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ABSTRACT. In this note, we prove a controllability result for entropy solutions of scalar conservation
laws on a star-shaped graph. Using a Lyapunov-type approach, we show that, under a monotonicity
assumption on the flux, if u and v are two entropy solutions corresponding to different initial data
and same in-flux boundary data (at the exterior nodes of the star-shaped graph), then v = v for a
sufficiently large time. In order words, we can drive u to the target profile v in a sufficiently large
control time by inputting the trace of v at the exterior nodes as in-flux boundary data for w. This
result can also be shown to hold on tree-shaped networks by an inductive argument. We illustrate
the result with some numerical simulations.

1. INTRODUCTION

Hyperbolic models on networks are extensively used to describe applied problems related to blood
circulation [68] [43], gas pipelines [27], 28], vehicular traffic [44], irrigation channels [41], supply chains
[38], etc. (see [22] and references therein for further information).

We focus on a network composed by a single junction with n incoming and m outgoing edges (see
Figure . Following the notations of [44], we describe the junction by a finite set of incoming edges,
labeled by i € Z;, := {1,...,n} and parameterized by the segments I; := (—L;,0) and by a finite
set of outgoing edges, labeled by j € Zyy := {n + 1,...,n + m} and parameterized by the segments
I; :=(0,L;), with L;, L; > 0. In both cases the junction is at x = 0. We shall also use the notation
G =(0,&), where € = {Ir}seq1,... n+m}, to denote the star-shaped graph described above.

For each edge of the graph, we consider the dynamics given by a scalar hyperbolic conservation laws
with flux fy (with £ € {1,...,n + m}) satisfying the following conditions:

(F1) fe € Lip(R;Ry);

(F2) f;is non-degenerate: i.e., for all (§,() € RxR\{(0,0)}, we have L ({z € R: £+ (f)(2) =0}) =

0, where £ denotes the Lebesgue measure;

(Fg) infgeR fé(g) >cp > 0.

With these assumptions, we study the system

Oru; + Oy fi (u;) =0, t>0, z €l

Opuj + 9 fj (uj) = 0, t>0, zelj
(1) u; (0, ) = up (), x €1,

u; (0, z) = up ;(z), x e lj,

u;(t, —Li) = up,i(t), t>0,

Sy filwi(t,0-)) = 3000 fi(us(8,04)), ¢ >0,

foralli € {1,...,n} and j € {n+1,...,n+ m}. Here, for every £ € {1,...,n + m}, the initial data
satisfies ug ¢ € L*°(I;; Ry ) and, at the entry points of the network, we prescribed an in-flux boundary
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FIGURE 1. Junction with n = 2 incoming and m = 3 outgoing edges.
condition with data up,; € L™((0,00);Ry) for ¢ € {1,...,n}. The condition in the last line is a
modellistic choice: it imposes the conservation of the total density at the junction.

Let us comment on the assumptions needed for the flux functions. Hypothesis (F2) is a technical
condition needed to guarantee the existence of traces for L° entropy solutions of the conservation
laws (see [64] and also [65] [71]): i.e., the non-degeneracy of the flux yields a regularization effect at
the boundary (see [36]). See also [I9] for further information on trace theorems in the linear case.

Hypothesis (F3) corresponds, roughly speaking, to the requirement that all generalized character-
istics (see [37]) exiting from (¢,z) € {0} x I leave the cylinder (0,T") x I, before time Ty = Lg/cq, so
that the dynamics on each edge only depends on the boundary data at the exterior nodes and not on
the initial data for a sufficiently large time horizon. Under hypotheses (F3), the effective boundary
condition is imposed only at x = —L; for ¢ € {1,...,n} (i.e. at the incoming boundary); moreover,
the junction conditions is given more explicitly.

We remark that (F3) makes not suitable for traffic flow models, as they usually consider bell-
shaped flux functions (see [44] and references therein). On the other hand, in supply chain production
models, a typical flux function is given by the M/M/1 queuing model with capacity on(ﬂ (see [39)), i.e.
f(u) = 47, which satisfies f'(u) = ﬁ >c¢>0.

The well-posedness of a suitable notion of entropy solutions for conservation laws at a junction
has been subject of intensive investigation. We refer to [44] 22] for a survey of this research area
and various definitions of admissible solutions at a junction. In the present paper, we focus on the
(unique) entropy-admissible solution that is obtained by the vanishing viscosity approximation process
(see [12] [63]), whose definition is recalled in Section

The main result in our contribution concerns the controllability to trajectories of entropy solutions
of , i.e. steering the solution to a given entropy-admissible target profile using the boundary
datum as control.

Our main theorem is then as follows.

Theorem 1.1 (Controllability of entropy solutions on star-shaped graphs). Let us assume that hy-
potheses (F1)-(F3J| are satisfied and let ¥ = (v1,...,vn+m) be the entropy solutions of (in the
sense of Definition with initial data vo e € L (I;Ry) for £ € {1,...,n+m} and boundary data
vpi € L>®((0,T);Ry4) fori € {1,...,n} (¥ is a target profile). Let us consider any other initial data
ug,e € L®(I5;Ry) for £ € {1,...,n+m}. Then, the entropy solution @ = (u1, ..., Untm) Of cor-
responding to initial data ug and the in-flux boundary data of U, i.e. up; =vp, for alli € {1,...,n},

IThe model name is written in Kendall’s notation (see [56]): M/M/1 means that the system has a Poisson arrival
process, an exponential service time distribution, and one server (M here stands for Markovian).

2Or, more precisely, the infimum in (F3) should be taken over the convex hull of the ranges of uy and v, as the system
satisfies the ordering property (cf. [12]).
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satisfies

w(t,x) = ve(t,z), t>T, ae. x €Iy, Ve {l,...,n+m},
where the control time T is given by T = max;ez,, {Li/c;} + maxjez,,, {L;/c;}.
Remark 1.1 (Null-controllability). If we assume Y ., fi(0) = Z;L;TH £i(0) (or, alternatively,
fe(0) =0 forallt € {1,...,n+m}), then 0 is an admissible entropy solution of (L.1)) with ip =0 and
up,e = fe(0) (or upe =0, respectively). Then, considering U(t,-) =0 for allt > 0, Theorem can be
seen as a null-controllability result: we steer the system to the zero state by considering the boundary
control up; = f;(0) (or up,; = 0, respectively).

Theorem adapts a result proved by Donadello and Perrollaz in [39, Prop. 4] (for multi-
dimensional scalar conservation laws) to the case of a networked system. The strategy of our proof is
also similar: we employ a Lyapunov functional consisting of an exponentially-weighted L' norm. The
added difficulty of the case of a networked system, compared to [39], consists in the handling of the
transmission condition at the junction: we need to carefully consider an adapted entropy-admissibility
(see Section [2)) in order to propagate information across the junction. This is similar in spirit to the
considerations of [23] about the controllability of a linear hyperbolic first-order problem.

Remark 1.2 (Controllability of entropy solutions on tree-shaped graphs). We can prove a similar
result on a tree-shaped network, i.e. a network without loops, arguing by induction as in [23]. In the
case of a tree, in the statement of Theorem [I]], the control time is given by the maximal propagation
time required for information to flow out of the tree as defined in |23, Definition 3.1]. For networks
with loops, difficulties arise, as already pointed out in in the case of linear transport problems in [23]
Section 3.4].

Finally, let us consider a viscous regularization of (|1.1):

Optie i + O fi (ue i) = €07, ue i, t>0, z €l
Oruie,j + O fi (ue ;) = €07, ue ;, t>0, el
e, (0, ) = ug c,i(7), xz € I,
te, (0, 2) = o ¢ (), zelj,
(1.2) Ue,i (8, —L;) = up (1), t >0,
Ue,j(t, Lj) = up,;(1), t>0,
S (filue,i(t,0-)) — e0puc i (t,0-))
= S (i (e (8,040)) — 0pue i (£,04)), t >0,
uE,i(t7O_) = ue,j(t’0+)7 t >0,

forallie {1,...,n}and j € {n+1,...,n+m}. We remark that, due to the effect of viscosity, at time
T= T, a small exponential tail remains as an error when we consider the evolution of the difference of
two solutions . and v, with different initial condition and same boundary data. This is summarized
in the following stabilization result.

Theorem 1.2 (Exponential stabilization for the viscous problem). Let us assume that hypotheses
(F1) and (F3) are satisfied and n < m. Let @, = (Uc1,..., Uentm) and Uz = (Ve1,... Ve ntm) De
classical solutions of (in the sense of [25, Theorem 1.2]) with initial data uo o € C(I; Ry)
and vo e € C®(Iy;Ry) respectively and same boundary data upe = vpe € L°((0,T);Ry) for all
te{l,...,n+m}. Then,

n+m . n+m
D llueelt, ) = ve et Mipry < e =D N w0 —veoelliay, >0,
=1 =1

for any « € (0,1], ¢ = milye(i,... ntm} ¢, ond L= max;eqq,... n) Li + MaXjefni1,...ntm) Lyj-
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This kind of stabilization result provides a robustness estimate for Theorem and is the first step
towards the analysis of the cost of controllability for conservation laws on networks in the vanishing
viscosity singular limit, which will be tackled in forthcoming works (cf. [23] Proposition 7.1] for the
corresponding result in the linear setting). We remark that the role of the assumption n < m in the
energy dissipation mechanism for viscous conservation laws at a junction is also discussed in [24].

We refer to [35, 60, 47, (48] 49] for the study of the problem of uniform controllability of linear
or nonlinear transport problems in Euclidean domains in the vanishing viscosity limit or in the zero
diffusion-dispersion singular limit; and to [23] for linear advection-diffusion equations on networks.

1.1. Literature on well-posedness and controllability of scalar conservation laws on net-
works. The study of conservation laws on networks goes back to [53, 26] and has received much
attention over the last two decades. We refer the reader to [44, 22] for an extensive survey. We empha-
size that, recently, a well-posedness result for a suitable notion of entropy-admissible solution has been
obtained in [I2] [63]. However, no controllability results seem to have been obtained in the framework
of entropy solutions. There are only results on some optimization problems (see [7} [6]); stabilization
issues [40]; and on the related topic of conservation laws on the real line with space-discontinuous flux
(see [1L {]).

On the other hand, the controllability and stabilization of (systems of) conservation laws on networks
have been widely studied in the context of smooth solutions (see, e.g., [51), [52] and references therein).

For the IBVP associated with (systems of) conservation laws, the study of controllability has a
much longer history. In the framework of classical solutions, the controls, in addition to driving the
state to the target, also prevent the formation of singularities (see [58| (9l B2] [I7] and references
therein). In the context of entropy solutions, the set of admissible target states has been investigated
in [9, 10, 13], 14, 29] and several controllability results have been obtained by relying on the method
of generalized characteristics introduced by Dafermos in [37] (see [10, 14l 291 55 [66]); on the Lax-
Oleinik representation formula (see [2| [I3]); or on the return method introduced by Coron in [30] (see
[65L [ 47, [57]). We remark, however, that the Lax-Oleinik formula is applicable only when the flux
function is strictly convex/concave; the theory of generalized characteristics includes flux functions
with one inflection point; and the return method was used in [57] to cover the case of a finite number
of inflection points. More recently, in [39], Donadello and Perrollaz used the classical ideas of Lyapunov
functionals coming from the study of asymptotic stabilization (see [67, [I8, [17, 3T, [33]) to prove a null-
controllability result for multi-dimensional conservation laws without convexity /concavity assumptions,
but under an assumption analogous to (F3).

On the other hand, for systems of conservation laws, the only available tool for investigating the
exact controllability of entropy solutions in one space dimension is wave front tracking algorithm (see
[20]), which was employed in [60, [72], 46} [45] 2T], @]. The asymptotic stabilization of entropy solutions
of systems of conservation laws has also been subject to investigation in [I1], [17, [34].

In this note, we use the Lyapunov-type approach from [39] to give a short proof of the null-
controllability result in Theorem This establishes the first controllability results for scalar conser-
vation laws on networks in the context of entropy solutions and complements the existing literature
on the controllability of smooth solutions for hyperbolic systems on networks.

2. ENTROPY ADMISSIBLE SOLUTIONS FOR SCALAR CONSERVATION LAWS ON NETWORKS

In this section, following [I2], we review some known results on the entropy formulation for conser-
vation laws at a junction. We remark that the theory of [I2] was developed in the case of bell-shaped
fluxes; however, the results still apply under the assumption (F3), which is the setting of the more
recent works [63], 42].
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Let us start by considering an IBVP on the half-line for a scalar conservation law with Lipschitz
continuous flux:

Ou+ 0xf(u) =0, t>0,2>0,
(2.1) u(0, ) = up(z), x>0,
u(t,0) = up(t), t>0,

We say that « is an entropy solution of (2.1)) if it is a Kruzkov entropy solution in the interior of the
half-plane R4 x R4, i.e.

Otlu — | + 9, (sign(u — ¢)(f(u) — f(c))) <0
holds in the sense of distributions, and if it satisfies the boundary condition in the sense of Bardos-
LeRouz-Nédélec (see [16] [19]), i.e. the trace u(t,0+) satisfies

f(u(t,04)) = G(us(t), u(t, 0+)),
where G denotes the Godunov numerical fluz associated to f (see [54, Eq. (3.8)]), which is given by

G(a,b) = minge ) f(§)  ifa<bh,
’ maxXeepp,q) f(§) ifa>0.

Due to the results in [65] [71], for a Lipschitz continuous flux f such that f’ is not identically zero on
any interval (cf. assumptions (F1)-(F2)), the function u(t,-) admits one-sided limits; in particular, we
can define the strong trace of u on R4 x {0} which is mentioned above. The Bardos-LeRoux-Nédélec
condition is generally recognized as the correct interpretation of the Dirichlet boundary condition
for hyperbolic conservation laws. This is justified in particular by convergence of vanishing viscosity
or numerical approximations of the boundary value problem: indeed, it may happen that the limit
(hyperbolic) problem satisfies an effective boundary condition that may differ from the formal boundary
condition prescribed for the approximation level due to viscous or numerical boundary layer effects
(see [I5, [69] for a more detailed discussion of boundary conditions for hyperbolic conservation laws).
After these preliminaries, let us now present the notions of entropy-admissible solutions for conser-
vation laws on networks studied in [I2]. We remark that there the authors considered I; = R_ and
I; =Ry, so we need to slightly extend [12], Definition 1.2] to deal with the case of I; being segments.

Definition 2.1 (Entropy admissible solution: formulation using Godunov fluxes at the junction). Let
uge € L®°(I;;Ry) and up; € L (Ry), we say that @ = (uq, ..., Unt+m) S an entropy solution of
if ug € L*=((0,00) x Ip) for all £ € {1,...,n+m} and the following conditions are satisfied:
(1) For all ¢ € {1,...,n+ m}, the function u, is an entropy solution of the conservation law in
the interior of Iy, i.e. for all non-negative test functions pp, € C°(]0,00) X Iy) and for any
constant ¢ > 0, there holds

/ / (n(ue, €)0spe + qe(ue, )Ozipr) da dt +/ n(uo,e, ¢)pe(0,z) dz > 0,
0 Iy I,

where n(ug, ¢) = |ug — c| and qo(ug, ¢) := sign(ue — ¢)(fe(ue) — fo(c)) are called the Kruzkov’s
entropy-entropy flux pairs;

(2) The boundary conditions in the exterior vertices of the network are satisfied in the sense of
Bardos-LeRouz-Nédélec, i.e.

fi(ui(t,—Li+)) = Gi(up s (t), ui(t, —L;+)), ae t>0, i€{l,...,n},

where G and G; are the Godunov fluzes associated to f; and f; respectively;
(3) The junction condition is satisfied in the following sense: there exists a function p €
L*>((0,00); Ry) such that

filui(t,0=)) = Gi(u;(¢,0—),p(t)), ae t>0, 1€{l,...,n},
[i(u;(t,04)) = G;(p(t),u;(t,04)), ae t>0, je{n+1,...,n+m},
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and the conservativity condition

n+m

ZG u; (t,0— Z G,(p(t),u;(t,04)), forae t>0

j=n+1
holds.

Remark 2.1 (The case of monotone fluxes). Under hypothesis (F3), our fluz is strictly increasing.
In this particular case, we remark that the Godunov fluz is given by G(a,b) = f(a). As a consequence,
as already remarked from the beginning of the paper, in Point (2) of Deﬁnitz’on we cannot impose
a boundary condition at v = L;—, i.e.

filu;(t, Li=)) = Gi(p(t),u;(t, Lj=)), je{n+1,...,n+m}
on the contrary, the in-flux boundary condition can be imposed only at x = —L; fori € {1,...,n}:
filui(t, —Li+)) = filwi(t)), i€{l,...,n}.
We also note that, being the flux invertible, we can equivalently write
ui(t,—L;+) = wupi(t), i€{l,...,n}.
Moreover, Point (3) reduces to

[i(ui(t,04)) = fog1(unt1(t,04)), je{n+1,...,n+m},

n n+m
D filws(t,0-) = Y fiuy(t,04)).
=1 j=n+1

The second line indicates the conservation of mass; the first one, indicates that the entropy-admissibility
condition amounts to requiring an equi-distribution of the flur coming out of the junction.

Definition can be equivalently reformulated in terms of an adapted entropy inequality that
accounts for the admissibility of @ at the junction (see [12, Definition 2.10]).

Definition 2.2 (Entropy admissible solution: formulation using adapted entropies at the junction).
Let ugp € L>®(I;;Ry) and up; € L®(Ry), we say that @ = (u1, ..., Untm) IS an entropy solution of
(1.1) if ug € L*°((0,00) x Ip) for all ¢ € {1,...,n+m} and the following conditions are satisfied:

(1) Points (1) and (2) of Definition [2.1] hold;

(2) For any ¢ = (c1,...,cnim) € Gvv, U satisfies the adapted entropy inequality on the network,
i.e. for all non-negative test functions @, € C°((0,00) x Ip) such that p.(t,0) = ¢1(t,0), there
holds

n+m
Z / / (e, co)Orpe + qe(ue, cz)azw) dxdt >0,
I

where 1n(ug, cg) = |uz —c¢q| and qo(ug, ¢) = sign(ug — c¢)(fe(ue) — fe(ee)). Here Gyv denotes the
vanishing viscosity germ, defined as follows (see [12, Definition 2.1]):
U= (U, Umin): Ip >0 such that
n m—+n
gVV — Zi:l GZ (ulap) = Zj:m-i,-l GJ (pa u_]) and
Gi (ui,p) = fi (wi) Gj (p,u;) = fj (uj),
Vie{l,....n},je{n+1,...,n+m}
Remark 2.2 (On the vanishing viscosity germ and Oleinik-type inequalities). We can characterize
the vanishing viscosity germ Gyv by a set of Oleinik-type inequalities (see [12] Lemma 2.2]) observing
that the following equivalences hold for alli € {1,...,n} and j € {n+1,...,n+m}:

V¢ € [min{u;, p}, max{u;,p}] : Gi(ui,p) = fi(wi)) <= (ui —p)(fi(§) — fi(wi)) >0,
V€ € [min{uy, p}, max{u;,p}| 1 G;(p,u;) = fi(u;) <= (p—u;)(f(u;) — £;(£)) > 0.
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Under assumptions (F1)-(F3), it can be proved that such entropy solutions exist and are the limit
of a vanishing viscosity approximation process (see [12, Theorem 4.1]) and Godunov-type numerical
schemes (see [12, Theorem 3.3] and also [70] for a more explicit implementation of the scheme). More-

over, with this entropy formulation, the following uniqueness result can be proved ([I2, Proposition
3.1]).

Theorem 2.1 (L!-stability of entropy solutions). Let us assume that (F1)-(F3) hold and let @ and ¥
be entropy solutions of (1.1)) in the sense of Deﬁm'tion with initial data ug ¢, vo,r € L*((0,00) x I),
respectively, and same boundary data up; € L>((0,00); Ry ) for £ € {1,...,n+m}. Then

n n+m
Z ”ui(t? ) - Ui<t7 ')HLl(li) + Z Huj(tv ) - Uj(tv ')”Ll([j)
i=1 j=n+1
n n+m
< us(0,) = 00, ) gy + D N (0,) = 0500, o,
=1 Jj=n+1

for every t > 0. In particular, there exists at most one entropy solution for given initial and boundary
data.

Due to the finite speed of propagation of the waves of hyperbolic conservation laws, these existence
and uniqueness result can be extended inductively to more general networks (see [44]).

3. PROOF OF THE CONTROLLABILITY AND EXPONENTIAL STABILIZATION RESULTS VIA A LYAPUNOV
APPROACH

3.1. Controllability of the hyperbolic problem. Before going into the proof of Theorem we
shall outline the strategy with the following toy problemﬂ

Remark 3.1 (A case study: the IBVP for the linear transport equation). We consider
Ou+cou=0, t>0, ze(0,L),

(3.1) u(0,2) = up(x), @ € (0,I),
u(t,0) =0, t>0,

where L >0, ¢ > 0, and ug € L?(0,L). Let us define the Lyapunov functional

L
(3.2) Vt>0, J,(t) = / u?e ™" dz,
0
with v > 0, and compute

d 4 [t L L
—J,(t) = = / ule ™ dr = / 2udiue V" dx = 7/ 2cudue " dx
0 0 0

L

= —uc/ e dx —[u®e "")§

0 %,—/
<0

< —vedy(t).

Gronwall’s lemma yields
J,(t) < e J,(0).
We then observe that
e [lult, )L,y < Jo(t) < llult, ) Z20,1)-

Putting these together, we have

e ult, )iz, < e uollz o),

3This example was presented by V. Perrollaz in the conference “VIII Partial Differential Equations, Optimal Design
and Numerics”, 2019.
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i.e.

—cv(t—

lut, 2o,y < e luoll2(0,L) = ol 20,1

Therefore, letting v — oo, we conclude ||u(t,-)||r2(0,z) =0 fort > L/c.
In order to make the proof of Remark rigorous for the conservation laws, we need to rely on the

entropy formulation (see [39]). Moreover, to adapt the argument to the case of networked systems, we
need to take particular care of the transmission of information at the junction.

Proof of Theorem[1.1] Following the strategy in [39], we define, for each edge i € {1,...,n} and
je{n+1,...;n+ m}, the Lyapunov functional

0 L;
VE>0, Jo(t) ::/ it 7) — vty 2)|e " da, T (8) ::/ luj (. 2) — v (8, 2)|e " da
0

for a fixed v > 0.
Step 1: Analysis of the in-coming edges. Given ¢ > 0, for any i € {1,...,n}, the edge-wise entropy
condition (see Point (1) of Definition 2.1)) yields, by a “doubling of variables”-type argument (see [39]),

0 </ / |u;(t, @) — v;(t, x)|Oppi(t, ) de dt
+/O /Li sign (ui(t,x) — v (¢, :v)) (fi(ui(t,x)) — fi(vi(t,x)))azgoi(t,x) da dt,

0
+/_L |U'L(O7$)—’Ul(07gj)|(pl(0,x) dr

with 0 < ¢; € C([0,00) x (—L;,0)). Here, we used the existence of a strong trace at the boundary
to use point (2) of Definition f namely, that there exist v; € L>°(0,7) and a negligible set P; C I;

such that
T

lim |u;(t,2) —v;(t)| dt = 0.
:L’~>7L3' 0
¢ P;

We consider a sequence {; x}, oy C C°([0,00) x (—L;,0)) such that

—vT

ik = X(—o00,f]€ strongly in L' as k — co.

Then, letting kK — oo, we obtain

(3.3)  Ji(t) < J,:(0) — 1// / T sign (u;(t,z) — vi(t,z)) (fi(wi(t, ) — fi(vi(t, x))) dw dt.

Here, we needed to use the existence of strong traces at the boundary guaranteed by (F2).
In order to estimate the last term of (3.3, we observe that, for all (a,b) € R,

1
sien(a = 0)(fia) - fi0) =signta 1) ([ 300+ sta ) (a0
0
1
—la bl [ filb+ sta - b)) ds
0
1
> \afb\/ ceds > ¢gla — b,
0
where we used assumption (F3) to bound f; from below. Therefore, we obtain

f
Ju,i(g) < JV,’L(O) - VCZ‘/ Jy’i(t) dt
0
which yields, by Gronwall’s lemma,

(3.4) Ji(t) < eV T,4(0).
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As t was arbitrarily chosen, we can write, for all ¢ > 0,
(3.5) it ) = vilt, Mpaery < Jvi(t) < eFilluilt, ) =it )|y
Thus, plugging (3.5 into (3.4)), we compute

I —vc; t—L—_i
st ) = vilt, My < Joat) < 570 0,50) < ™ (75 Jug —voll

and, letting v — oo, we conclude that w;(t,-) — v;(¢,-) = 0 for t > L;/c;. Therefore, u;(t,-) = v;(t, ")
for all i € {1,...,n} if t > max;ez, {Li/ci}.

Step 2: Analysis of the out-going edges. By Definition (and Remark , the traces of @ and
U at the junction satisfy

(3.6) Fi(ui(t,04)) = fi(vi(t,04)) = fry1(uny1(t,04+)) = fry1(vnra(t,04)),
Vie{n+1,...,n+m},

n n+m
(3.7) S Filtwi(t,0-)) = filoi(t,0-)) = 37 f(u;(8,040)) — f;(0;(£,04)).
i=1 j=1

From Step 1, for all i € {1,...,n}, we have u;(¢,0—) — v;(¢,0—) = 0 for ¢t > max;ez,, {Li/c;}. Then,
from (3.7), we have

n+m

D Fius(t,04)) = f5(v(t,04)) = 0.

j=1
By (3.6)), this yields w;(t,0+) = v;(t,04) for t > max;ez,, {Li/c;} for all j € {n+1,...,n+m}. Then,
we can repeat the argument of Step 1: we consider the Lyapunov functional

L;
Juj(t) = /0 |Uj(t733) — (¢, x)|e " da

and prove that u;(t,-) = v;(t,-) forall j € {n+1,...,n+m} if t > maxez,,, {L;/c;}.
Step 3: Conclusion of the argument. Putting Step 1 and Step 2 together, we conclude that, for
any

t>1T:= Li/c; L:/ci},
gt/ + g thles)
it holds
wup(t, ) = ve(t,x) for almost every z in I, V¢ € {1,...,n+ m}.
0

3.2. Exponential stabilization of the viscous system. In this section, we prove the stabilization
result for the viscous problem. As in the previous section, we first illustrate the strategy with a toy
problem.

Remark 3.2 (The effect of viscosity in the toy problem). Let us consider a viscous regularization of

the toy problem (3.1)):

Ogue + cOpue = 583,»5”67 t>0, z € (OvL)a
’LLE(O,iU) = UO(m)v x € (OaL)v
ue(t,0) = u.(t,1) =0, t>0,

with e >0, L > 0, and ¢ > 0. Then, we can estimate the Lyapunov functional (3.2)) as follows:
J,(t) < e (==t g (0).
This yields

_ _ 2
e (t, )20,y < €= lug|l 120, 1),
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which only implies an exponential stabilization result:

eVt L _
lue(t, M2,y < e “Hlemen(==5) = Cye 2o | 20,1

with Cy = e and Cy = cv —ev? (Cy > 0 for ve < c).

As expected, the effect of viscosity prevents from controlling exactly the state to zero by simply using
null boundary data; instead, at the time t > L/c, still a small exponential tail remains. More precisely,
we let a € (0,1) and v = — 52 and compute

l[ue (t, M 20,2y < € 2 D Dlug| 20,1

Fort > 0(171_06), we deduce

lue(t, M 20,0y < € ww luollz2(0,1)-

This estimate is motivated by [4, Lemma 2.1]: it is consistent with the decay of the free solution of
advection-diffusion equations first used in [35] to prove a uniform controllability result.

The same point can be made when considering the controllability/stabilization of numerical approz-
imations of that introduce artificial viscosity.

Proof of Theorem[I.4 Let @, = (uc 1, -, Uentm) and U = (Ve 1, ..., Ve ntm) be classical solutions of
(1.2) and let us consider the following Lyapunov functional:

n+m

VE>0, J( Z/ |te,i(t, ) — vei(t, x)|e” " do + Z / lue j(t, ) —ve j(t, x)le” " du,

j=n+1

for a fixed v > 0. Then, as in the proof of Theorem u but using the junction condition of (|1.2))
similarly to [12, Eq. (89)], we compute, for ¢ > 0,

n+m
0<— u“tﬂc —vei(t,x) e de — ue,i(t, ) — ve (£ z)|e V" dz
4 ( J

Jj=n+1

n+m

+Z/ |’U,520£17 ’UEZ(OIE 7yzd$+ Z / ‘Usj Oil? UEJ(O ZL‘)| “dw

j=n+1

— VZ/O /7L. sign (uw-(t, x) — v (8, :E)) (fl-(usﬂ-(t, x)) — filvei(t, $)))€7VI dx dt

n+m
- / / sign (e ;(t, ) — ve ;i (t, @) (fj(ue;(t, 2)) — fi(ve;(t,x)))e " dadt

j=n+1

t 0
—e? Z/ / |ue,i(t, x) — ve i(t, x)|e™* da dt
=170 J-L;
n+m
v? Z / / lue, (¢, x) — ve j(t, x)|e™ " da dt,

Jj=n+1

where we got rid of an extra boundary term

t
ev(n —m) / |ue,1(£,0) — v 1(2,0)| dt
0

thanks to the assumption n < m.
This yields
t
J,(£) < J,(0) 4 er? / J,(t)dt

0
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t n 0

fy/ Zci/ e i(t, @) — vei(t, x)|e™® dz dt
0 4=1 “-Li
£ n+tm

_V/o ‘Z

Ly
Cj/ lue j(t, ) — ve (¢, x)|e” " da dt.
j=n+1 0

Taking ¢ = minge (1, nym) o, we get

7
J,(t) < J,(0) — (cv — 51/2)/ J, () dt,
0
which, by Gronwall’s inequality, gives, for all ¢ > 0,
Jo(t) < e~ (==t g (0).
This implies the claimed exponential stabilization result for a sufficiently small v > 0. More precisely,
it gives

n

n
2
D ety ) = vt ey < e @Y lue o0 — v p,ell 1 (r0),
i=1 i=1

where L := max;ec1, . n) Li+MaXje(ni1,....n+m} Lj. Therefore, by choosing v = —52 for any a € (0, 1],
we compute

n+m n+m
(3.8) Z e o(t, ) — veo(t, o1z, < e 2 (I 2)et=L) Z [te,0,6 = ve,0.0ll1 (1)
=1 =1

4. NUMERICAL ILLUSTRATIONS

In this section, we present some numerical simulations to illustrate our main result. We consider a
star-shaped graph with n = 2 incoming edges of length 1 and m = 3 outgoing edges of length 1 and

let fo(§) = ﬁ for £ € {1,...,5}. We shall apply the Godunov numerical scheme proposed in [63]

(and implemented by M. Musch in [62]). We simulate the evolution of the dynamics corresponding to
the following sets of initial and boundary data.

e Example 1. Oscillatory initial data vs. edge-wise constant entropy solution:

o = (| sin(16z)|, | sin(16x)|, | cos(16z)|, | cos(16x)], | cos(162)]);
o = (2,1,7/11,7/11,7/11);
Up1 = Vp1 =2, Up2 = Vp2 = L.

e Example 2. Initial data containing one shock in an incoming edge vs. edge-wise constant
entropy solution:

Uy = (2X(=1,-0.2) + 3X(=0.2,0), 1, 1/2,1/2,1/2);
7o = (2,1,7/11,7/11,7/11);

Up,1 = Vp1 = 2, Up2 = Vp2 = 1.

As discussed in the previous section, the effect of numerical viscosity prevents finite-time exact
controllability with these boundary controls; but, for sufficiently refined meshes, the exponential error
tail is not distinguishable in Figure [2| After sufficiently long time, we get (T, ) = 9(T,-) = ¥, for
both examples (U being, in both examples, an edge-wise constant entropy-admissible solution, i.e.
U € Gvv).



12 N. DE NITTI AND E. ZUAZUA

Initial Data I: t=0.0 Initial Data I: t=10

Initial Data II: t=0.0 Initial Data Il: t=10

FIGURE 2. First row: Simulation of Example 1 at times ¢ = 0 and ¢t = 10. Second
row: Simulation of Example 2 at times ¢ = 0 and ¢ = 10. In both cases, the CFL
(Courant—Friedrichs-Lewy) number is C' = 0.5 and the space mesh size is Az = 276
(for each edge). We refer to [62] for the code which can be used to produce the figures
and videos of the evolution.

5. CONCLUSIONS

In the present contribution, we extended the result in [39] to the case of hyperbolic conservation
laws on a network (without loops) and remarked on the effect of viscosity. Interesting questions for
forthcoming works include:

e the study of the cost of controllability in the vanishing viscosity singular limit (see [23] for the
linear case) — possibly also replacing assumption (F3) with a convexity/concavity condition as
in [57], which would require acting on all boundary nodes with a control;

e the study of the competing effect of dissipation and dispersion for the cost of controllability in
the singular limit (cf. [49));

e a detailed numerical estimation of the cost of boundary controls in the vanishing viscosity limit
(see [GTL 4, 5, 3]);

e the study of different types of entropy condition at the junction (namely, not the one arising
from the vanishing viscosity approximation).
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