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ATTAINABLE PROFILES FOR CONSERVATION LAWS WITH FLUX
FUNCTION SPATTALLY DISCONTINUOUS AT A SINGLE POINT

FABIO ANCONA'* AND MARIA TERESA CHIRI?

Abstract. Consider a scalar conservation law with discontinuous flux

filu) ifx <O,

fr(u) ifz >0, M

ue + f(z,u)z =0, flz,u) = {

where u = u(z,t) is the state variable and f;, f, are strictly convex maps. We study the Cauchy
problem for (1) from the point of view of control theory regarding the initial datum as a control.
Letting u(z,t) = S/*P7u(x) denote the solution of the Cauchy problem for (1), with initial datum
u(-,0) = @, that satisfy at © = 0 the interface entropy condition associated to a connection (A, B)
(see Adimurthi, S. Mishra and G.D. Veerappa Gowda, J. Hyperbolic Differ. Equ. 2 (2005) 783-837),
we analyze the family of profiles that can be attained by (1) at a given time T" > 0:

AYB(T) = {S{?Ba: ue L”(R)}.

We provide a full characterization of A4Z(T) as a class of functions in BVj.c(R \ {0}) that satisfy
suitable Oleinik-type inequalities, and that admit one-sided limits at z = 0 which satisfy specific con-
ditions related to the interface entropy criterion. Relying on this characterisation, we establish the
L}, .-compactness of the set of attainable profiles when the initial data % vary in a given class of uni-
formly bounded functions, taking values in closed convex sets. We also discuss some applications of
these results to optimization problems arising in traffic flow.
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1. INTRODUCTION
Consider the Cauchy problem for the scalar conservation law in one space dimension

ut+f(z7u)$zov .IER, tzov
Uli=0 = 1, z € R, (1.2)
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2 F. ANCONA AND M. T. CHIRI

where u = u(x,t) is the state variable, and the flux f(x,u) is a discontinuous function given by

B fl(u) if z <0,
f(a:,u)—{fr(u) £ 20 (1.3)

with f; and f, smooth, strictly convex maps. The equation (1.1) is usually supplemented with appropriate
coupling conditions imposed at the point of discontinuity of the flux so to guarantee uniqueness of solutions to
the Cauchy problem (1.1)-(1.2). Namely, the traces

w(t) = tgrél_ u(zx, t), up(t) = tgrorlJru(x, t), (1.4)

of a weak distributional solution of (1.1), (1.3), must satisfy the Rankine-Hugoniot condition

filuw (1)) = fr(ur(t)) for a.e. t>0, (1.5)

at the interface x = 0. Moreover, various type of admissibility conditions (interface entropy conditions) imposed
on u; , have been introduced in the literature, according with different modelling assumptions (see [8, 9]). Such
conditions lead to different solutions of the Cauchy problem (1.1)-(1.2), which are appropriate for the particular
physical phenomena modelled by (1.1). Alternatively, one can equivalently characterize the admissible solutions
in terms of Kruzkov-type (possibly singular) entropy inequalities satisfied up-to-the flux-discontinuity interface
(¢f- [39]), or using extended families of entropy inequalities associated to the so called partially adapted entropies
(see [8, 13, 19]).

Starting with the works by Isacson & Temple [34] and by Risebro and collaborators [29, 30, 42], conservation
laws with discontinuous flux have been an intense subject of research in the last three decades (e.g. see [12, 16]
and references therein). Solutions of (1.1), (1.3), satisfying the above mentioned admissibility criteria, can
be obtained as limit of approximations constructed by regularization of the flux [14, 42, 48], by wave front-
tracking [27, 30], by Godunov method [1, 38] and several other numerical schemes [19, 37, 54] or by vanishing
viscosity [11, 16]. In particular, in [12] it was set up a general framework that encompasses all the notions
of admissible solutions to the Cauchy problem (1.1)-(1.2) which lead to the existence of an L!-contractive
semigroup.

In this paper we study the system (1.1)-(1.2) from the point of view of control theory, regarding the initial
data ug as a control. Namely, we provide a characterization of the space-profile configurations that can be
attained at any fixed time 7" > 0:

A(T) = {u(-,T) : u is an admissible solution of (1.1), (1.3)-(1.2) with uy € L>(R)}.

Here, u is a solution of (1.1)-(1.2) satisfying an interface entropy condition associated to a so-called interface-
connection (A, B) [1, 19]. A connection (A, B) is a pair of states connected by a stationary weak solution of
(1.1), (1.3), taking values A for x < 0, and B for « > 0, which has characteristics diverging from (or parallel to)
the flux-discontinuity interface 2z = 0. Such a solution characterize the possible undercompressive (or marginally
undercompressive) shock waves exhibited by admissible solutions of (1.1), (1.3) that satisfy an interface entropy
condition involving the connection (A4, B) (¢f. [1, 19]). The reason for choosing this type of admissibility condi-
tions for solutions of (1.1), (1.3) is twofold. On one hand, it is consistent with the models of two-phase flows in
heterogeneous porous medium [1] or of traffic flow on roads with variable surface conditions [46]. On the other
hand, it allows to treat any connection (A, B) as a pair of control parameters as well.

We show that any element in A(T") belongs to a class of functions in BV,.(R\ {0}) (with locally bounded
variation on R\ {0}), which:
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— satisfy suitable Oleinik-type inequalities involving the first and second derivatives of the maps f;, fi;

— admit one-sided limits at = 0 which satisfy specific conditions related to the interface entropy criterion
of the (4, B)-connection.

Vice versa, we establish an exact-time controllability result, i.e. we prove that, for any target function w of
the aforementioned class, there exist an initial datum @ and a connection (A, B) that steer the system (1.1)-
(1.2) to w at a given time T. These results extend to the spatially-discontinuous setting the characterization
of the attainable profiles established in [3, 4, 33] for conservation laws with convex flux depending only on the
state variable. Such results are obtained exploiting, as in [3], the theory of generalized characteristics, which was
developed by Dafermos [23] for conservation laws with convex flux (in the state variable) depending smoothly on
the space variable. A detailed analysis of the structure of admissible solutions for a given connection (cf. Prop. 4.2
and Rem. 4.3) is also fundamental to derive a full characterization of the attainable profiles.

Hyperbolic partial differential equations with discontinuous coefficients arise in many different applications
in physics and engineering including: two-phase flow models in porous media with changing rock types (for oil
reservoir simulation) [30, 31]; slow erosion granular flow models [55]; clarifier-thickener problems of continuous
sedimentation (in waste-water treatment plants) [18, 25]; population-balance models of steel ball wear in grinding
mills [17]; ion etching in semiconductor industry [53]; traffic flow models with roads of varying amplitudes or
surface conditions [46]; Saint Venant models of blood flow in endovascular treatments [20, 26]; radar shape-from-
shading models [48]. This kind of equations appear also in the analysis of inverse problems [35, 36] or of optimal
control problems [32] for conservation laws with smooth flux, where one needs to deal with the backward adjoint
transport equation with discontinuous coefficients, which depend on the (possibly discontinuous) solution of the
conservation law. Moreover, conservation laws with discontinuous flux arise also as a reformulation of balance
laws [40] or of triangular systems of conservation laws [16, 41], in order to design efficient numerical schemes
or to analyse their well-posedness. Finally, we observe that such a class of PDEs share fundamental features
of conservation laws evolving on simple networks composed by a number of edges connected together by a
junction [27, 28], which is a topic attracting a vast interest in the last twenty-five years for the wide range of
applications [15].

Despite a large amount of literature on the theoretical and numerical aspects of conservation laws with
discontinuous flux produced in the last three decades, almost no investigation of control issues for such a class
of PDEs has been performed so far. The goal of the present paper is to provide a first step toward the analysis
of controllability properties of these type of equations. Having in mind applications to optimization problems,
we rely on the characterization of the attainable profiles to establish compactness in the L'-topology of the
attainable set in connection with classes of uniformly bounded initial data taking values in closed convex sets.
We then apply these results to two classes of optimization problems for traffic flow where one is interested in:

— minimising the distance from a target configuration (for both models) or the fuel consumption in a given
road segment (for the latter model);
— maximising the net present value of the waterflooding process (in the first model).

We point out that a further step in the research direction pursued in this paper is the characterization of the
traces of admissible solutions at the flux-discontinuity interface as well as the analysis of the reachable set when
one fixes the initial data and considers such traces as control parameters (c¢f. [5] within the network setting),
which is the object of the forthcoming paper [7].

The paper is organized in the following way. In Section 2 we recall the definition of interface entropy condition
relative to an interface connection (A, B), and the corresponding definition of AB-entropy solution. We also
review the well-posedness theory of L'-contractive semigroups for this particular class of entropy admissible
solutions. Section 3 collects the statements of the main results on the full description of the set of attainable
profiles and their topological properties. In Section 4 we establish a preliminary lemma concerning the structure
of AB-entropy solutions. The proofs of the characterization of the attainable set and of its compactness is
provided in Sections 5 and 6, respectively. Finally, in Section 7 we discuss two applications arising in traffic
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flow models, which lead to variational problems with cost functionals depending on the profile of the solutions,
where we regard as control parameters both the initial data and the connection states.

2. PRELIMINARIES AND SETTING OF THE PROBLEM

Consider the scalar conservation law (1.1) with flux given by (1.3), and assume that f;, f, coincide at two
points of their domain which, up to a reparametrization of the unknown variable, we may suppose to be u =0
and u = 1. Observe that, by strict convexity, f; f admit a unique point of minimum which we call, respectively,
6, and 6,.. Hence, we shall make the following standing hypotheses on the flux f in (1.3):

H1) f;, fr: R — R are twice continuously differentiable, (uniformly) strictly convex maps
min { f'(u), f/'(u)} >c¢>0 VueR;

H2) £i(0) = f,(0), fi(1) = f-(1);
H3) 6, >0, 6, < 1.

We recall that, regardless of how smooth the initial data are, nonlinear conservation laws as (1.1), (1.3)
do not posses in general classical solutions globally defined in time, even when f; = f,., since they can develop
discontinuities (shocks) in finite time. Hence, it is natural to consider weak solutions in the sense of distributions
that, for sake of uniqueness, satisfy the classical Kruzkov entropy inequalities away from the point of the
flux discontinuity, and a further interface entropy condition at the flux-discontinuity interface. As observed in
the introduction, for modellization and control treatment reasons, we shall employ an admissibility condition
involving the so-called interface connection introduced in [1], which can be equivalently formulated in terms of
an interface entropy condition or of extended entropy inequalities adapted to the particular connection taken
into account (cf. [1, 12, 19]).

Definition 2.1. (Interface connection) Let (A, B) € R%. Then (A, B) is called a connection (Fig. 1) if it
satisfies:

(i) fi(A) = f+(B); (i) A< 6, B>0,.
We shall denote with €} the set of pairs of connections associated to the flux f(z,u) in (1.3).

Observe that condition (ii) is equivalent to: (ii)’ f/(A) < 0 and f/.(B) > 0; which shows that the function

A if x<0,
“ﬂm{B if >0 21)

is a stationary undercompressive (or marginally undercompressive) weak solution of (1.1), (1.3), since its char-
acteristics diverge from (or are parallel to) the flux-discontinuity interface x = 0. The function kap is used
in [19] to define the adapted entropy nap(z,u) = |u — kap(x)|, which in the spirit of [13] is employed to select
a unique solution of the Cauchy problem (1.1), (1.3)—(1.2), according with the following definition.

Definition 2.2. (AB-entropy solution) Let (A, B) be a connection and let k4p be the function defined
n (2.1). A function u € L*(R x [0, +00)) is said an AB-entropy solution of (1.1), (1.3)—(1.2) if the following
holds:

(i) u is a weak distributional solution of (1.1), (1.3) on R x R4, that is, for any test function ¢ € C} with
compact support contained in R x (0, +00), there holds

/_O; /OOC {udy + f (2, u)py ydadt = 0.
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F1GURE 1. Example of AB connection with f;, f, strictly convex fluxes.

(ii) u is a Kruzhkov entropy weak solution of (1.1), (1.3)-(1.2) on (R \ {0}) X [0, 4+00), that is t — u(-,¢) is a
continuous map from [0, +o00) in L}, (R), the initial condition (1.2) is satisfied almost everywhere, and:
(ii.a) for any non-negative test function ¢ € C! with compact support contained in (—oo,0) x (0, +00),

there holds
0 ]
/ / {u— ke + (filu) — fi(k)) sgn(u — k)b ddodt >0 V& € Ry
—o0 JO

(ii.b) for any non-negative test function ¢ € C! with compact support contained in (0, +00) x (0, +00),
there holds

—+oo o0
/O /0 {u— ke + (fr(u) — fr(k)) sgn(u — k)é, }dadt >0 ¥ k € R.

(iii) w satisfies a Kruzhkov-type entropy inequality relative to the connection (A, B), that is, for any non-
negative test function ¢ € C} with compact support contained in R x (0, +oc), there holds

+o00o e}
/_ /0 {Ju—kap(@)|é: + (f(2,u) = f(2, kan(@))) sgn(u - kap(2))g, }dadt > 0.

Remark 2.3. If u is an AB-entropy solution, by property (ii) and because of the strict convexity of the
fluxes fi,, it follows that wu(-,t) € BVjo(R \ {0}) for any ¢t > 0. Actually, it was shown in [2] that for all
connections such that both A # 0; and B # 6,., one has u(-,t) € BV,.(R) for any ¢ > 0. On the other hand,
when (A, B) is a critical connection, i.e. when either A = 6, or B = 6,., the total variation of u(-,t) may well
blow up in a neighbourhood of the flux-discontinuity interface = 0, at some time ¢ > 0 (see [2]). However,
since w is in particular a distributional solution of u; + f;(u), = 0 on (—o0,0) x (0, +00), and of us + f(u), =0
on (0,+00) x (0,400), and since the fluxes f;, are strictly convex, relying on a result in [49] (see also [57]) one
deduces that u(-,t) still admits strong left and right traces at x = 0, i.e. that (after a possibly modification on a
set of measure zero) for all ¢ > 0 there exist the one-sided limits (1.4) (¢f [19]). Hence, since u is a distributional
solution of (1.1), (1.3) on R x (0,+00), by property (i), it follows that the Rankine-Hugoniot condition (1.5)
holds. Furthermore, by the analysis in Lemma 3.2 from [19] and Section 4.8 from [12], it follows that, because
of condition (i) of Definition 2.1 and assumption H1) on fi, f,, we can equivalently replace condition (iii) in
Definition 2.2 with
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(iii)” u satisfies an interface entropy condition relative to the connection (A, B), that is, the one-sided limits (1.4)
satisfy

filw(8)) = fr(ur (1)) = fi(A) = [r(B),

for a.e. t > 0. (2.2)
(w(t) <6 and wu.(t)>6,) = (w(t),u(t))= (A, B)

The first condition in (2.2) prescribes that the flux of the solution at the flux-discontinuity interface be greater
or equal than the value of the flux on the (A, B) connection. Whereas the second condition in (2.2) excludes
that the characteristics diverge from the flux-discontinuity interface when (u;(t), u,(t)) # (A, B), i.e. the (4, B)
characteristic condition in Definition 1.4 from [19] is verified.

Remark 2.4. Since f, f, are strictly convex maps, the Kruzhkov entropy inequalities (ii.a)-(ii.b) in
Definition 2.2 are equivalent to the Lax entropy condition [43, 44]

u(z—,t) > u(z+,1t) Vi,x>0. (2.3)

It was proved in [1, 19] (see also [12]) that AB-entropy solutions of (1.1), (1.3) with bounded initial data are
unique and form an L'-contractive semigroup. We collect the properties of such a semigroup in the following

Theorem 2.5. (Semigroup of AB-entropy solutions) [1, 19] Let f be a flux as in (1.3) satisfying the
assumptions H1), H2), H3). Then, given a connection (A, B) € €y, there exists a map

SAB [0, +00) x L=(R) — L*®(R), (t, ) — S1Pa,

enjoying the following properties:

(i) For each w € L™(R), the function u(x,t) = S{Pu(x) provides the unique AB-entropy solution of the
Cauchy problem (1.1), (1.3)-(1.2).
(i)
SitPu=1u, StMPoSMPu=82Eu  Vits>0, YueL®(R).
(iii)
|8Pu - SP0|| ., < |[u—7|, +Lit—s|] Vts>0, VuveL®R),

for some positive constant L > 0.

In the present paper we regard as control parameters both the initial data and the connection states whose
flux provides a lower bound on the flux of the solution at the flux-discontinuity interface. Then, given a set
U C L>*(R), and a set € C € of connections, we consider the following attainable sets for (1.1), (1.3):

AN (T U) = {SspPumeu},  ATU %)= | AYM(TuU), (2.4)
(A,B)e¥

which consist of all profiles that can be attained at a fixed time T' > 0 by AB-entropy solutions of (1.1), (1.3)

with initial data that varies inside U, or by AB-entropy solutions of (1.1), (1.3) with initial data in U and
connections (A4, B) € €. In the case where U is the whole space L*(R), we set

AAB(T) = A*B(T,L™(R)),  A(T) = A(T,L=(R),%}). (2.5)
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We will provide a characterisation of the sets (2.5) in terms of certain Oleinik-type type estimates on the decay
of positive waves, and we will establish the L!-compactness of (2.4) for classes U of initial data with values in
compact convex sets, and for compact sets € of connections.

3. STATEMENT OF THE MAIN RESULTS

We present here the main results of the paper whose proof will be established in Sections 3.1, 3.4. Throughout
the following

D_W(.’E) = lim inf w D+w(:p) = ]imsup w

3.1
h—0 h ’ h—0 h ’ ( )

will denote, respectively, the lower and the upper Dini derivative of a function w at x. We shall also use
the notations f; ' = (fij(_a001) " frl = (fr|(_oc,)) " for the inverse of the restriction of fi, f, to their

decreasing part, respectively, and fl_i = (fl‘[al,+oo)>71, fr_j_ = (fr|[9h+oo))’1, for the inverse of the restriction
of f;, fr to their increasing part, respectively. Then, we set

-1 <1 -1 . |
7rl,:|::fl7iofla 7Tr,:|::fr7 o fr, Wii:fliofra Wr,j::fr, o fi (3.2)

and we introduce the following sets that characterize the left and right traces of an AB-entropy solution at the
flux-discontinuity interface (see Rem. 4.3):

T = {(ul,ur) € (01, +00) X (0, +00); w > m 4(A), B <u, < 7r£7+(ul)},

To = {(ur,uy) € (=00,01) x (=00,0,); 7 _(ur) <w < A, up <7, (B)}, (3.3)
T = {(0,0) € [, +00) X (~00,0,); w4 (4) < < 7l (), e < 7 (B)}
Tow = {(w,ur) € (01, +00) x (=00,0,]5 > m+(A), 7' _(w) < up < 7, (B)}

Theorem 3.1. Let f be a flur as in (1.3) satisfying the assumptions H1), H2), H3), and let (A, B) € €.
Then, for any fived T > 0, the set AAYB(T) in (2.5) is given by

AAB(T) = AL (T) U A (T) U ASB(T), (3.4)

where Ay (T), Ao(T), A5B(T) are sets of functions w € L>(R) having essential left and right limits at x = 0,
defined as follows.

A1 (T) is the set of all functions w that satisfy (w(0—), w(04)) € T1, and for which there exists R > 0 such
that the following conditions hold.

w(@) > (F) " (z/T + f{(w(0-))) ¥ x € (~00,0), w(@) > (£~ («/T) ¥z € (0,R), )
w(z) < (f)"H(z/T) ¥z € (R, +o0), W(R-) > w(R+), ‘
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1/(fl”(w(:c))-T) Vz € (—00,0),
! (ol e - (w(z 2
. . el fido b 2 o
Lo fi o fr(w(@)] [l w@)]” (Fllw@)T =) +z[f] o fi} o fr(w(@)]” f (w(x))
1/(f;’(w(x))T) Ve (R,+0).
(3.6)

A3 (T) is the set of all functions w that satisfy (w(0—), w(0+)) € Tz, and for which there exists L < 0 such
that the following conditions hold.

w(z) > (f)~(z/T) Va e (~o0,L), w(z) < (f)~(=/T) ¥z e (L,0),
(3.7
w(z) < ()7 (@/T + fi(w(0+))) ¥ € (0,+00), w(lL—) = w(L+),
1/(f(w(@)) - T) Ve (-0, l),
@) [1ho £ 0 fiw@)]”
D+w(a:) < 5 5 vV x € (L,0),
(710 178 o fiw@)] [F@@)]* (Fw@)T = o) +2 [fho 72 o filw@)] f/ (@ @)
(1/f (w(=)) - T) VY z € (0, +00).
(3.8)
A4B(T) is the set of all functions w for which there exist L <0 < R, such that
Ts-UTsq if L=R=0,
0— 0 ' .
(w( )’w(H)e{{(A,B)} 4 L<0<R, (3.9)
and the following conditions hold.
w(x)=A4A Vuze(L0), w(x)=B Yze(0,R),
w(L=) > w(L+), w(R=) > w(R+),
() (=/T) if L<0,
o {<f;>1(x/T+f;<w<o—>>) yr—o Tl 1)
-1 )
w(z) < {(f’“) (2/T) TR0 e (Ri1o0),
(f)Hz/T+fiw(04)) if R=0,

Dtuw(z) < {1/( P (3.11)
(1/f(w(x)) - T) Y€ (R, +00).

Remark 3.2. The conditions (3.6), (3.8), (3.11) reflect the fact that, since the fluxes are strictly convex,
positive waves of AB-entropy solutions decay in time. Such conditions are sufficient to guarantee the exact-time
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z thxR Y

p1(z) ea(2) e1(y)
FIGURE 2. Characteristics’s behaviour for profiles in A; (7).

z x L Tt Y

pa(2)  pa(z) 2(y)
FI1GURE 3. Characteristics’s behaviour for profiles in Ay (7).

z x L TtR Y

ERCEE )

FIGURE 4. Characteristics’s behaviour for profiles in A (T).

controllability of (1.1)-(1.2). In fact, starting at a time 7" > 0 with a profile w € A;(T) U Ao(T) U ALB(T),
because of (3.6), (3.8), (3.11) one can trace backward the (generalized) characteristics &1, & through points
21 < x9 without crossing in R x (0,7"), unless w(z1) = A and w(x2) = B, in which cases the characteristics
&1,& intersects only at = 0 (see Figs. 2-4). In particular, by (3.5), (3.7), the inequalities (3.6), (3.8) imply
that

DYw(z) < Silw@) Ve (L,0), DYw(z) <

zfi'(w(z))

and we recover the same type of boundary controllability condition derived in [3], if we regard the left and right
traces at © = 0 as controls. Notice that we have in (3.12) a strict inequality since here, differently from [3],
characteristics having slope with the same sign cannot intersect even at © = 0 (they can intersect only at ¢t = 0).

S@@) e o0 R), (3.12)

zf}!(w(x))

1 "

Remark 3.3. Notice that, by the strict convexity assumption (H1) on f/’, f//, and relying on (3.5), (3.7), we
deduce that the right-hand side of (3.6), (3.8), (3.11) is always nonnegative, and it is bounded on any set
bounded away from x = 0. Therefore, any w € A;(T) U A2(T) U A55(T) is an equivalence class of bounded
measurable functions that haves finite total increasing variation (and hence finite total variation as well) on
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subsets of R bounded away from the origin. Moreover, by assumption any w € A;(T) U Ax(T) U ALE(T)
admits one-sided limits at @ = 0. Hence, any element of A;(T) U A2(T) U ALB(T) admits one-sided limits at
every point.

The characterization of the attainable set A4 (T) provided by Theorem 3.1 yields the L'-compactness of
the attainable sets A48 (T,L{), A(T,L{ , (5) in (2.4) for classes U of admissible controls uniformly bounded and
with values in convex and closed sets, as stated in the following

Theorem 3.4. Let G : R — R be a measurable, bounded multifunction with convex and closed values, and let
€ C C5 be a compact set of connections. Consider the set

U={ueL*R):u(z) € G(z) fora.e. x€R}. (3.13)

Then, under the same assumptions of Theorem 3.1, for any fized T > 0, the sets AAB (T, U), A(T,Z/{, ‘5) in (2.4)
are compact in the L}, (R)-topology and, letting S(‘f‘)Bﬂ |T denote the restriction of S(‘f‘)Bﬂ to R x [0,T], the sets

AU = {spPul,cmeu}, AUE)= | AW, (3.14)
(A,B)e¥

are compact in the L}, (R x [0,T])-topology.

In turn, the compactness of the attainable sets yields the existence of optimal solutions for a class of mini-
mization (maximization) problems, by considering a minimizing (maximizing) sequence for the corresponding
cost functionals.

Corollary 3.5. Let G be multivalued map as in Theorem 3.4 and assume that G(x) =0 for all x € R\ K, for
some bounded set K C R. Given an interval I C R and T > 0, let Fy : LY(I) = R, Fy : L*(I x [0,T]) — R be
lower semicontinuous functionals, and let U be the set of admissible controls defined in (3.13). Then, under the
same assumptions of Theorem 3.1, the optimal control problems

min Fy (Stu(+)), min F5(Syu(-)), (3.15)

ueld uel

admit a solution. If we assume that Fy, Fs are upper semicontinuous functionals, then there exists a solution of
the maximization problems

%12&<F1(5Tﬂ(')), %gﬁFg(S(,)UC)). (3.16)

4. STRUCTURE OF AB-ENTROPY SOLUTIONS AND A TECHNICAL LEMMA

We analyze here some structural properties of AB-entropy solutions and we derive a technical lemma on the
relation between upper bounds on the Dini derivative and the monotonicity of suitable maps, that will be useful
for the proofs of Theorems 3.1 and 3.4.

Remark 4.1. By the analysis in Section 3.1 from [27] it follows that the Riemann solver associated to a
given connection (A, B) enjoys the following properties. Letting u(x,t) be the AB-entropy solution of the
Cauchy problem for (1.1), (1.3), with initial data u(z) = v~ if z < 0, and u(z) = u* if > 0, for any given
a<0.b>0;,a<b, there holds

{A,Bu™,u"} Cla,b] = wu(z,t) € [minfa, 7] _(a)}, max{b, 7rfn7+(b)}] VeeR, t>0. (4.1)
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Moreover, if A, B € [0, 1], by the assumptions H1), H2) on fi, f;, one has
{A,B,u",ut} C[0,1] = u(z,t)e€]0,1] VxeR, t>0. (4.2)

Observe that, if u(x,t) is a front tracking solution (c¢f. [27], Sect. 4) constructed with approximate Riemann
solvers that satisfy (4.1), (4.2), then the same type of a-priori bounds hold. In fact, u can assume values which
do not belong to the range of the initial data @ only on regions adjacent to the discontinuity = 0 (from the
left or from the right), and such values always belong to the interval

[inf { min{u(z), 7] _(u(z))}; z € R}, sup { max{ﬂ(x),wi’+(ﬂ(x))}; z € R}].

Hence, since a general solution of a Cauchy problems for (1.1), (1.3) can be obtained as limit of front tracking
solutions (see [27, 30]), we deduce the following a-priori bounds for any u(z,t) = SP7(x), with @ € L>®(R):

{A,B}u{u(z); x e R} C[a,] = w(x,t) € [min{a, 7] _(a)}, max{b, an#(b)}] VzeR,t>0, (4.3)
and
{A,B}U{u(z); x e R} C[0,1] = u(x,t)<][0,]1] VzeR, t>0. (4.4)

Moreover, if the initial data u vanishes outside a bounded set K, then there will be some bounded set K’ such
that supp(u(-,t)) C K’ for all ¢ > 0.

The classical theory of generalized characteristics for conservation laws with continuous and convex flux [23]
guarantees that backward characteristics, lying in the same quarter of plane (—oo,0] X [0, 400) or [0,+00) X
[0,4+00), never intersect at times ¢ > 0 in points z # 0. A fundamental feature of AB-entropy solutions is
that backward generalized characteristics cannot intersect at times ¢ > 0 even along the discontinuity interface
x =0, unless (u;(s),ur(s)) = (A, B) for all 0 < s < ¢. It follows in particular that no rarefaction fan can be
originated at z = 0 and t > 0. This property is the consequence of the next Proposition. We recall that a
generalized characteristic £(t),t € (¢/,t"”) for a conservation law u; + f(u), = 0 is called genuine if, for almost
every t € (t',t"), there holds u(£(t)—, t) = u(&(t)+,t) = v for some constant v such that f'(v) = €. Thus, genuine
characteristics are segments of lines which may intersect only at their end points [23].

Proposition 4.2. Let f be a flux as in (1.3) satisfying the assumptions H1), H2), H3), and let u(z,t) be
an AB-entropy solution of (1.1), (1.3)-(1.2), for some initial date w € L>°(R) and a connection (A, B) € €.
Then, at any time t > 0 the following hold.

(1) If w(t+) < 0, and u.(t+) > 0., then (w(tL),u,(t£)) = (A, B) for all t € (0,t*), for some t* > t.
Moreover, there exist exactly two forward, genuine, characteristics n',n", starting at (0,t), which lie in
(—00,0) x (t,t*) and (0,+00) x (&,t*), respectively.

(1) If w(t+) > 0, or u,.(t+) < 6,., then there exists at most a single forward, genuine, characteristic starting
at (0,t) and lying in (R\ {0}) x (&,t*), for some t* > .

Proof. We shall distinguish three cases.

Case 1. u(t+) > 0, and u,.(t+) # 0,, or wu.(t+) < 0, and w(t+) # 6.

la) If w(t+) > 0;, ur(t+) > 0, and u(0+,¢) > u,(t+) (see Fig. 5), then consider two sequences of points
{tn, tn 4 0}, and {(zp, 1), z, | 0}, of continuity for u, and w, respectively. Tracing the backward genuine char-
acteristics (with positive slopes) through (0,¢,) and (x,,t) one deduces that there exist sequences of points
{(«),,t), 2}, 1 0}, and {¢t, t!, 1 0}, such that u(z),t) — w(t+) and u,(¢),) — w(0+,7). Hence, there holds
w(0—,t) = w(t+), up(t—) = u(0+,%). Now observe that, if u;(t—) # u(0—, ), then there should be a shock
with positive slope arriving in (0,7) (or generated in (0,7 )) and connecting the left state u(0—,¢) with the right
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state u;(t—). Such a shock is entropy admissible for the conservation law with flux f; and has positive slope if
and only if u;(t—) < u(0—,¢) and fi(u;(t—)) < fi(u(0—,t)). Since by (2.2) one has fi(u;(t—)) = fr(u.(t-)),
and because of u(0—,%) = w(t+), from fi(w(t—)) < fl( (0—,1)) it follows that f,.(u,(t=)) < fi(w(t+)).
On the other hand, 0, < u,(t+) < u(0+,¢) = u,(t—) imphes fr(ur(t+)) < fr(u.(t—)) which is in con-
trast with f,.(u.(t—)) < fi(u(¢+)). Therefore, u;(t+) > 6;, u.(t+) > 6, and w(0+,t) > u,(t+), together
imply that w;(t—) = w(0—,%) = w(t+). Moreover, since by (2.2) one has fi(u;(t+)) = fr(u-(t+)), from
0, < up(t+) < u(0+,%) = ur( t—) it follows that fr(ur(t—i—)) < frlur(t=)) < fr(ur(t4)). Hence, w(t+) > 6y,
w(04,t) > up(t+) > 0, together imply that w;(t£) = u(0—,%) and w,(t£) = u(0+,%), which shows that from
(0,%) it emerges a single forward genuine characteristic, lying on (0, +00) x (,t*), for some t* > ¢, and property
(i) is verified.
1b) If w(¢4) > 6; and 6, < u(0+,¢) < u,-(t+), then there is a shock with positive slope starting at (0,¢) and
connecting the left state u,(t+) with the right state w(0+,%). Moreover, tracing the backward genuine charac-
teristics through a sequence of points (x,,t), x, 1 0, of continuity for u, one deduces that u,(t—) = u(0+,t).
Hence, by (2.2) one has fi(u;(t—)) = fr(ur(t=)) < fr(ur(t+)) = fi(w(t+)). On the other hand, by the obser-
vations in case 1a) it follows that u(0—,¢) = w;(¢+), which implies f;(u(0—,%)) > f;(u;(¢¥—)). Thus, it must be
u(0—, %) > u;(t—), and there is a shock with positive slope arriving at (0,¢) (or generated in (0,%)) connecting
the left state u(0—,) with the right state w;(t—) € {n] _(u(0+,%)), 7], (u(0+,7))}. Therefore, if u;(t+) > 6,
and 0, < uw(0+,t) < u,-(t+), then there is no forward, genuine characteristic, emerging from (0,%), there is a
single (forward) shock starting at (0,%) with positive slope, and property (ii) is verified.
1c) If wi(t+) > 6, and u(0+,t) < 0, < u,(¢+), then with similar arguments to case 1b) one deduces that:
— there is a shock with positive slope starting at (0,7) and connecting the left state u,(¢+) with the right state
w(04,8) > 7 — (ur(t4));
— there is a shock with positive slope arriving at (0,%) (or generated in (0,7)) connecting the left state
u(0—,1) = w(1+) with the right state w;(#—) € {7} _(u,(1-)), 7], (ur(1-))};
— either u,(t—) = u(0+,7), or u,(t—) > u(0+,¢), and in this latter case there is a shock with negative slope
arriving at (0,%) (or generated in (0,%)) that connects the left state w,.(t—) € (w(0+,1), mp 4 (u(0+,7))) with
the right state u(0+,%).
Therefore, if u;(t+) > 6, and u(0+,7) < 6, < u,(t+), then as in case 1b) there is no forward, genuine, charac-
teristic emerging from (0, ¢ ), while there is a single (forward) shock starting at (0,% ), which has negative slope.
Hence, property (ii) is verified.
1d) If w(t+) < 6; and wu,(t+) < 6,, then we can proceed as in cases la)-1c) to conclude that: either
w(t+) = u(0—,%), u.(t£) = u(0+,%), and it emerges a single forward genuine characteristic, lying on
(—00,0) x (t,¢*), for some t* > ¢, or w(t+) < u(0—,¢), u.(t+) = u(0+,t), and there is no forward, gen-
uine characteristic, emerging from (0,7 ), while there is a single (forward) shock starting at (0,7 ), which has
negative slope. Thus, property (ii) is verified.
le) If w (t+) > 6; and u,(t+) < 6,., then with the same arguments as above we deduce that u(0—,t) = w;(t+),
w(0+,%) = u,(t+), and by (2.2) one of the following subcases occurs:
—u(t+) = w(t—), u-(t+) = u,.(t—), and in a neighbourhood of ¢ the characteristics are crossing the line x = 0
with positive slopes on the left side, with negative slopes on the right side;
—u(t—) <0 < u(t+), ur(t+) < u,(t—) < 6,., there is a shock with positive slope arriving at (¢,0) (or gener-
ated in (0,)), which connects the left state u(0—, ) = w;(#+) with the right state u;(t—), there is a shock with
negative slope connecting the left state u,(7—) = m. _(u;(1—)) with the right state u(0+,%) = u,(7+), and in
a left neighbourhood of ¢ the characteristics are crossing the line z = 0 with negative slopes on both sides;
-0, <u(t—) =A< w(t+), u-(t+) < u.(t—) = B < 0, there are two shocks with positive and negative slopes
arriving at (0,%¢) as in the previous case, and in a left neighbourhood of ¢ the characteristics are crossing the
line x = 0 with with positive slopes on the left side, with negative slopes on the right side;
=0, < w(t—) < w(t+), up(t+) < 0, < wu-(f—), there are two shocks with positive and negative slopes arriving
at (0,%) as in the previous case, and in a left neighbourhood of ¢ the characteristics are crossing the line z = 0
with positive slopes on both sides.
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x €T

FIGURE 5. On the left case la, on the right case 2a.

In all subcases of 1e) there is no forward characteristic emerging from (0,¢) and hence property (ii) is verified.

Case 2. w(t+) < 6, and u,(t+) > 0,.

Let t* > t be such that w;(¢t) < 6, and w,(t) > 6, for all ¢ € (¢,t*). Then, by (2.2) this implies that
(wi(t), ur(t)) = (A,B) for all t € (,t*), with A < 6;, B > 0,., and hence there holds (v;(+),u,(+)) = (4, B).
2a) If u(0—,¢) < A, then tracing the backward genuine characteristics (with negative slopes) through a sequence
of points (z,,t), z, T 0, of continuity for u, one deduces that u;(t—) = w(0—,%). Hence, u;(t—) < A and
fiw(t=)) > f(A). By (2.2) this implies that u,(t—) < 7, _(B). Observe that if u(0+,%¢) < B, then a shock
with positive slope should emerge from (0,t), with left state u,(t+) = B and right state u(0+,¢). But, this
implies that w(0+,¢) > m, _(B). On the other hand, from w, (t—) # u(0+,¢) it follows that there should be a
shock with negative slope arriving in (0,%) (or generated in (0,?)) and connecting the left state u,(t—) with the
right state u(0+,%) > u,(t—), which is not entropy admissible for the conservation law with flux f,.. Therefore,
if w(t+) < 0;, u.(t+) > 0, and u(0—,t) < A, then it must be u(0+,¢) > B (see Fig. 5). Hence, tracing the
backward genuine characteristics (with positive slopes) through a sequence of points (z,,t), z, J 0, of conti-
nuity for u, one deduces that w,(t—) = u(0+,%) > B, which is in contrast with u,(t—) < m, _(B). Therefore,
w(t+) < 6; and u,-(t+) > 6, together imply u(0—,¢) > A.

2b) If w(0—,%) > A, then there should be a shock with negative slope connecting the left state u(0—,t)
with the right state w;(t+) = A emerging at (0,¢). This implies that u(0—,¢) < m 4+(A). On the other
hand, if u(0—,7) < 6; then tracing the backward genuine characteristics (with negative slopes) through a
sequence of points (zn,t), z, T 0, of continuity for u, one deduces that w;(t—) = u(0—,¢) € (4, +(A)).
This implies that fi(u;(t—)) < fi(A), which is in contrast with (2.2). Hence, if u(0—,%) > A, then it must
be u(0—,t) € (0,7 +(A)). However, by (2.2) we have u;(t—) € (—o0, A] U [m +(A),+00), which implies
w(t—) ¢ (0;,m,4(A)). Thus, there should be a shock with positive slope arriving in (0,%) (or generated in (0,¢))
and connecting the left state u(0—,¢) € (6;,m,4(A)) with the right state w;(t—) € (—o0, A] U [m 4+ (A), +00),
which is not entropy admissible for the conservation law with flux f;. Therefore, u;(t+) < 6; and w,.(t+) > 0,
together imply u(0—,%) = A, and with the same arguments we deduce also that u(0+,t) = B.

2¢) If u(0—,¢) = A < 6; and u(0+,t) = B > 6,, then tracing the backward genuine characteristics through
two sequences of points (z,,t), z, 70, and (z,,t), x, | 0 (having negative and positive slopes, respectively),
one deduces that there exists ¢’ < t such that w;(t£) = A and wu,(tx£) = B for all ¢t € (¢/,¢). Then, set
r=inf{t’ <% w(st) =A<06, u(st)=B >0, Vse(,l)}. If 7 >0, since one has w(r+) = A,
u,r(T7+) = B, repeating the above arguments of cases 2a)-2b) one would deduce that u;(t+) = A, u,(t+) = B
for all t € (t”,7), for some t” < 7, which is in contrast with the definition of 7. Therefore it must be 7 = 0.
On the other hand, u;(t+) = A, u,(t+) = B clearly imply that w;(t+) = A, w.(t+) = B for all t € (¢,t*),
for some t* > . Thus, one has w;(t+) = A, u,.(t+) = B for all t € (0,¢*) and at any point (0,t), t € (0,t*)
starts exactly two forward, genuine characteristics n’,n”, which lie in (—o0,0) x (¢,t*) and (0, +00) x (t,t*),
respectively, proving property (i).

Case 3. u(t+) =60, or u.(t+)=20,.
Notice that, by (2.2) u;(t+) = ; implies 6, = A, while u,.(t+) = 6, implies 6, = B.
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3a) If u(t+) = 6; and u(0—,t) = 6, then tracing the backward genuine characteristics through a sequence
of points (zy,t), n 1T 0, of continuity for u, one deduces that u;(t) = 6, for all ¢ € (0,¢). Hence, u;(t—) = 6,
as well. In turn, by (2.2) this implies that w;(t+) = A, u,(t£) € {B, 7, _(B)}. Suppose that u,(t+) = B and
u(0+,%) < 6,.. Since by Definition 2.1 we have B > 6,., it follows that a shock with positive slope emerges from
(0,t), and thus u(0+,¢) > 7, _(B). However, u,(t—) € {B,n, _(B)} and 7, _(B) < u(0+,t) < B imply that
there should be a shock with negative slope arriving in (0,¢) (or generated in (0,7)) and connecting the left
state u,(t—) € {B,m,—(B)} with the right state uw(0+,¢) € (m,—(B), B), which is not entropy admissible for
the conservation law with flux f,.. Therefore, if u,(¢+) = B, then it must be u(0+,¢) > 6,.. Then, tracing the
backward genuine characteristics through a sequence of points (x,,,t), x, J 0, of continuity for u, one deduces
that u,(t—) > 6,.. Since u,(t—) € {B,m, _(B)}, this implies that u,(t—) = B. By similar arguments we deduce
that, if u,(t+) = 7, _(B), then also u,(t—) = m, _(B). Therefore, if u;(t+) = 6; and u(0—,t) = 6;, it follows
that ¢ is a point of continuity for w; and w,, w(t+) = A = 6;, and u,(t£) = B or u,(t£) = m, _(B). This
implies that there is no forward genuine characteristic starting from (0,¢) and lying on (—o00,0) x (0, +00),
while there is a single forward genuine characteristic starting from (0,%) and lying on (0, +00) x (0, +00), which
proves the property (ii).

3b) Next, assume that u;(t+) = 6; and u(0—,¢) > 6;. Then, there should be a shock with negative slope
connecting the left state u(0—,¢) with the right state 6, emerging at (0,¢), which is not possible since any
entropy admissible shock with right state 6; has positive slope. Therefore, u;(t+) = 6; implies that u(0—,t) < ;.
3c) Assume now that u;(t+) = 6; > u(0—,¢). Then, tracing the backward genuine characteristics (with negative
slopes) through a sequence of points of continuity for u as above, (x,,t), z, T 0, we deduce that w;(t—) =
w(0—,1). Since 6 = A # w;(t—), by (2.2) this implies that u,(i—) < 7. _(A) = m. _(B). On the other hand,
by the same observations in case 1a) we know that u,.(t+) € {B, 7, _(B)}. Moreover, with similar arguments
of case 1a) we deduce that w,.(t+) = B and u,(t—) < 7, —(B) imply u(0+,¢) > 6,, and u,({—) = B. Next,
assume that u,(t—) < m,._(B), u,(t+) = m—(B). Again with similar arguments as above we deduce that
ur(t+) = mp — (B) implies u(0+,¢) = 7, _(B), and that there is no entropy admissible shock connecting a left
state u,(t—) < m, _(B) with a right state 7, _(B). Hence, if u,(t—) < m, _(B), u,(t+) = m _(B), it must be
ur(t—) = 7, _(B). In turn, because of (2.2) and since ul( —) < 6, this implies that u;(t—) = A, which is in
contrast with u;(1—) = u(0—,t) < 6, = A.

Therefore, u;(t+) = ), implies that u(0—,¢) = 6, as well, which are the assumptions of case 1la), and thus
property (ii) is verified. Moreover, one has u,(t+) = u(0+,¢) € {B,n, _(B)}. With similar arguments we deduce
that u,(t+) = 0, implies u(0+,%) = 6,, u(0—,t) = w(t£) € {A,m +(A)}, and then the same conclusions of
the case u;(#+) = 6; hold true. This completes the proof of the Proposition. O

Remark 4.3. By the analysis of Proposition 4.2 it follows that, if w; = u;(¢),u, = u,-(t), are the one-sided
limits (1.4) at # = 0, and ¢ > 0, of an AB-entropy solution, then either (u;,u,) = (4, B), or there exists a
backward characteristic through (0,7 ), defined on [0,7], and taking values in R\ {0} at any time ¢ < ¢. In this
latter case, consider the minimal and maximal backward characteristics £_, &, through (0,%), defined on [0, 7],
and taking values in R. By the proof of Proposition 4.2, and recalling the definition (3.3), we deduce that one
of the following cases occurs:

1. £4(0) < 0 and (u,u,) € T1;
2. £€4(0) > 0 and (u;,u,) € Ta;
3. €-(0) < £4(0) = 0, or £(0) = 0 < &(0), or £-(0) < 0 < &(0), and (ug,u,) € Ts.
The next result shows that the upper bounds on the Dini derivative of a function w € A;(T), i = 1,2, 3, given

n (3.6), (3.8), (3.11), are equivalent to the monotonicity of the maps ¢; that associates to any z # 0, the
starting point o;(x) at time ¢ = 0 of a characteristic that reaches x at time T.

Lemma 4.4. Letw : R — R be a bounded function having right and left limits in any point. Then, the following
hold.

(i) If (w(0-), w(0+)) € T1, and w satisfies (3.5), then (3.6) holds if and only if the function



ATTAINABLE PROFILES FOR CONSERVATION LAWS WITH FLUX FUNCTION SPATIALLY DISCONTINUOUS 15

z— fi(w ()) T if x <0,
v1(z) == fl fl 4o fr(w(z)) - (T —z/fl(w(z))) f0<az<R, (4.5)
filw(z)) - T ifr>R
is nondecreasing, and the function
(z) =T —z/fl(w(z)) 0<z<R, (4.6)

18 decreasing.
(it) If (w(0=), w(0+)) € Tz, and w satisfies (3.7), then (3.8) holds if and only if the function

z— filw(z)) T ifx <L,
pa(x) =< —flo ;i o fi(w(x)) - (T— x/fl’(w(m))) if L<x<0, (4.7)
x— flw(x) T ifx >0

is nondecreasing, and the function
o(z) =T —z/f](w(x)) L<x<0, (4.8)

18 increasing.
(#i) If w satisfies (3.9)—(3.10), then the function

z— fllwx) - T ifx<lL,
p3(x) = ) , (4.9)
x— flw(z)-T ifxz>R,
is nondecreasing if and only if (3.11) holds.
Proof. We prove only the statement (i), the proofs of the other two statements being entirely similar.
1. First observe that the monotonicity of ¢1, ¥1, are equivalent to
Dtpi(x) >0 VazeR, Dti(z) <0 VYVaze(0,R). (4.10)
Next, notice that by (3.5) we have
Jw(0-)) >0, w(0-) > 0, flw@)-T—2>0 Yoe(0,R),  (411)
R— fi(w(R+))-T >0, frlw(R=)) >0, T —R/f(w(R=)) > 0. (4.12)

Moreover, (w(0—), w(0+)) € 71 implies that f;(w(0—)) > f,(w(0+)). Hence, relying on (4.11) we deduce that

w(0=) = fi} 0 filw(0=)) = fif o fr(w(0+)), (4.13)

which in turn, together with (4.12), yields
p1(w(0-)) = —fi(w(0=)) - T < —f o fi L o fo(w(0+)) - T = p1(w(0+)). (4.14)

On the other hand, since the function fz,_j takes values in [0, +00) (see definition in Sect. 3), it follows that

flofitofr(v)=0 VoveR. (4.15)
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Hence, because of (4.12), we deduce that
p1(R=) = —fl o fi o fr(w(R=)) - (T = R/f(w(R-))) <0< R~ fl(w(R+)) - T = p1(R+). (4.16)
Therefore, in order to establish the statement (i) it is sufficient to show that
DYoi(z) >0 vz eR\{0,R} Dtpy(z) <0 Vae(0,R), (4.17)
are verified if and only if (3.6) holds.

2. We first show that the equivalence between (3.6) and (4.17) holds at any point of discontinuity for w. To this
end observe that the maps

G1(02) 2o 0T, ga(0w) = [f o fiko fu() (T =2/ f}(0))] gs(v,2) = 2= f1(0) T,

|{vs £1(v)- T220} |
are nonincreasing in v since, by the strict convexity of the fluxes f;, f,., and because of (4.15), we have
8U91(U,$) = - lN(U) T < 0,

Lo fiko o) [F2@) P [fLlw) - T — 2]+ [ff o fi-t o fr(0)])* [£()]
[ o fito fr(w)] [f2(v)]?

Oy g2(v,2) = — <0, (4.18)
0y g3(v,z) = —f;'(v) - T < 0.

Moreover, (3.6), (4.11) and the assumption H1) together imply that D w(z) is upper bounded since

1/(e-T) if <0,
Dtuw(z) << flw(x))/(z-¢) if 0<z<R, (4.19)
1/(c-T) if >0.

Hence, if z is a point of discontinuity for w, the inequality (3.6) is verified if and only if w(z—) > w(z+). On
the other hand, since

g1(w(z),z) if =<0,
o1(z) =S g2(w(z),2) if 0<z<R,
gs(w(z),z) if >R,

by the monotonicity of the maps g1, g2, g3 in v, and by the strict convexity of f., we have w(z—) > w(z+)
if and only if ¢1(z—) < ¢1(xz+) and 91 (z—) > Yi(x+) (if € (0, R)). In turn, if = is a point of discontinuity
for p1 and ¢y (if z € (0, R)), then ¢1(z—) < @1 (z+), Y1 (x—) > 1 (z+), are verified if and only if D¢y (z) > 0,
D"y (z) < 0. Thus, we conclude that in order to establish the statement (i) it is sufficient to prove that the
equivalence between (3.6) and (4.17) is verified at any point of continuity for w.

3. If x < 0 is a point of continuity for w, then we get

Dtyi(z) =140, g1(w(x),z) - DYw(x) =1 — f'(w(z))-T- D w(x), (4.20)

which shows the equivalence between the first inequality in (3.6) and (4.17). With the same computation we
find the equivalence between the third inequality in (3.6) and (4.17), considering a point x > R of continuity
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for w. Next, consider a point 0 < x < R where w is continuous. Then we find
[fl/ ° fl7_+1 © fr(w(x))]
fHw())
[0 fk o F (@] @) (Fwl@) - T—a)+alfl o fr} o flw(@))] £ ()

DYy (2) = 0y ga(w(2)) - DT w(z) +

= — -DYw(z
[fl/ © fl;: © fr(w(x))] [f;(w(x))]z ( )
[fl o fil o frlw(z))]
R FCEIES) B
and
fiw(z)) —zf) (w(z)) - DT w(z)
D+ 1\r) = — .
i) FLw@)P
Hence, by (4.15) we deduce that D" ¢;(z) > 0 and D1 (z) < 0 hold if and only if
(17 0 5o SN (1) T-a) el o il o B F )] D7)
< [fi o filo frlw@)]” - fiw(),
and
z f;'(w(z)) - DFw(z) < frw(@)). (4.22)

By (4.11) and the convexity of f,, the inequalities (4.21)-(4.22) are equivalent to the second inequality in (3.6),
and the prove of the statement (i) is completed. O

An immediate consequence of Lemma 4.4 is the following.

Lemma 4.5. In the same setting and with the same notations of Theorem 3.1, the sets Ay (T), Ax(T), A5B(T)
are equivalently defined as sets of functions w € L*°(R) having essential left and right limits at x = 0, that
satisfy the following conditions.

A1 (T) is the set of all functions w that satisfy (w(0—), w(04)) € Ty, and for which there exists R > 0 such
that: there holds w(R—) > w(R+),

f@@) 2 o/T+ f@(0-) Yo<0, fiw@)2a/T Yo<z<R  flw@)<z/T Vo> R,
(4.23)
the map @1 in (4.5) is nondecreasing, and the map 11 in (4.6) is decreasing.
As(T) is the set of all functions w that satisfy (w(0—), w(0+)) € Tz, and for which there exists L < 0 such
that: there holds w(L—) > w(L+),

fllw(z)) >z/T Va<L, fllw(®) <z/T VOo<x<L, fr(w(z)) <z/T+ f(w(0+)) Va >0,
(4.24)
the map w2 in (4.7) is nondecreasing, and the map o in (4.8) is increasing.
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ALB (T) is the set of all functions w for which there exist L < 0 < R, such that:

To UTss if L=R=0,
(w(0-), w(04)) € {{(A ;)}+ z; L<0<p w(L—) > w(L+), w(R—) > w(R+),

(4.25)
wE)=A Yae (L) w@)=B Yaze(0,R)
fllw(@) 2 {x/ ! LSO e (oo,
z/T+f{(w(0-)) if L=0, (4.26)
Flw(a)) < {I/ ! TRy e (Rtoo),
o/ T+ fL(04)) if R=0,

and the map @3 in (4.9) is nondecreasing.

5. PROOF OF THEOREM 3.1

We proceed by dividing the proof into two steps: first we show that any attainable profile at time 7" > 0 of
a solution to the problem (1.1), (1.3)-(1.2) satisfies all the conditions of one of the tree sets described in the
statement of Lemma 4.5. Next, we prove that, for any function w in A;(T), A2(T) and A4 (T), there exists
u € L*(R) such that Sru = w.

5.1. Proof of A(T) C A;(T) U A(T) U ALB(T)

Given @ € L, let u(-,t) = SfABu, t > 0, we will show that w = S#P7% belongs to one of the sets
A1 (T), Ax(T), ALB(T). By Remark 2.3 we know that w € BVj,.(R\ {0}) and that w admits one-sided lim-
its at = 0. Then, recalling Remark 4.3, we will distinguish the following five cases.

Case 1. w(0—) =A< 6, w(0+)=B>6,.
Observe that, tracing the backward characteristics through points of continuity of w in a neighbourhood of
x = 0, with the same arguments of the proof of Proposition 4.2 and relying on (2.2), we deduce that

w(t) = A, u,(t) = B Vite (6,T), (5.1)
w(x)=A Yz € (—d1,0), w(x) =B Ve (0,61), )
for some there exist §; > 0 such that Thus, by Proposition 4.2 we deduce that
u(t) = A, u,(t) =B vite (0,T). (5.2)

Next, let R = sup{z > 0; w(z) = B for all y € (0,2)}, L = inf{z < 0; w(x) = A for all y € (z,0)}. By (5.1)
one has L < 0 < R. Notice that w(L—) > w(L+) and w(R—) > w(R+) because of the Lax entropy condition (see
Rem. 2.4). Consider the maximal backward characteristic {r 4+ through (R,T) and assume that it crosses the
axis x = 0 at time ¢ > 0. Then, by (5.2) and the observations in Section 4, it follows that g 1 is a segment with
positive slope f/(B) = f'(w(R+)). But this means that we may find d3 > 0 such that all backward characteristics
&, through points (x,T), with © € (R, R + d2), reach the axis x = 0 at times t, € (d2,tg). This implies that
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w(z) = u.(ty) = B for all z € (R, R+ 02), which is in contrast with the definition of R. Thus, the maximal
backward characteristic £g y is defined on the whole interval [0, T], and there holds &g 4 (t) > 0 for all ¢t € [0, T7.
With the same arguments we deduce that the minimal backward characteristic £, through (L,T), is defined
on [0, 7] and there holds &, _(t) <0 for all ¢ € [0,T.

Given any x > R, consider the minimal and maximal backward characteristics &; _,&; + through (x,T).
Since &; 4+, &R + are genuine characteristics for the conservation law u; + f-(u), = 0, it follows that they never
intersect in the open quarter of plane (0,+00) x (0,400). Hence, £, + are defined on the whole interval [0, T,
and there holds

Lo (t) =z + frw(z—)) - (t=T), Cor(t) =+ frlw(z+)- (t=T) Vte[0,T].

Moreover, one has & — f(w(z%)) - T = & +(0) > &g +(0) > 0, which implies f(w(z+)) < %. On the other
hand, recalling the definition (4.9) of 3, we deduce that, for every R < x < y, there holds ps(x+) = £, 1+ (0) <
&y,+(0) = p3(y*), which proves the nondecreasing monotonicity of ¢3 on (R, +o00). With similar arguments we
deduce that f/(w(z=£)) > F for all z € (oo, L), and that @3 is nondecreasing also on (—oo, L). Therefore, the
function w satisfies conditions (4.25), (4.26) and 3 is nondecreasing on (—oo, L) and (R, +00). Since @3(z) <0
for all x € (—o0, L), and @3(x) > 0 for all z € (R, +00), it follows that (3 is nonincresing on its domain and
hence we have w € A4 5(T).

Case 2. (w(0—-),w(0+))=(A4,B), A=0,,B>0,,o0 A<6,B=0,, o0 A=6,,B=0,.

Assume that A = 0;, B > 0,, the other cases being entirely similar. Then, letting R = sup{z > 0; w(z) =
B for all y € (0,z)}, by the same analysis of Case 1 we deduce that R > 0, w(R—) > w(R+), fl(w(zx)) < &
for all > R, and that the map 3 in (4.9) is nondecreasing on (R, +00). Next, assume that there exists x < 0
such that f/(w(z+)) < %. Then, the maximal backward characteristics {, starting at (x,T) crosses the axis
x = 0 at some time ¢, > 0. On the other hand, the maximal backward characteristics &,, trough a sequence
of points (z,,T),zy, 10, are lines with slope f/(w(z,+)) = f/(w(0—)) = 0. Hence, there will be some n such
that &, intersect &, in (—o0,0) x (0,+00), which is not possible. Therefore, there holds f;(w(z=+)) > Z for all
2 < 0, and with the same arguments of Case 1 one can show that 3 is nondecreasing on (—oo,0) as well, and
that ¢3(0—) < 0 < p3(R+). Thus, setting L = 0, we have shown that w € A4Z(T).

Case 3. (w(0—-),w(0+)) € T1
Notice that (w(0—),w (O+)) € 71 implies w(0+) > 6,, and hence f/(w(0+)) > 0. Thus, there exist é; > 0
such that f/(w(z+)) > & for all € (0,61). Then, setting R = sup{z > 0; f/(w(z+)) > %}, one has R > 0
and w(R—) > w( +) because of the Lax entropy condition (see Rem. 2.4). Observe that if, fl(w(z+)) < F
or f/(w(z—)) < F for some z € (0, R), then one would deduce that the backward (minimal and maximal)
characteristics fy,i through (y,7T), y € (x, R), should cross in (0,+00) x (0,+00) the backward characteris-
tic &z, or & 4 through (x,T), which is not possible. Thus, there holds f/(w(z£)) > % for all z € (0, R).
Next, consider the maximal backward characteristic g 4 through (R,T), and suppose that it is defined on
an interval [tg,T], tp > 0, with {g 4+ (tr) = 0. This means that f.(w(R+)) = % > £ which implies that
there exists d; > R such that f/(w(z+)) > % for all z € (R,d1). But this is in contrast with the definition
of R. Hence {r + is defined on the whole interval [0,7], and there holds &g 4 (t) > 0 for all ¢t € [0,7]. On
the other hand, (w(0—),w(0+)) € 77 implies w(0—) > 6;, and hence the minimal backward characteristics &y
through (0,7 satisfies £y, —(0) = — f/(w(0—)) - T' < 0. Then, since backward characteristics starting at points
(x,T) with < 0 or z > R cannot cross &, _ and &g 4, respectively, and by the definition of R, we deduce
that f/(w(z£)) > % + f/(w(0-)) for all € (—00,0) and f/(w(z+x)) < F for all z € (R, +o0,). Moreover,
with the same arguments we deduce that f)(w(z+£)) > Z for all 2 € (0, R). Therefore, the function w satisfies
condition (4.23).

Next, with similar arguments of Case 1, we deduce that the map ¢; defined in (4.5) is nondecreasing on
the intervals (—o0,0) and (R,+o0). Regarding the monotonicity of 1,1 (defined in (4.6)) on (0, R), first
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observe that, since the Lax entropy condition implies w(x—) > w(z+), by the strict convexity of f, it follows
that t1(z—) > ¥1(z+) at any point = € (0, R) of discontinuity for w. Next, consider the maximal backward
characteristic &, 4 through (z,T), 0 < z < R, and the minimal backward characteristic &, _ through (y,T),
T <y < R, given by

Lot () =x+ frlw(z+)) - (t=T) tE€ [ta,T], §y.-(O) =y+ filwly=)) - (t=T) telt,T],

with &g 4 (tz) = &y~ (ty) =0, ty = Y1 (z+), ty, = ¥1(y—). Since &, 4+, &, — cannot cross on (0, +00) x (0, +00), one
has t; > t,. On the other hand, if ¢, = t,, then there would be two forward characteristics with positive slope
issuing form (0,t;), which is in contrast with Proposition 4.2. Thus, it must be ¢ (z+) =t > t, = ¢¥1(y—),
which proves the decreasing monotonicity of ;.

The monotonicity of ¢ in particular implies ¢ (z4) > 91 (R—) for all = € (0, R). Observe that u,(t£) > 6,
for all t € (11 (R—),T), since any point (0,t),t € (¢1(R—),T) is reached by a backward characteristic (crossing
2 = 0 with positive slope) issuing from a point (z,T),x € (0, R). In turn, this implies that w;(t£) > ; for any
time ¢ € (1 (R—),T) of continuity for u;, u,, since otherwise, by (2.2) we should have w;(t—) = A, u,(t—) = B,
for some t € (¢1(R—),T). But, by the analysis of Proposition 4.2, this implies that either

w(t) = A, u.(t)=B Vte(0,t), w(t+) > 6, ur(t+) < 0,
or
w(t) = A, u.(t)=B Vte(0,T),
which are in contrast with w,(t£) > 6, for all ¢t € (¢1(R—),T), and with (w(0—),w(0+)) € Ty, respectively.

Therefore, we have w(t£) > 0, for all t € (¢1(R—),T). Hence, by (2.2), (3.2), there holds w(t) = 77 , (ur(t)) at
any time ¢ € (¢1(R—),T') of continuity for u;, u,. Hence, in particular for ¢, = v (xz+), t, = ¢1(y—) we find

w(ty=) = mj 4 (ur(to—)) = 7 4 (W(z+)), wi(ty+) = my (ur(ty+)) = 7 (W(y—)) - (5:3)

Consider now the backward characteristics (for u; + fi(u), = 0) (i, ,—, C,,+, issuing from (0,%,) and from
(0,t,), respectively, given by

Crore () = fi(w(ta=)) - (t = tz) = fl (7] (w(z4))) - (t —tz)  t€[0,ta],
Gyt () = flwa(ty+)) - (t = ty) = fi (7] (w(y=))) - (t—ty)  t€[0,1y,].

By definitions (3.2), (4.5), , (4.6), we find that

Gt (0) = = f{ (7] (w(a4)) - (T — 2/ fi(w(a+))) = =fl o fip o frlw(z+)) - (T — 2/ fr{w(z+))) = du(a+),
Gyt (0) = —fi (7] 4 (W(y=))) - (T —y/Frwly=))) = —fl o fi L o frlw(y=)) - (T —y/Fr{w(y—))) = d1(y—)-
Since t; > t, and because backward characteristics cannot cross on (—oo,0) x (0,+00), it follows that

#1(v+) = ¢r,,—(0) < ¢, +(0) = ¢1(y—), proving the nondecreasing monotonicity of ¢;. This completes the
proof that w € A;(T) in the case (w(0—),w(0+)) € 7.

Case 4. (w(0—-),w(04)) € T2.
With entirely similar arguments to Case 3, we deduce that w € Ax(T).
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Case 5. (w(0—),w(0+)) € Ts— U T3 4.

We assume that w(0—) > ), w(04+) > 6,.. The cases with w(0—) = 6, or w(0+) = 6, can be treated with entirely
similar arguments, relying on the analysis of Case 2. Let & _,&p,+ be the minimal and maximal backward
characteristics through (0,7). Then we have & _(0) = —f/(w(0—)) - T < 0 < &o,+(0) = —f/(w(0+)) - T Since
backward characteristics starting at points (z,7) with x < 0 or x > 0 cannot cross &, _ and o 4, respectively,
we deduce that f/(w(z£)) > % + f/(w(0—)) for all z < 0 and f/(w(z*)) < & + f/(w(04)) for all > 0. Thus,
setting L = R = 0, the conditions (4.26) are satisfied. Moreover, with the same arguments of Case 1 we deduce
that the map 3 in (4.9) is nondecreasing. Hence, we have shown that w € A$B(T), and this completes the

proof of A(T) C A1(T) U Ax(T) U ALB(T). O

5.2. Proof of A;(T) U 4>(T) U ASB(T) C A(T)

Given a function w € Ay (T) U Ao(T) U A4B(T), we will show that there exists an initial datum u € L>(R)
such that SﬁBﬂ = w. We shall analyze only two cases, the others being entirely similar.

Case 1. w € Ay(T).
We assume that w(0—) > 7] _(w(0+)), the case w(0—) = 7] _ (w(0+)) being entirely similar and simpler. Hence,
! _(w(0-)) > w(0+). We will construct the initial datum @ with the desired property adopting a

similar procedure to [3], which consists of the following steps:

we have 7

1. For every x # 0 we trace the lines ¥, _,0, 4 through (T, z) with slope f/(w(z—)), f/(w(z+)), respectively,
if <0, and fl(w(z—)), fl(w(x+)), respectively, if > 0. At = 0 we trace the lines ¥y _, Y9 4 through
(T,0) with slope f/(rL. _(w(0-))), f/(w(0+), respectively. Because of (3.7), ¥, and all lines {Vp,+ : = >
0 or z < L} reach the z-axis without crossing the line z = 0 at times ¢ > 0, while J;, + and all lines
{04+ : L <x <0} cross the line z = 0 at a time ¢ > 0. Then, we redefine 97 4 and {J, + : L <z <0}
as polygonal lines that, after crossing = = 0, continue with slope f(xl. _(w(L+))) and f/(x} _(w(z—))),
Sz _(w(z+)), respectively. Since the curves 9, + are defined so that one has ¥, +(0) = @2 (z+) for all
x, from the monotonicity of the map ¢y in (4.7) we deduce that 9, 1+ never intersect each other in the
region R x (0,T). We will treat the polygonal lines ¥, +, * € R, as (minimal and maximal) backward
characteristics of the AB-entropy solution that we are constructing on R x [0, 7.

2. Since the solution is constant along genuine characteristics, for every x € (=00, 9, _(0)) U (9,+(0), +00)
such that z = 9, +(0) for some y € (—o0,L) U (0,+00), we will set w(z) = w(y+t), while for for every
z € (91,4(0),90,—(0)) such that = = 9, +(0) for some y € (L,0), we will set u(x) = m. _(w(y=£)). The
set of remaining z is a disjoint union of countably many open intervals, say (z,,z;}), n € N, with z,, =
Wy, —(0), 27 =¥, +(0), for some y,, € R, where @ is defined so to produce a compression wave which
generates a discontinuity at the point (y,T).

3. According with the definition of @ in step 2, we define a function « : R x [0, 7] — R which is constant along
the lines 9, 4+ that do not cross x = 0, and it is piecewise constant along the polygonal lines 1, 4+ that
intersect = 0, changing value at = = 0 so to satisfy the interface entropy condition (2.2). Namely, we set
u equal to w(yx) along the line ¥, 4+ (¢),t € [0,T], when y € (—o0, L) U (0, +00), and along the segment
of polygonal ¥, +(t),t € [r,,T], with ¥y 1 (7,) = 0, when y € (L,0). Instead we define u as 7. _(w(y+))
along the segment of polygonal ¥, +(t),t € [0,7,], with ¥, 4(7y) = 0, when y € (L,0). Finally, for any
x € (z,,, ;) we let u to be equal to u(z) on the right of z = 0 and to be equal to 7] _(u(z)) on the left
of x = 0, along a polygonal line 1, (t), ¢ € [0, T], which connects (,0) with (y,,T).

4. With the same arguments of [3] one can show that the function u constructed in step 3: is locally Lipschitz
continuous on R x [0, 77; it is a classical solution of u; + f;(u), on (—o0,0) x (0,T), and of u; + f,(u), on
(0, 4+00) x (0,T); it is continuous with respect to the L}, . topology as a function from [0, T to L>°(R); it

attains the initial data w at time ¢ = 0 and the terminal profile w at time ¢ = T. Moreover, u satisfies the

interface entropy condition (2.2) associated to the connection AB.
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FI1GURE 6. An example of partition of R associated to the profile w.

1. For each x # 0, L, consider the polygonal lines

z+ fl(w(z+))(t—T) if x<L, tel0,T],
Do 2(t) = xl—i— {l’(w(xi))(t T) ?f L<z<0, te [T— z/ fl(w(zt)), T}, (5.4)
fiml (@) (t =T +z/f{(wet)) if L<z<0,te]0, T—m/fz w(z+))],
z+ flw(@x)(t—-T) if x>0,tel0,7],
and, at xt =0, x = L, set
Do, (t) := f(mh _(wO-)(t—=T) if te[0,T),
Do,+(t) := f((w(O0+)(t = T) it  tel0,T],
O, (t) == L+ fl(w(L—))(t-T) it  tel0,T], (5.5)
By (t) = {x+fl(w( +)(t-T) if te[T—a/f/(w(L+)),T],
o FUrl (@A) (=T + 2/ fiw(L+)) if te [0, T—a/fw(L+)].

Notice that, by definitions (3.2), (4.7), (4.8), we have ¥, 1 (0) = pao(zt) for all z, and ¥, 4 (P2(xt)) = 0 for
all z € (L,0). Then, relying on (3.7), on the nondecreasing monotonicity of ¢2, and on the increasing mono-
tonicity of 12, we deduce that the polygonal lines 9, 1, € R, never intersect each other in the region R x (0, 7).

2. Consider the following partition of R (see Fig. 6):

Ip={reR: Fy<z: 9,4(0)=9._(0) ==z},
c={zeR: ByeR: 9, _(0)=z or ¥, (0) ==z}, (5.6)
Iw ={zeR: Fy: 9, _(0)=z or 9, (0) =z}

Some considerations about this partition are useful for the next. The set Zr consists of the centres of
rarefaction waves originated at time ¢ = 0, the set Z¢ consists of the starting points of the compression waves
that generate shocks at time T', and Zy, collects the starting points of all other waves. With entirely similar
arguments to [3], one can verify that:

— the set Zp contains at most countably many points;
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— the set Z¢ is a disjoint union of at most countably many open intervals of the form

= Zymi(O), Yn € (—00, L) U [0, +00), 5.7)

yn;t(o)’ Yn S [La O) }

with y,, point of discontinuity of w. Notice that, since ¥,,, +(0) = @2(yn=%), by the monotonicity of ¢o and
11, fr, it follows that w(y,—) > w(y,+) for all y,, # 0. Moreover, we observed at the beginning that we
have 7\, (w(0—)) > w(0+). Thus, we will construct compression waves generating a shock connecting the

states w(yn—),w(Yn+) at (Yn, T),yn # 0, and connecting the states m'. _(w(0—)),w(0+) at (0,T).

In order to define the initial data in the sets 77, for any (z,,, ;) with 2f =9, 1(0), L <y, < 0, setting

at = fi(rl _(w(y,=£))), consider the function

ha(z,0) =T =y /[fl o] o (f1)7H(a)] + 2/ T € (z,, 7)), @€ log], o] (5-8)

Notice that, because of the monotonicity of f, 71'7{7_, and since by (4.24) we have w(y,+) < w(yn—) < 0, it

follows that o;f < a;; < 0. Moreover, letting 7= be the times of intersection of 9,, 1 with = 0, 4.e., such that
Yy, 2+ (T5) = 0, we have

o =T = yu/[(Wye)) =T = yu/ [fl o mf o (f)) )] = —ay; Jay; - (5.9)
Then, by a direct computation one finds that, for any z € (z,,,x;}), there holds

hn(@,050) = (2 — 2)) ] > 0, ha(z,a) = (2 = 2,)/a, <0,

a-fllonl_o(f)
. 1,— (f)) " (a) _£<0 Vae (o, ay).

[fom_o(f)~ )] [ff om0 (f) )] - [0 ()1 a)]

aochn(xv a) =Yn

(5.10)
Hence, we may define a continuous, decreasing map o, : (z,,,z;) — (a;f, a;) that satisfies

T —ya/[fi o o (f1) Han(2))] = —z/an(z) v € (v,,77). (5.11)

Notice that lim,_, + a,(2) = at. The quantity o, (x) determines the slope A} on the right of z = 0 of a
polygonal line 7, connecting (x,0) and (yn,T), with the property that, letting A, = f/ o} _ o (f7) ™" (an(z))
be the slope of 1, on the left of x = 0, there holds

(7T = (D7) (5.12)

which guarantees that the states u; = (f/)7*(\,;), ur = (f])1(\}), satisfy the interface entropy condition (2.2).
In the case (z;,,z;7) C I} is of the form zf = 91 1 (0), ¥, (0) < 0 < ¥ 4(0), with the same arguments of

above we may define a continuous, decreasing function a, : [0,z;") — (o}, y,/T] that satisfies the equalities
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in (5.11) for all z € [0,z;"), and there holds a,,(0) = y,,/T. Then, we define the initial data as

? n

w(y=L) if zelw, v=v,+(0), ye& (—o0,L)U(0,+00),
. (w(0-)) it zew, z=10,-(0),
w(0+) it zeIw, z=1904(0),
w(L-) if zelIlw, z=195_(0),
7wl _(w(L+)) if zelwy, z=19L4(0),

) i= {7l _(w(yd)) it ey, v=10,.00), ye (L), (5.13)
) (g —2)/T) i w€ (g,07) CToy 25 =0y, 200), vn < L,
() (g —2)/T) it w€ (ay,ap) CTo, ot =1,,5(0), o0,
() () it o€ (ay,00) CTo, w5 =0y,4(0), L<ya<0,
(1) (n(2)) it e (ay,af) CTo, ot =0,4(0), 220,
()" (yn —2)/T) if x€(z,,2}) CTe, af=9,4(0), z<O0.

Notice that @ is not defined on the set Zr which is of measure zero since it is countable. Moreover, we have

[u(z)] < M = sup {max{|w(z)], |7r£_(w(x))|}, z€R}. (5.14)

3. In order to define the solution w in the region of compression waves, for any = € Z¢, consider the polygonal
lines

x+((yn—m)t)/T if ze(v,,2})CTe, 2 =49,,+(0), yo<Lory,>0, te0,T],

T+ an(z)t if ze€(v,,2})CTe, 2 =9,,4(0), L<y,<0, te [07—%9”(96)]7

a+flom _o(fl) Han(2)t if xe€(z,,2})CTo, 5=10y,+(0), L<y,<0, te[- o Tl
elt) = T+ an(z)t if xé€(x,,2})CZc, xf =9,4(0), >0, te 0, - 7=

v+flom_o(ff) Hom(@)t if =€ (a,,2])CTc, ay=004(0), >0, te[- 55T,

x4 ((yn —2)t)/T if z¢e (v, 2t)CZe, 2 =904(0), <0, te[0,T).

(5.15)
Observe that, by construction the polygonal lines ¥, 1+, = € R in (5.4)-(5.5), and 7.,z € Z¢ in (5.15), never
intersect each other in the region R x (0,7) and there holds

V(z,t) eRx (0,7) yeR st. x=19,_(t), or x=9,4+() or z=mn,t), y€ilc. (5.16)
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Thus, we may define on (R\ {0}) x (0,7") the function:

w(yt) if Jye(—oo,L)U(0,400): xz=1,+(t),
w(yx) if JyelL,0): z=19,4(t) <O,
7wl _(w(yE)) if Fyel[L,0): z=1,+(t) >0,
u(z,t) = - @O0=)) i@ =0 (0) (5.17)
w(0+) if  x=1904(t),
u(y) if Jyelp: xz=mny(t)>0,
m _(u(y)) if JyelZp: xz=nmny(t) <O,
u(y) it JyeI™: z=ny(t).

4. By construction the function u in (5.17) is continuous on R x (0,7) and satisfies the interface entropy
condition (2.2) at x = 0. Moreover, with the same type of analysis in [3] one can show that there holds

Dyu(a,t) > [ff (u(a, ) - (¢ = T)]

i >[e-(t=T)]""  V(a,t) eRx(0,T). (5.18)
On the other hand, relying on (5.14), (5.17), and on the assumption H1), with the same arguments of the proof
of A(T) C Ay (T) U A(T) U A4 B(T) we derive

[, ) ] < e t] T Yo <m(h),

Diu(x,t) < AU < M'[c- .’IJ]_I Vo(t) <z <0, (5.19)

’ [ (u(, b)) -z —
@) 1] <fe-t] " Ya>0

for some constant M’ > 0. Hence w is locally Lipschitz continuous and therefore it is differentiable almost every-
where. By a direct computation one can check that v is a classical solution of u; 4+ fi(u), on (—o0,0) x (0,T),
and of uy + fr(u),; on (0,400) x (0,7). Hence, u is an AB-entropy solution of (1.1), (1.3). Finally, with the
same arguments in [3] one verifies the continuity of ¢ — u(-,¢) on [0,7] with respect to the L}, .-topology, and
that u(-,0) =, u(-,T) = w, which proves that w = SABu € A(T).

Case 2. w € A{B(T), L=0=R, (w(0-),w(0+)) € T3 .

Since (w(0—),w(0+)) € T5,— it follows that w(0—) > 6; and f;(w(0—)) < fr(w(0+)). We assume that w(0—) > 6;,
and that fi(w(0—)) < fr-(w(0+)), the cases with w(0—) = 6, or with f;(w(0—)) = f,(w(0+)) being entirely
similar. We follow the same procedure of the previous case discussing only the points where there is a difference
in the construction of the initial data w and of the solution wu.

1. For each z # 0, consider the lines

Bos(t) = {x + flw(zx))(t - T) ?f x <0, tel0,T], (5.20)
x4+ fllw(@)E-T) if =z>0,te]|0,T],
and, for x = 0, set
Yo, (t) == fi(w(0-))(t = T), Yo+ (t) == fr(w(0+))(t = T), Vie T (5.21)

Do,x(8) = fl(m; _(w(0-)))(t = T),
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2. Then, letting =2 = 99 +(0), x5 = 9J..(0), consider the partition of R \ {0}:

Ir={zeR: Fy<z: 9,.(0)=9._(0) =z},

Ic ={z eR\[zg,2"]: ByeR: 9, _(0)=2z or J,,(0) =z},
Iw ={zeR: Jy: 9, (0)=2 or 9, (0)=a},
To_ = (55,0),  Toy =(0.3)).

(5.22)

Here Ty, Zo 4 are intervals where the initial data @ will assume the constant value w(0—) and 7. _ (w(0—)),
respectively, while Z¢ is a disjoint union of at most countably many open intervals of the form

7" = (x;,a::), xriz = yn,:t(o)a Yn € (—O0,0) U (05+Oo)7

. . (5.23)

Zo = (20, xar)a zg = Uo,+(0), T/sr = do,4+(0),
with y,, point of discontinuity of w. Observe that z§ > 0, and that w(0—) > 6;, fi(w(0-)) < f.(w(0+)), together
imply w(0+) < 7. _ (w(0—)). Hence, the states 7'. _ (w(0—)),w(0+) are connected by a shock with negative slope
for the conservation law u; + f,.(u),. Thus, we will define the initial data @ on Zy so to produce a compression
wave that generates a shock at (0,7"). Thus, we define

w(yt) it zelw, v=19,4+(0), yeR,
w(0—) it ze(x,0), zg =730,-(0),
L (w(0— if x€(0,z5), xf=104(0),
N E ) (0,25), 7%= 90.(0) o
(fl/)il((yn - x)/T) if ze ((E;,(Ei) - ICa xril = ﬁyn :t(o)v Yn < Oa
(F) " yn —2)/T) if  z € (2,,27) CTe, ay =0y, +(0), ya >0,
(f;)_l(—x/T) it xe (af,28) CZe, xf="10.(0), xg =10+(0)
3. Then, setting for every x € Z¢:
0 v+ ((yn—2)t)/T if  we(z;,2))CTe, o =1y, 4+(0), y, #0, t€[0,7T], (5.25)
Nz\l) = .
—(xt))T if x € (z3,78) CIo, x5 =190.(0), x5 =104(0),
we define on (R \ {0}) x (0,T) the function:
w(yt) if JyeR: z=179,+(t),
w(0— if Y9_(t) <x<O,
u(z, t) = =) 0~ (5.26)
7 _(w(0-)) if 0 <z <Vou(t),
u(y) it JyeZe: z=n,t).

4. Observe that, since (w(0—),w(0+)) € T —, it follows that the pair u;(t) = w(0—), u,(t) = 7. _ (w(0—)) satisfies
the interface entropy condition (2.2). Then, with the same arguments of the previous case, we conclude that u
is an AB-entropy solution of (1.1), (1.3)-(1.2), and that w = S48 . This proves that w € A(T), and completes
the proof of Theorem 3.1. O
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6. PROOF OF THEOREM 3.4
The proof is devided in three steps.

Step 1. Let U be as in (3.13) and let € C € be a compact set of connections. Given T' > 0, {u,}, C U, and
(A,B) € ¢, {(An, Bn)}n C €, consider the sequences

{srfunt,.  Asr P, ASml),  ASH ), (6.1)

where u|T denotes the restriction to R x [0, 7] of a map defined on R x [0, +00). Since, G in (3.13) is bounded,
% is compact and because of (4.3) in Remark 4.1, there holds
||SAB

c, st C  Yt>0,VYn, (6.2)

U"HLOO(]R) “nHLoo(R)
for some constant C' > 0. Hence, the first two sequences in (6.1) are weakly* relatively compact in L*°(R), the
latter two are weakly™ relatively compact in L>°(R x [0,7]). Thus, we can assume that

u, > u in L*(R), (A4n.Bn) — (A, B), (6.3)
for some @ € L®(R), (A, B) € €, and that

SABg, * wAB, SpnBra, 5 wAB in Lo(R), (6.4)

AB Sy B in LR x [0,T]), (6.5)

SABf " ,

¢) “”|T ”|T

for some functions w8, wAP € L>(R) and u”B, uAB ¢ L>°(R x [0,T]). Notice that, since @, (z) € G(x) for
almost every = € R, and because G is convex closed valued, by Mazur’s lemma it follows from (6.3) that w € U.

We will show that there exist subsequences of (6.1) that converge in the L} . topology to w?B, wAB , and
utB, uAB , respectively, and that
AB 7 AB AB — AB AB —
=877, w?” =877 w, S u‘T, u™” =8 u’T, (6.6)

which proves the compactness of the sets A4B (T7 U), A(T,Z/I , ‘5) and AAB (U), A(U , ‘5)

Step 2. Notice that, by Remark 3.3, for any 0 < a < b, there exists Cqp, Lo > 0 such that, setting I, =
[-b, —a] U [a, b], one has

TotVar.{S{*Pt, : I, } < Cup,  TotVar.{S{" ", : I} < Cop, Vte(|a,T], Vn

||StAB — 8P, < Lap-|t—s|, HSA”B" —S§AnBng, < Lgp-|t—s]| Vt,s€la,T],Vn

||L1(Ia,b) HLl(Ia,b)

A, B, . .
By Helly’s theorem there exists subsequences {S{‘Bﬂnj }j , {St T Uy, }j , which converges to some functions

w(+,t) and w(-,t), respectively, in L1(1,;) for all ¢ € [0, T]. Because of (6.5), the functions w, @ must coincide
with the restriction to I, x [0, 7] of u® and uB, respectively, and there holds

Av. By, iB .
StABﬂnj — uB(.1), S, T, — utB () in LY(1.y), VitelaT].

J
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Then, repeating the same arguments for I, », = [~b;, —a;] U [a;, b;], with a; | 0, b; — 400, and observing that

by (6.2) one has [[uAB(,t)||lLe®) < C, |uB(-,t)||Le®) < C, for all ¢t € [0,T], we deduce that we can select
diagonal subsequences (still denoted with index j) such that

S/, — utB(1), SimiPrig, s WABLY) in LL(R),  Vite(0,T]. (6.7)

J

In particular, because of (6.4), (6.7), we have uAB(.,T) = w5, ug§(~7T) = wAB_ Therefore, in order to
establish (6.6), it remains to show only that

AB AB — AB AB —
We will provide only a proof of the second equality in (6.8), the proof of the first one being entirely similar.

Step 3. First observe that, by the regularity of fj, f,., the convergence (6.7) implies that

A8 a,) = AAB8) in Li(—00,0))
An.Bn

By i, o o o Vte(0,T]. (6.9)
F(ST T ,) = fr(@tP1) in L ([0, +00)

An Bn, . . .
Therefore, since uy;(-,t) =S, 7 7y;, t > 0, are in particular weak solutions of the Cauchy problem for (1.1),

(1.3) with initial data %y, relying on (6.7), (6.9), and on (6.3), we find

/00 /OO {ugéqﬁt + f(m,ugé)@c}dxdt + /O<> u(x)é(z,0)dx
el - (6.10)
= lim /—oo/O {unjqﬁt—i—f(a:,unj)qﬁx}dxdt—i—/ U, (z)p(z,0)dz = 0,

o0
j—oo oo

for any test function ¢ € C! with compact support contained in R x (0, +00), which shows that uAB is a weak
solution of the Cauchy problem (1.1), (1.3)-(1.2). Next, setting I; = (—00,0), I, = (0,400), with the same

arguments we derive
+oo — — —
/ / {‘uAB — k|oe + (fi.r (uAB) — fi.r(k)) sgn (u?P — k:)qu}dxdt
5. Jo

Jj—o0

—+o00
~ lim /I / {tn, = Bloe + (i (un,) = for (k) 580 (i, = k)6, bt > 0,
1,070

for any non negative function ¢ € C' with compact support in I, x (0,7] and for any k € R. Therefore,
since uAB is a weak solution of the Cauchy problem (1.1), (1.3)-(1.2), that satisfies the Kruzhkov entropy
inequalities on (R \ {0}) x (0,7, invoking a result in [21] (see also Coroll. 6.8.4 from [24]) we deduce that the
map t — ug§(~,t) is continuous from [0,7] in L}, (R), and that the initial condition (1.2) is satisfied. This
shows that uAP satisfies conditions (i)-(ii) of Definition 2.2.

Finally, observing that by definition (2.1) and because of (6.3), there holds k; = ka, B, —kipin L (R),
AB

we deduce that u satisfies also the Kruzhkov-type entropy inequality associated to the AB-connection.
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F1GURE 7. Velocity and flux in the LWR model, and a discontinuous flux with critical
connection.

Namely, for any non negative function ¢ € C! with compact support in R x (0, 7], we get

—+oo oo — —— ~a
/700 /0 {|uAB — kgé(x)|¢t + (f(x,uAB) - f(x,kgé(z))) sgn (UAB - kgg(x))qﬁm}dxdt

= lim //{’“m — kj(2)| o + (f(un,) — f(k;j(@)) sgn (un, — k;(x))dy pdadt > 0,

Jj—o0o

which shows that uAP is an AB-entropy solution of the Cauchy problem (1.1), (1.3)-(1.2) on R x [0, T}, according
with deﬁnition~(~2.1). Thus, by uniqueness of AB-entropy solutions of the Cauchy problem (see Thm. 2.5), we
deduce that w48 = Sf)B u |T, completing the proof of Theorem 3.4. O

7. SOME APPLICATIONS IN LWR TRAFFIC FLOW MODELS

Starting from the seminal papers by Lighthill, Whitham [45] and Richards [51], the evolution of unidirectional
traffic flow along an highway can be described at a macroscopic level with a partial differential equation (LWR
model) where the dynamical variable is the traffic density p(z,t) (the number of vehicles per unit length). The
LWR model expresses the mass conservation, i.e. the conservation of the total number of vehicles, and postulates
that the average traffic speed v(x,t) is a function of the traffic density alone. Thus, the mean traffic flow (the
number of cars crossing the point & per unit time) is given by f(x,t) = p(x,t) v(p(x,t)), and we are lead to the
hyperbolic conservation law

pi+ (pv(p))e = 0. (7.1)

Here p(z,t) takes values in the interval [0, pimaz]|, Where pmq. represents the situation in which the vehicles
are bumper to bumper and thus depends only on the average length of the vehicles. The velocity v(p) has a
maximum value vnq, (representing the limit speed) attained at p = 0, and it is strictly decreasing since in
presence of larger number of cars each driver goes slower. Hence, the corresponding flux f(p) = pv(p) (the
so-called fundamental diagram) is a (uniformly) strictly concave map (see Fig. 7), satisfying the assumptions

H1) f;, fr: R — R are twice continuously differentiable, (uniformly) strictly concave maps
max { f{'(u), f;'(u)} < —c<0 VwueR,

and H2)-H3) in Section 2 (with py,q. in place of 1). We refer to [28, 47, 52] for general references on macroscopic
models of traffic flow.

The occurrence of special events (like heavy rain) that alter the road condition, or the presence along the
road of obstacles (such as speed bumps, construction sites) that hinder the traffic flow, may force the vehicles
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to slow down or speed up in different sections of the highway. These inhomogeneities of the road are described
by considering different speed-density relationships (and therefore different fundamental diagrams) on different
portions of the highway. Assuming for simplicity that the change in the flow-density relation in two sections of
the road of infinite length occurs at © = 0, we are led to a conservation law with discontinuous flux f(z,p) as
in (1.3), where the right and left fluxes are of the form f;,(p) = pvi,(p). This model was considered in [46]
where it was employed an admissibility criterion for the one-sided limits of the solution at = 0 according with
the flux maximization principle (see also [10]). Such a criterion is equivalent to an interface entropy condition as
in (2.2) relative to a critical connection (A*, B*) passing trough the minimum of the two points of maximum of
fi, fr (see Fig. 7). Here, since we are considering a two-flux concave flux, we replace in the AB-interface entropy
condition (2.2) the < signs with the > signs and viceversa. This implies that the flux of an AB-entropy solution
along the discontinuity {z = 0} must be smaller or equal to the value of the flux on the connection. We let S*
denote the solution operator for (1.1), (1.3) with fluxes f; (p) = pvi,-(p), p € [0, pmas), and connection (A*, B*).
Since our analysis will be focused on a finite section of the road, we shall assume that all the initial data have
support in a bounded set K C R. One can derive similar characterization of the attainable set provided by
Theorem 3.1 in the two-flux concave case. Thus, the results stated in Theorem 3.4 and Corollary 3.5 continue
to hold as well in the concave-concave case.

In this setting we shall consider two type of optimization problems. In the first one we treat as control
parameters only the initial data. Instead, in the latter we regard as control parameters also the connection
states whose flux value provides an upper limitation on the flux of the solution at £ = 0. Such a control can be
viewed as a local point constraint control acting at = 0 (¢f. [22]). Similar problems in the context of a junction
are treated in [6].

Output least square optimization with traffic density target. In order to validate the LWR models
employed by transport engineers, it is fundamental to compare the experimental data with the solutions that
better approximate a given observable function. A classical cost functional adopted to this pourpose is the
L2-distance from an observation output (see for instance [36]). Thus, we are led to consider the optimization
problem

win | [Sip(e) - 1(o)dz, (7.2)
PEU JR
where U/ is the admissible control set
U= {a € L®(R); u(z) € G(z) for ae. z€ IR{}, (7.3)

with

G(z) = (7.4)

[0, prmaz] I z€ K,
{0} otherwise,
and [ € L?(R) is a given target function. Notice that, by Remark 4.1, there will be some bounded set K’ C R

such that

S:EEQi{wGLOO(R; [0, c]); supp(w)CK/} VseU,t>0. (7.5)

Therefore, since the map w — [, [w(x) — I(z)|*dx is clearly continuous on Q with respect to the L'(RR) topology,
we deduce the existence of a solution to problem (7.2) from the natural extension of Corollary 3.5 to the two-flux
concave case.

Alternatively, in order to address road safety issues in planning design, it is important to analyse the initial
density distributions and the (upper) flow limitations at the flux discontinuity interface which lead to the closest
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configuration to a desired density distribution. For example, one may consider two stretches of road of different
capacities connected at a junction located in front of a school, where one may regulate the maximum rate at
which the vehicles pass through the junction. In this case, it would be interesting to analyze the solutions of
the optimization problem

i SABG(4) — 1(z)]2d 7.6
min / S4B p(x) — U(x) Pde, (7.6)

where T is the exit time from school, I € L?(R) represents a “safe” traffic distribution, U is the set of admis-
sible initial data as above, and ¥ is a compact set of connections. Again, relying on the analogous result of
Corollary 3.5 for the two-flux concave case, we deduce the existence of a solution to (7.6).

Fuel consumption optimization. Traffic simulation is a fundamental instrument to predict the impact
of road design and to examine the performance of traffic facilities under changing surface conditions. In this
context, a major challenge for transport planners is to design solutions for mitigating pollution, which has
huge economic impact, beside affecting people’s quality of life. Various definitions to quantify the overall fuel
consumption have been introduced in the literature (see [56]). We employ here the definition proposed in [50]
where the fuel consumption rate of a single vehicle is expressed by a polynomial function P depending only
on the average traffic speed v(p). The overall fuel consumption rate is then obtained multiplying P by the
density p. Thus, if we consider two stretches of road of different capacities connected at a junction where we
may regulate the maximum flow rate of traffic, and we are interested in analyzing the initial density distribution
that produces the minimum fuel consumption in a given interval of time [0,7], we are led to the optimisation
problem

T
: AB— P AB— )
amin [ [ s P (ol dsdt, (7.7

with U and % as above. Observe that, by Remark 4.1, there will be some bounded set K’ C R such that
SpPpen= {w € L2(R x [0, T: [0, praaz]); supp(w) K'} VpeU, (AB)e?. (7.8)

Hence, since the map w + fﬂ‘x[o (@, t)P(v(w(z,t)))dzdt is continuous on  with respect to the L' (R x [0, T7)

topology, we deduce the existence of a solution to (7.7) from the analogous result of Corollary 2.3 for the two-flux
concave case.
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