v(t) —€)7)))dt.

Using the fact that f(u(t,0%)) > f(u) for almost all ¢ thanks to the boundary condition and remembering that f
is convex, we have for any u; such that f(@) > f(u;):

b

b
/T( : (f (u(t,07)) = f(v(t) + f'(v(®))v(t))dt > flui) = f(o(®) + f/(v(®))o(t)dt

T(e)

T(e) T(e)
> —€uy;
The convexity of f also implies:
T(e) B . B
/ (f (u(t, (v () = €)7)) = f(0(@) + f'(w()(v(t) — ult, (v(t) —€)7)))dt = 0.
Thanks to (51) we know:
T(e)
/ h(t)dt = v(T(€)) — v(a)
We deduce that for any € > 0 small enough:
v(a) b
—/ u(a, z)dx > / y(@)h(t)dt + e(v(T'(€)) — v(a)) — eu;.
v(a)—e T(e)
And finally dividing by € and letting € tend to 0 we have:
—v(a) > v —v(a) — uy,
In the end:
Yu; s.t. flu;) < f(a), v <y
Thus we have proved (72). O
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We will now use the three previous propositions to prove two crucial estimates on the infimum and supremum
of u(t,.).

Proposition 3.4. If u is the unique entropy solution of the system (49) then:

t
vez0, inf u(te) > min (a, inf +/h ds), 73
> wel%,l)U( x) > min (@ Ielg)’l)uo(:v) ; (s)ds (73)
t
Vit >0, sup u(t,z) < max (a, sup uo(:v)) —|—/ h(s)ds. (74)
z€(0,1) z€(0,1) 0

Proof. Take (t,z) in (0, +00)x (0, 1) and consider x* the maximal backward generalized characteristic going through
(t,z), and v the function associated to x™ by (51). We suppose that x* is maximally defined on [a, b] for a certain
a. If x™(a) = 0 we have, thanks to Proposition 3.2:

v(a) > .

Therefore using the last part of Theorem 3 we get:

u(t, ™) = v(t) = v(a) + / h(s)ds > @.

Now if x*(a) > 0 then thanks to Proposition 3.1 we get a = 0 and using (50) we have:

u(t,z) = v(t) = v(0) —I—/O h(s)ds > u(0,xH(0)7) > (iOI,llf) Ug.

And since u is an entropy solution u(t,z~) > u(t,z™) for ¢ > 0 thus we have (73). The same kind of reasoning
provides (74). O

Let us now prove a simple estimate on the characteristic speed.
Lemma 5. Let us consider u the entropy solution of (49) then for any positive t and any x in (0,1) we have:

rz—1

Fult,z™)) > f(ult,zh)) > t

(75)

Proof. Let xT be the maximal backward generalized characteristic going through (¢,x). Then thanks to Theorem
3 we know that:

XT(t) = f'(u(t,2™)).

But thanks to Remark 5, xT is convex and so we get:
vs<t,  xts) < flult,ah).

Finally thanks to Proposition 3.1, xT cannot cross x = 1 at a positive time, which implies the right side of (75).
The left side is just the Lax entropy inequality. O

4 Proof of Theorem 1

In this section we will prove the remaining parts of Theorem 1 in the case f’(@) > 0. The first point was already
proven in Section 2, (25) will be proven in Proposition 4.2, (26) and (27) will be proven in Proposition 4.3 and
finally the regularization property will be proven in Proposition 4.1.

Since the feedback law (17) satisfies:

vz e L'Y(0,1), Gi(z) >0, (76)

we can apply all the results of the preceding section to the entropy solution u of (14), (17) and (18). We begin the
proof of Theorem 1 with the following geometric lemma.
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Lemma 6. Let us define the time Ty in two ways depending on the type of the flux function f introduced in
Definition 1:

1_ 2u—da—u" ]; _ . .

T, | T g s o twe L
1 oy

Fla—TTwo—allze o) if f is of type IL

Then for any t larger than Ty and any x in (0,1) if x~ is the minimal backward generalized characteristic going
through (t,x) there exists a positive time a such that:

X (a) =0.

Proof. We begin with the case where f is of type I. Let us define:

1
Tl == —7*’&
F1(*5)
Thanks to the hypothesis on f, we have 0 < 77 < 400. Using Lemma 5 we see:
1 -~ *
Vee(O1), 2Ty, flulte) 2 -0 = (),
Ty 2
Since f is strictly convex we deduce:
U+ u*
Ve € (0,1), Vt > T1, u(t,z) > 5 (77)
Looking at the boundary condition (24) we see that this also implies:
for almost all ¢ in [T}, +00), u(t,07) = a.
Consider b > T} and such that u(b,0") = @. Then for z sufficiently close to 0 we have:
.
fu(b,z)) > # > 0. (78)

Let x be the minimal backward characteristic going through (b,x), a the time such that x is maximally defined
on [a,b], and v the function associated to x by (51). For x sufficiently close to 0 we have thanks to (78),(51) and
Proposition 3.2:

a> 1T, v(a) = a. (79)

Now let v be the forward characteristic going through (b, ) and maximally defined on [b, ¢) for a certain ¢ (possibly
infinite). Thanks to (79), we see that for any ¢ in (b, ¢), the minimal backward characteristic through (¢,v(t)) cross
z =0 at a time a; such that a; > a > Ty > 0. Using (51) and Proposition 3.2 we deduce:

vt € (b, c), u(t,v(¢)") > a.

Using (77) we obtain:

f(@) = f("5)

f 1 tall tin (b Y(t) > 2
or almost all ¢ in (b, ¢), A(t) TR p—

> 0.
This implies that c is finite and that v(c) = 1. Consequently if ¢ < T, we have finished, in the other case:

f@) - )

T5) > 2(T5 — b
Y(Tz) > 2(T> — b) STE—

The number b can be chosen as close to 17 as we want and

(@) — f(iE0)

A - D)

=1.

This concludes the proof in the case of a flux f of type I.
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Now we suppose that f is of type II. Using Proposition 3.4 we see that:
Vz € (0,1), ¥t > 0, u(t,z) > min(a, inf (ug(y)))
y€(0,1)
> 4+ min(0, inf (uo(y) —a))
yE(O,l)
= U — |[uo — ul| Lo (0,1)-
Obviously since f is of type II and since f/(7) > 0 we have:
f/(’l_l, — ||u0 — 1_14||Loo(071)) > 0 and thus T2 < +00.

Now for ¢ larger than T3 and for z in (0, 1) consider x the minimal backward characteristic through (¢, ) and a the
nonnegative number such that x is maximally defined on [a,t]. Using (51) we see

Vs € (a,t) x(s) = f'(@ — lJuo — || (0,1));

and since
Tof' (@ — [[uo — @l|pes(0,1)) = 1,

we deduce a > 0, which concludes the proof. O

Proposition 4.1. The unique entropy solution u of (14), (17) and (18) is C' on (Tz, +0o0) x (0,1) and satisfies:
_ _ _@

V> T, [u(t,.) —allpio) < |Ju(T.) — al|pione 2 1. (80)

Proof. Let us take t larger than Ty and z,y in (0,1) with z < y. Consider 71 and 72 the minimal backward
generalized characteristics going through (¢,x) and (¢,y) and vy, v the functions associated to them by (51).
Thanks to Lemma 6, we get two times a; and as positive such that:

71 (a1) = y2(az) = 0.

Furthermore since two genuine characteristics may cross only at their endpoints we have as < a;. But using (51)
we have:

>a+ [ Gi(u(s,.))ds = v1(t) = u(t,x). (81)

So for any time ¢ larger than 75, u(t,.) is non-decreasing on (0, 1), using (16) this implies that it is continuous on
(0,1). The previous calculation also shows that:

Vit > To, Vo € (0,1), wu(t,z) > a. (82)
Since f'(@) > 0, we can see that as y tends to 0, az tends to ¢ and therefore using (51) we obtain:
Vt > T, u(t,0")=. (83)
Let us now prove the regularity of u. For the sake of convenience let us put:
YVt >0, g(t)=Gi(ult,.)).

Using the definition of G; and the result of Section 2 we already know that g is continuous and non-negative. We
introduce the following auxiliary function B:

t t s
YVt >0,e>0,z € (0,1),u € R, B(t,x,e,u)—(u—ﬂ—/g(s)ds,x—/ f’(ﬂ—F/ g(T)dr)ds).
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For t larger than T» and x in (0, 1), let e(t,x) be the time for which the genuine backward characteristic v going
through (¢, z) satisfies:
~v(e(t,x)) = 0.

Using (51) and Proposition 3.2 we can see that the following holds:
B(t, x,e(t, z),u(t,x)) = (0,0).
It is clear that:
0uB(t, z,e,u) ,0),

9eB(t, 2, e,u) = (g( )1+ / £+ / g(r)dr)ds)).

And since f'(@) > 0 and f” > 0, the regularity of v comes as a consequence of the implicit function theorem.
To show (80) let us consider s and ¢ satisfying T5 < s < t. Using (82), Lemma 3 and the convexity of f, we get:

ot =l 00 = o) = sy = [ () = 1 = s, ) ~
:/1( (t,2) — u(s, z))dz
= [ Gutatr i+ [ (atr09) = slatr 1
/ G u(r. ir + | (@)~ Flutr,1))dr

S/S G dr+/ £(@)(@ - u(r, 17)dr.

Ve e (0,1), |u(rz)—al=ulrz)—a<u(r,1")-—a,

Thanks to (81) and (83) we also have:

and therefore

/ lu(r, ) — alde < u(r,17) —
0

Using the two previous inequalities and the definition of Ql we then deduce:

/\

t
) = allps o0y dr — /() / ) — @l 11 0.1y

/ |[u(r,.) = al[z10,1)dr-

Applying Gronwall’s lemma we obtain (80). O

lu(t, ) = allzroay = [luls, ) = allLio) <

I /\

We can now complete the estimate of the previous estimate.

Proposition 4.2. If u is the entropy solution associated to the initial data ug we have:

V>0, lu(t.) — allpo) < e @  lug — | o). (84)

Proof. The constant function @ is the unique entropy solution of (14), (17), (18) associated to the constant initial
data u. Therefore comparing v and @ using Lemma 1 gives us:

t
VE >0, |lu(t,.) —allrro1) < lluo — ullrio,) +/ Gi(u(s,.)) — Gi(u)ds

< lug — | ) = allrr0,1)ds.
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Using Gronwall’s lemma we get:

_ _ f@) _ fh@)
vt €0, T3], [lu(t,.) —allrio1) < |luo — allpioye 2 " < |luo — allpione 2 2 (85)

Combining the last estimate with (80) we obtain indeed (84). O
We end this section with the last remaining estimate of Theorem 1.

Proposition 4.3. The state @ is asymptotically stable in L>°(0,1) for the system (14), (17) and (18), and if u is
the entropy solution associated to the initial data uy we have:

W0, lut,) = L~ o) < e O Jug — @l e yeF (86)
Proof. Using Proposition 3.4 we have:
Yt € [0, Ty), inf (u(t,z) —u) >min(0, inf (uo(x)—u)) > —|luo — u||Le~(0,1)-

2€(0,1) z€(0,1)

Using Proposition 3.4 and (85) we obtain:

t
Vit e [0,T5], sup (u(t,x) —u) <max(0, sup (uo(z)—u) —|—/ Gi(u(s,.))ds)
z€(0,1) z€(0,1) 0

t (=
- ) @
< ||U0—U||Lw(0,1)+/ —fé )
0

(@ _
S e 2 TQH’LLQ —’U,||Loo(071).

Thus we get:
_ #'(@) _
vVt e [0,To], lu(t,.) = dl|lpeo) <e 2 T2 ||y — al| poe (0,1)- (87)
Thanks to (81) and (82) we have:

¥t >To,  [ult,.) — | g o) = u(t, 17) — .

If we take x; the minimal backward generalized characteristic going through (¢,1) and v; the function associated
to it by (51) we know that, thanks to Proposition 3.2, there exists a; positive such that:

xt(ar) =0 and  wv(ar) = a.

X Xt at /f Ut

(t —ag) f'(u).

Now using (82) and (51) we see:

In turn this shows:

1

Thanks to estimate (84) and to the definition of G; we also have:
+oo 400 pr/—
V20, [ Gt s < [ e g — e s

T T

o _ _ @
< e-f/(“)TQHUQ — ||pee(oye” 2 T
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So using the last two estimates we obtain:

t
vt > T, ||u(t,.)—ﬂ||Loo(071)zu(t,l_)—ﬂzvt(t)—ﬂz/ Gr (u(s, ))ds

—+o0
S/ Gi(u(s,.))ds
< ef/(ﬁ)Tz ||’U,0 _ ﬂ”LOO(O,l)e_ ! ;ﬁ) at
S el-i-f’(ﬁ)TQ”uO _ ﬂ”L“’(O,l)e_#t' (89)
Combining (87) and (89) we obtain (86). O

5 Proof of Theorem 2

In this section we will prove the remaining parts of Theorem 2, so from now on f’(@) = 0. Therefore f is necessarily
of type I and @ = u* = 4. We will consider in the following the unique entropy solution u of (14), (17) and (18).
We begin by proving the following Lemma which describes two alternative behaviors for w.

Lemma 7. If the following condition holds:

+oo
[ Gttt i <a— inf (o) (90)
0 z€(0,1)
then we have both:
llu(t,.) = allz=o) , 2 0, (91)
and
Vi > O, ||U(t, ) — ﬁ||Loo(011) < 2||’LLQ — 'ELHLOO(OJ)' (92)

Otherwise with T the smallest time such that:

T
Ga(u(t,.))dt = max(0,a — inf wug(x)), (93)
0 z€(0,1)
we have:
Vi > Ty, Vo €(0,1), wu(t,z)>a. (94)

Proof. First let assume that condition (90) does not hold. Then (94) is a simple consequence of (93) and of
Proposition 3.4. On the other hand if (90) does hold, then using Proposition 3.4 we have:

t
S : i > m : . _
Vit >0, zé&fl)u(t,x) @ > min (O,mel%fl)(uo(x) ) + /0 Ga(u(s, ))ds)

> min(0, inf — @) > —luo — | ooy,
> min( mel%l)(uo(ﬂ?) u)) > —|[|lug — | (0,1

Moreover:

t
Ve >0, sup (u(t,z)—1a) <max(0, sup (up(z) — 1)) +/ Ga(u(s,.))ds
2€(0,1) 2€(0,1) 0

+oo
< o = allz=o + [ Gauls, s < 2lun <01
0

Thus we have (92). In order to prove (91) let us consider T such that:

+oo
/ Ga(u(s,.))ds > 0,

T
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(this is possible otherwise ug = @ and everything is obvious) and define w; by:

+oo
u; =1 +/ Ga(u(s,.))ds > a. (95)
T
Let us also define d7 by:
1
or = —f’(ui)'

This is a finite number because u; > @, f/'(2) = 0 and f strictly convex.

For t larger than T 4 d7 and « in (0, 1), consider v the minimal backward characteristic going through (¢, x)
and the number a such that v is maximally defined on [a,t]. Consider also the function v associated to v by (51)
we have:

Vs € [max(a,T),t], v(s)=wv(t)— [ Ga(u(r,.))dr

We also have:

Vs € max(a, T),t], () =(s) = [ f'(v(r))dr

Let us now suppose that the following holds:
u(t,x™) > 2u; — a. (97)
Then if we suppose a < T, we have thanks to (96) and since we took ¢ larger than T' + dp:
YT) <z =0T f"(us) <O,
which is not possible, therefore a > T'. Thanks to Proposition 3.2 we deduce:
v(@)=0 and w(a)=1u.
Using (51) we can deduce:

t “+o00
u(t,x™) =v(t) = v(a) +/ Ga(u(r,.))dr <u —|—/ Go(u(r,.))dr <a+u; —a < u;.
a T
However this contradicts (95) and (97) therefore:
YVt > T + 6T, sup u(t,z) <2u;—u — @
ze(0,1) T—+o0

Now Lemma 5 provides:

liminf inf f/(u(t >0

im inf me%,l)f (u(t,z)) = 0,
and we know thanks to the strict convexity of f that @ is the only number such that f/(z) = 0. This ends the proof
of Lemma 7. o

Lemma 8. If there exists a time Ty < +oo as in (93), then for any time a > Ty, there exists a generalized
characteristic v going through (a,0), defined on [a,b] for a certain b, and which satisfies:

Vi € [a, 0], *y(t)2/atf/(ﬁ—l—/:gg(u(r,.))dr)ds. (98)
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Proof. Consider a time a larger or equal to T7, the numbers b,, (larger than a and possibly infinite) and the functions
~n such that -, is the unique forward generalized characteristic going through (a, %) and it is maximally defined
on [a,b,]. Thanks to Theorem 3 we have:

. . fl(u(tvvn(t))) if u(t77n(t)_) = u(t77n(t)+)7
for almost all  in (a,bn), Fn(t) = {f(u(t,%u)>>—f<u<t,w<t>+>> otherwise (99)

u(tyn (8)7)—u(t,yn (1))

As we recalled in (16), u satisfies:
V(t,z) € (0,+00) x (0,1), u(t,z™) > u(t,z™).

Therefore we deduce:
for almost all t in (a,b,), n(t) > f(u(t, v, (t)T). (100)

For any ¢t in (a,b,) the maximal backward generalized characteristic going through (¢,7,(t)) is necessarily defined
at least on (a,t). Indeed it cannot cross © = 0 at a time s > a because it is maximal, and it cannot cross z = 1
because of Proposition 3.1. Since a > T} we have, using (51):

u(t, v (t)") > u+ /%

vt € (a,bn), mm(t) = % +/ In(s)ds (101)

_/ u+/ Go(u dr)ds. (102)

Since a > T; and thanks to the choice of T3, the characteristics v, may leave (0,1) only at x = 1. Thanks to
Theorem 3 there is a only one forward generalized characteristic going through a point of (0, +00) x (0,1). So the
sequence b, is non-decreasing. We can choose b larger than a such that all characteristics 7, are defined on [a, b].
Furthermore using (99) we see that the family -, is uniformly Lipschitz on [a, b] with values in [0, 1]. Using the
Arzela-Ascoli theorem we can suppose that there is an absolutely continuous curve « defined on [a, b] and such that:

After substituting in (100) we get:

sup [Y(t) — (@) — 0.
t€la,b] n—+00

But it is known ([16, Chapter 1]) that the uniform limit of generalized characteristics is a generalized characteristic.
Therefore v is a generalized characteristic and as the limit of the curves ~, it also satisfies:

vt € [a,b], ~(t /fu+/g2 dr)ds

We now prove a first asymptotic result in the case where we have a time 77 < +o0.

Proposition 5.1. We have:
l|u(t,.) = al| Lo (0,1) t_>—+>oo 0.
Proof. Let us first remark that should wu(t,.) be equal to @ for some ¢, it remains at @ thanks to the uniqueness of
the constant solution @ of the system (14), (29), (18) and the proof is finished. Otherwise we have:
vVt > 0, [lu(t,.) — 17,||L1(011) > 0. (103)

Thanks to the definition of G5 this implies that the function

t

t— Ga(u(s,.))ds,

T
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is positive and nondecreasing on (0, +00). Since f is strictly convex and f'(@) = 0, we know that f’ is positive and
increasing on (@, +00). Thus we obtain:

/Tf’(u+ t%(u(s,.))ds)dt = 4oo. (104)

T T T—+o0

Let us take T5 the smallest time such that:
T> t
/ f’(a + [ Go(us, .))ds)dt = 1.
T T

Thanks to Lemma 8, we see that the generalized characteristic v going through (77, 0) has reached z = 1 by T3 at
the latest. Therefore for any (¢,z) in [T, +00) x (0,1), if v is the minimal backward characteristic through (¢, x)
there is a time a which is at least equal to 77 and such that:

~v(a) = 0.

Consider 0 < x < y < 1 and t > T. Let x1, x2 be the minimal generalized characteristics going through
(t,x) and (t,y), and v1, v the functions associated to them by (51). Thanks to the choice of Ty and since genuine
characteristics may cross only at their endpoints (Theorem 3), we have a; and as such that:

Ty <ap <ai, xi(a1)=0, x2(a2)=0.

Using Proposition 3.2 we also get:
vl(al) = UQ(CLQ) = qU.

But using (51), Proposition 3.2 and the positivity of Ga(u(s,.)) we can see that:

¢ ¢
u(t,z) =v1(t) =a —|—/ Ga(u(s,.))ds < u —|—/ Ga(u(s,.))ds = va(az) = u(t,y). (105)
ai a2
Thus u(t,.) is non-decreasing on (0, 1), using additionally (94), we arrive at:

1 1
Yz T lult) -~ allpon = [ fultn) - alde = [ (ult,z) - a)da (106)

0 0
<u(t,17) —a. (107)

And now for ¢ > T and h > 0 we get thanks to (106) and Lemma 3:
1
ut + by ) — allz o) — llu(t,) — allzi o = / w(t + hyz) — ult, 2)dz (108)
0

t+h t+h
= /t Ga(u(s,.))ds —I—/t flu(s,01)) — f(u(s,17))ds.  (109)
Recalling the definition (28) of A we see that:
V220, flu+z) - flu) 2 24(2),
so using (29), (107) and the facts that u(s,.) is non decreasing on (0,1), f is convex and f’(@) = 0, we end up with:
Flu(s,17)) = f(u(s,07)) = f@+u(s,17) —a) = f(a) = f(a+[lu(s,.) =l 0,1) = f(@) = 2Ga(u(s, ))-
Combining the two previous estimates we have:

t+h
lult +h,.) = ullLr ) — llult, ) — @l < —/ Ga(u(s,.))ds.
t

If we denote by @ the function
Q :t = |lu(t,.) —al[z1(0,1), (110)
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this implies that for any ¢ larger than Ts: .
Qt) < —A(Q(1)). (111)

Therefore if we introduce the solution @, of:

{Ql(t) = —A(Q:(1)), (112)
)

the comparison principle provides:
Vt>T, 0<Q(t)<Qu(t)

Finally since f is strictly increasing on (#, +00), so is A on (0, +00). Therefore Q1 is strictly decreasing on (73, +00).
In turn this implies that @1 is increasing on (T3, +00). This means that Q; is strictly convex, decreasing and positive
therefore Q1(t) — 0 when ¢t — +oc0. Since 0 is the only equilibrium of (112) we can deduce Q1 (t) — 0 and:

0 < [fult, ) ~llz 0 = Q) < Qult) 0.
We recall that thanks to the choices of T} and T5 we have (94), (105) and then:
YVt > 1o, lu(t,.) = alge(o,1) = u(t,17) — a.

For ¢ > Ty consider the number a; and the function y such that y is the minimal backward characteristic through
(t,1), maximally defined on [as,t]. Using (51) we have:

t
u(t,17) —u = / Ga(u(s,.))ds.
We have seen that if ()2 is the solution to:
Q2(s) = —A(Q2(s)),
Q2(ar) = Q(ayr),

we can deduce:
Vs > Ts,  Ga(u(s,.)) = A(Q(s)) < A(Qa(s)) = —Qa(s).

So we see that: .
0<ult17)—a< / ~Qa(s)ds = Qular) — Qa(t) < Qalar) = Qla).

Thanks to Lemma 8, we see that for any time a; > 77, we have a time ¢; > a; a generalized characteristic 7,
maximally defined on [a1, ¢1] such that v;(a;) = 0 and:

Vs € (a1, ¢1), ~v1(s) > /: f/(ﬂ—i- /: G (u(w, .))dw)dr.

Combining this estimate with (103) and using the same reasoning as the one leading to (104), we obtain ¢; < +oc.
Therefore we get:

a; — +00.
t——+o0

O

This concludes the proof of the first part of Theorem 2. The remaining part is proven in the next Proposition.
Proposition 5.2. If we suppose additionally that there exists a positive number o such that:
VzeR f'(2) > q, (113)

then we have:

"+ 1))2
vi =0, ||“(f=')—“||L°°<o.,1>S2I|Uo—ul|Lw<o,1>+A—1( ¢ ((f (a+1)

1 (L 4 Al - dllm) )

e u 2
+\/a(e2_ S ((f(14_; ) +A(2||uo—ﬁ||Loo(071))>. (114)

30



Proof. Looking at (92) in Lemma 7, it is clear that we only need to prove the result in the cases where we have

T7 < +00 such that:
T

; Ga(u(s,.))ds =1 — mei%fl)uo(x).

Using Proposition 3.4 as in the proof of Lemma 7 we have:

vte[0,Th],  lu(t,.) —allre(o,1) < 2lfuo — ul[L(0,1)- (115)
Looking at the proof of Proposition 5.1 we see that:

Vi > T, [u(t,.) — allrr0,1) < |[u(T2,.) = al|rio,1)-

Therefore we will need to estimate ||u(t,.) — @[|z1(0,1) on [T, T3] before concluding using the feedback (29).
Thanks to (113) we have:
Vz >0, f(u+2)> az. (116)

As in the proof of Proposition 5.1 we take @ given by (110) and additionally:
V>0, Z(t) = A(Q(t)).
Now for ¢ and h nonnegative and using Lemma 1 with the initial data u(t,.) and u we get:

t+h
lu(t+ he) = allson < lutt,) = alloon + [ AQE)S.
t

and from this we can deduce

Qt) < A(Q(?)).
Therefore using (29) we arrive at:
P
vz, 0= QoA < N g, (117)
In the following we will also use the notation:
i)
2
Thanks to the definition of T» we have for any T in (T4, Ts):
T t
/ f’(a+/ I(s)ds)dt < 1.
T Ty
So using (116) we have:
T ot
a/ / Z(s)dsdt < 1. (118)
Ty T

Using (117) and Gronwall’s lemma we see that
Vs € (Ty,T],  ZI(s) >Z(T)e tTels,

Therefore we have:

T t
VT € [T}, Ty], oZ(T) / / P Ddsdt < 1,
Tl T1

which becomes:

% (I(T)(l ~L(T — Ty)e~LT=T)y _ I(T)e*MT*Tl)) <1.

We also have:
VI >Ty, L(T-T)e XT-T) <

Q| =

31



Thus we get:

Finally using (117), the fact that A is increasing, Gronwall’s lemma and (115) we obtain:

VTEHLB]QGUgA”(eilG§+ﬂﬂ0)gA*(g§I<§+A@mwwmme0). (119)

Let us now introduce the constant K and the function J by:

e L?

K= 5 (£ + Al - allz~)

YVt € [Tl,TQ], j(t) = /t I(s)ds

We have thanks to (118):

T> 1
J(s)ds < —. (120)
e «
Using the non-negativity of Z and estimate (119) we can deduce:
Ty) — K(Tp —t) ift > Ty — L2
Ve LT, gz )T K@=t ift=Th = T
0 otherwise.
Substituting in (120) provides:
2K
J(T2) <[ —-.
o
Combining with Proposition 3.4 we get:
_ _ 2K
vt €0, 1], |lu(t,.) —ullre(o,1) < 2||uo — @l|peo,1) + -
But using (111) we have:
—+oo —+oo .
[ zas [ -awas - o)
T2 T2
Therefore we obtain:
) ) oK .,
vt 2 Iy, [Jult,.) = tllLe=(0,1) < 2luo = @llzoeo,1) + 1/ — + AT (), (121)
which concludes the proof. O
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