ON THE DECAY OF ONE-DIMENSIONAL LOCALLY AND PARTIALLY
DISSIPATED HYPERBOLIC SYSTEMS
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ABSTRACT. We study the time-asymptotic behavior of linear hyperbolic systems subject to partial dis-
sipation that is localized in suitable subsets of the domain. Specifically, we recover the classical decay
rates of partially dissipative systems that satisfy the stability condition (SK), with a time-delay that
depends only on the velocity of each component and the size of the undamped region. To quantify this
delay, we assume that the undamped region is a bounded space interval and that the system, without
space-restriction on the dissipation, satisfies the stability condition (SK). The former assumption ensures
that the time spent by the characteristics of the system in the undamped region is finite, and the latter
ensures that the solutions decay whenever the damping is active. Our approach consists of reformulating
the system into n coupled transport equations and showing that the time-decay estimates are delayed
by the sum of the times that each characteristic spends in the undamped region.

1. INTRODUCTION

We consider linear hyperbolic systems of the form

U + A9, U = —-BU1,, (z,t) €R x(0,00),

(L) U(0,2) = Uo(a), z€R,

where w := [-R,R]°, R > 0, U : R x (0,00) — R™ is the unknown function such that U = (uj,us3) €
R™ x R™ (with n € N* and n; + ne = n), and A, B are n X n real symmetric matrices. Specifically, we
assume

o Onlxnl 0’!L1><T7.2
(1.2) B._( e )

O’I‘LQ XNy

where D is a symmetric definite positive no X ny matrix.

In system (1.1), the damping term only acts on the ny components of the system and is effective
exclusively in the region w. Our main aim is to investigate the impact of this damping term on the
long-term behavior of the solution and its decay.

As discussed in [25], the choice of w as an exterior domain is motivated by a geometric control condition
(see [2]): if the inclusion {|z| > R} C w is not satisfied for some R > 0, the ray of geometric optics may
escape the damping effect, and the solution may not exhibit any decay properties.

In the following analysis, we assume that A is a strictly hyperbolic matriz with n real distinct eigenvalues
such that

(1.3) AL> > A >0> A >0 > A
In particular, this implies that A has no zero eigenvalues
(1.4) Ai # 0, 1e{l,...,n}.

Similar assumptions are commonly made in studies on the boundary controllability of (systems of) con-
servation laws (see, e.g., [16]): when there are zero eigenvalues, i.e.

> AR =0> )\,
te{l,....p}, me{p+1,...,q}, refqg+1,...,n},
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there may be standing-wave solutions that cannot reach the boundary. Hence, to achieve exact control-
lability, suitable boundary control corresponds to non-zero eigenvalues, while suitable internal controls
correspond to zero eigenvalues.

When w = R, the existence and behavior of solutions to (1.1) are well-established. According to
classical theory (see, e.g., [19]), (1.1) generates a semigroup S4(t) of bounded operators on L?(R;R).
Therefore, given an initial data Uy € L?(R), the system (1.1) has a unique solution U € C((0, 00); L*(R))
such that

U(z,t) = Sa(t)Uo(z), (z,t) € R x (0,00).
Indeed, applying the Fourier transform (in the space variable) to (1.1) yields, for all (£,¢) € R x (0, 00),
U (t,€) +iAg0(1,€) = —BU(t,6),

or, in a condensed form,

U (t,€) = BE)U(1,6),
where E(§) := —B — iA{. Solving this first order ODE, we obtain

U(&:1) = exp(E()1)To(&).

Then the Cyp-semigroup Sy acting on L?(R)™ can be defined as
(1.5) Sa(t)Up = e Uy = FH e tFO,),

where —F = —A90,U + BU is the associated generator. Its domain contains the Sobolev space H!(R)"
and, thanks to the Fourier-Plancherel theorem, the estimate of the semigroup e *# in L? is reduced to
the analysis of e *P() for ¢ € R*. For future reference, we introduce Sy(t,s) for (t,s) € (0,00)? with
s < t, which represents the dissipative semigroup associated with the generator —F and acting on the
time interval [s,¢]. If s = 0, this notation simplifies to Sq(?).

In general, the semigroup Sy is not dissipative and the operator norm satisfies |||S||| = ¢ for some
constant ¢ > 0. Indeed, owing to the symmetry of the matrix A, the classical energy method leads to
1d
(1.6) S IUCONL@ + BUCHIUC ) 2y =0, >0,
The structure of B in (1.2) implies that there exists ko > 0 such that
(1.7) (BUGOIUC 1) gy = Folluz (1) 72(z)-

Hence, (1.6) yields L?-in-time integrability on the component us but not for u;. To overcome this lack of
coercivity issue, Shizuta and Kawashima developed a condition, the well-known stability condition (SK),
which ensures the decay of the solution to zero when t — oo (see [20]):

(SK) {eigenvectors of A} N Ker(B) = {0}, VEeR"

In one spatial dimension, this condition is equivalent to the absence of plane wave solutions to the
hyperbolic system propagating to the characteristic directions, thereby guaranteeing the decay of our
solutions. In higher dimensions, it is established that the (SK) condition is sufficient to ensure these
properties but is not necessary. For further details, we refer to [4].

When w = R and under the (SK) assumption, it is proven in [20, Theorem 1.1] that lim; ., e *#&) =0
and more precisely, in terms of the operator norm, we have

2

_ 1€l
(1.8) |le @) < ce” TR, > 0.

As |€)2/(1 + €]?) < min(1, [€]?), the behavior of the solution dependents on the frequency regime under
consideration (see, e.g., [4, Theorem 1)).

Theorem 1.1 (SK decay estimate). Let us assume that w = R, the matriz A is symmetric and satisfies
(1.3), B satisfies (1.2), and the couple (A, B) satisfies the (SK) condition. Let U be the solution of (1.1)
associated with the initial data Uy € L'(R) N L?(R). Then the following decay estimates hold:

(1.9) UM )l 2@y < Cre " |Uoll 2wy, t>0,
(1.10) IU“(-, )| ooy < Crct™ 2| Uol| 11wy t>0,
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where Ck and vy are positive constants depending only on A and B, ﬁh(ﬁ,t) = ﬁ(f,t)]l{‘gbl}, and
Ué(fvt) = U(fvt)ll{|§|<1}

The high frequencies of the solution are exponentially damped, whereas the low frequencies behave
similarly to solutions of the heat equation. Additionally, computations presented in [20, Theorem 5]
enable the deduction of the existence of global smooth solutions for nonlinear systems associated with
initial data close to a constant equilibrium in any dimension (see [4, 11, 5, 22, 9, 8]).

In their paper [4, Proposition 1], Beauchard and Zuazua observed that the (SK) condition is equivalent
to the classical Kalman rank condition (see [15, Chapter 2, Theorem 5, pp. 81-82]) in control theory for
all pairs (A(€), B) with £ # 0. They then obtained a simpler proof of the decay estimates (1.9)-(1.10) by
constructing an energy functional with additional low-order terms. This construction was motivated by
the hypo-coercivity theory of Villani [21] and works on the damped wave equation.

More recently, in [7], Crin-Barat and Danchin developed a method that allows the study of general
quasi-linear partially dissipative hyperbolic systems in a critical regularity framework. In addition, they
justified the relaxation process associated with such systems by highlighting a purely damped mode in
the low-frequency regime, which allows the diagonalization of the system in this regime

In the case of a damping term acting in a region w instead of the whole space, the tools developed
in the above references are not of much help: indeed, they mainly rely on the Fourier transform, which
would yield a convolution between ]l/; and U that seems to mix the frequencies too much to obtain useful
information about the dissipative mechanism.

In the model case of the wave equation, the decay of solutions when the damping term acts only in
a region of the domain satisfying a suitable geometric condition has been an active area of investigation
in the past few decades. In [25], Zuazua proved energy decay for the Klein-Gordon equation with locally
distributed dissipation, while [24] obtained a decay estimate for the damped wave equation in a bounded
domain. Local energy decay results were subsequently obtained for the linear wave equation in an
unbounded exterior domain Q C R? with localized dissipation effective only near a part of the boundary
(see [17]). In [18], the case of systems with total dissipation (and in a compact domain) was also dealt
with. Finally, in [14, 13], Léautaud and Lerner studied the decay rate for the energy of solutions of a
damped wave equation in a situation where the geometric control condition was violated.

In a similar vein, in [6], Coron and Nguyen studied the controllability of general linear hyperbolic
systems in one spatial dimension using boundary controls on one side, while, in [1], the authors dealt
with the controllability from the interior of a hyperbolic system with a reduced number of controls (which
parallels the stabilization from w using partial damping). For coupled waves, similar results were obtained
in [23], while [3, 10] presented results concerning parabolic or parabolic-hyperbolic systems.

In this contribution, we study the problem by relying on a direct method that involves only the
consideration of characteristic curves and a semigroup-wise decomposition. Our main theorem provides
an analog of Theorem 1.1.

Theorem 1.2 (Decay estimates for locally-undamped partially dissipative systems). Let us assume that
the matriz A is symmetric and satisfies (1.3), B satisfies (1.2), and the couple (A, B) satisfies the (SK)
condition. Let U be the solution of (1.1) associated with the initial data Uy € L*(R) N L?(R). Then, for

n

P
2R 2R
t>T, with 7T := max Z—,Z— ,
= Al i=p+1 il
the following decay estimates hold:
(1.11) IUC)le@ < Cre™ )| Uollz2@) + Cr(t = 7)1 Usl L2 2,
(1.12) WG, 8) e ey < Gt = 7)™ 2( Vol

where éK = 6Ck and the positive constants C' and v are defined in Theorem 1.1 and depend only on
A and B.

The result from Theorem 1.2 on the time interval [, +00] is natural and optimal (up to the modification
of the constant C), as it recovers the same decay rates as in the case w = R, delayed by the time each
characteristic spends in the undamped region w®. The modification of the constant Cy, is due to a technical
difficulty related to the fact that our analysis is based on a precise decomposition of the physical space
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into six distinct intervals. Also, in (1.11), we could more briefly write 5}( = CNVKeVT, but we prefer the
form above because it allows us to provide an explicit expression for the delay perceived by the time-decay
rates of the energy from Theorem 1.1.

Theorem 1.2 holds without any restrictions on the support of the initial data. However, it could
be refined when considering compactly supported initial data. For example, if we consider initial data
supported far from w®, then the solution would decay during the entire time it takes to reach w®. Therefore,
the estimates (1.11) and (1.12) would be satisfied, but the decay could be improved for times shorter
than 7.

Outline. This paper is organized as follows. Section 2 establishes some preliminary results on hyperbolic
systems and outlines the proof strategy for our main theorem. In Section 3, we analyze some case studies,
including scalar equations and 2 x 2 systems. We then generalize the key insights gathered in these cases
and prove Theorem 1.2 in Section 4. Finally, in Section 5, we discuss potential extensions of the main
results and several open problems.

2. PRELIMINARIES AND STRATEGY OF PROOFS

Before discussing the proof strategy of the Theorem 1.2, let us introduce some preliminary notations.
As the matrix A is symmetric with n real distinct eigenvalues, there exists a matrix P € O(n,R) such
that

P7'AP=A and A =diag(\i,...,\n).
Setting V = P~1U, the system (1.1) can be reformulated into

21 8,V + A0,V = —P~'BPV, (z,t) € R x (0, 00),
. V(O,Q]‘) :Vo(l'), J?ER,
i.e., writing V = (v1,...,v,) and Vp = (v1,0,---,Vn0),
01 + AN 0gv1 = — Z?:l gl,j’l}j 1., (l‘,t) € R x (0, OO),
(2.2) Oy, + A\ Opv, = — Z?:1gn,jvj 1,, (z,t) € R x (0,00),
' v1(z,0) = v10(2), reR
Un(x,0) = vy 0(x), r € R,

where the gz] corresponds to the coefficients of the matrix P~'BP. It is sufficient to prove Theorem 1.2
for the unknown V (since this would imply the same conclusion for U up to a multiplicative constant).

Example 2.1 (Damped wave equation). The damped wave equation 02u — 82, u + dyu = 0 can be equiv-
alently rewritten as follows:

atpfamp:7%<p+r)a (xvt) GRX (0,00),
Or + 0,r = —1(p+7), (z,t) € R x (0,00).

Remark 2.2 (Commuting matrices). If the matrices A and B commute, we can diagonalize the matrices
simultaneously and end up with decoupled equations. Furthermore, under the commutativity assumption,
the (SK) condition amounts to rank(B) = n. This reduces the situation to the ‘totally dissipative’ case.

2.1. Characteristics and propagation times. For all ¢ € {1,...,n}, the characteristic lines X; of
each equation of system (2.2) passing through the point (x,ty) € R x [0, 7] are given by

Xi (t7$0,t0) = )\i(t—to)+$0, te [O,T]
We would like to highlight two key facts that will be integral to our study (cf. Figure 1):

(1) once a characteristic has crossed and exited the undamped region w®, it will never cross it again;
consequently, the time spent by all characteristics in w® is uniformly bounded in x and t;

(2) depending on the sign of the eigenvalues (i.e., on the directions of the characteristics), some
characteristics will cross w®, while others will not.
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Damped region Undamped region Damped region

FIGURE 1. Characteristics passing through a point (z,t) € R x (0, 00).

As the proof of Theorem 1.2 revolves around time-quantities that are related to the characteristics and
the undamped region w€, we need to introduce the following notation (see Figure 2):
® tien(zo,to) (“en” for “enter”): the time it takes the characteristic line X;(-,zo,%o) to intersect
x = —R (resp. x = R) if \; < 0 (resp. A; > 0) from the time ¢t = 0 — that is, to enter the
undamped region; if it does not enter w®, we set t; ¢, (o, to) = 0. We have

£C0+R .
tien(To,t0) = max | 0,t9 — W ) ic{l,...,p},
1
o - R .
ti)en<$0,t0):maX O,to—W , 1€ {p+ 1,...,n};
1

o tiex(0,t0) (“ex” for “exit”): the time it takes the characteristic line X;(-,zo,%o) to intersect
x =R (resp. z = —R) if \; <0 (resp. A; > 0) from ¢t = 0 — that is, to exit the undamped region;
if it does not exit w®, we set t; ¢z (o, t0) = 0. We have

9o — R
tiex(T0,t0) = max O,to—()‘)\7| , ie{l,...,p}
i
o+ R
tiex(®0,to) = max O,to—% , ie{p+1,...,n}
i
o 7;(xzo,t0): the length of time during which the characteristic line X;(, ¢, xo) is in w¢, i.e.
(2.3) 7i(20,t0) = tiex(T0, o) — Lien(o, o),
which is uniformly bounded as
2R
sup Ti(zo,t0) < .
0€R, to€[0,T] |l

2.2. Construction of a solution to system (2.2). We now turn to the explicit construction of a
solution to (2.2) by followings their associated characteristics and expressing it with semigroups.

2.2.1. Conservative semigroup. Inside w®, the solution of (2.2) shares the properties of the solution of
(2.4) oV + A9,V =0, (z,t) € R x (0,00),

which does not experience any dissipation.

We define S.(t,s) (“c” for conservative) as the semigroup associated with (2.4) on the time interval
[s,t] for s < t with s,t € (0,00). For a given initial data Vo € L%(R), the solution of (2.4) can be
expressed as

Ulﬁo(ilf — )\1)5)
V(z,t) = Sc(t,0)Vo(z) = : , (z,t) € R x (0,00).
Un0(xT — Apt)
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FIGure 2. Ilustration of the quantities ¢; ¢, (x,t) and t; ¢ (, t).

We also define S, ; the semigroups associated with each component such that
(2.5) vi(x,t) = Sci(t,0)Vo(x) = v 0(z — Ait), (z,t) € R x (0,00).

From standard energy estimates, as the matrix D is diagonal and therefore symmetric, we infer that,
for p € [2, 0],

(2.6) IV Olze@) = [1Se(t 0)Voll o) = Vol Lo (w), t>0.

2.2.2. Partially dissipative semigroup. Inside w, the solutions of (2.2) behave similarly to the solutions
of

(2.7) oV + A9,V = —P"'BPYV, (t,z) € (0,00) x R,

which undergoes dissipation thanks to the damping term active on R. More precisely, as in the intro-
duction, we define Sy as the semigroup associated to this system and note that, for a given initial data
Vo € L3(R), the solution of (2.7) can be expressed as

Ve, t) = Sa(t, 0)Vo()
v10(z — Ait) — /Zblj (8,7 — M (t — s))ds
_ . (w.t) €R x (0,00).
vno(@ = Ant) — /Otizn,jvj(s,x At - s))ds

We also define Sy ; as the semigroup associated with each component
vi(z,t) = Sq,i(t,0)Vo(x)
(2.9)
= v 0(x — Mt) — Zb”VJ Ai(t—s))ds, (z,t) € R x (0,00).
2.2.3. Method of characteristics. We are now in a position to detail the construction of a solution for
(2.2).
Proposition 2.3 (Representation of solutions to system (2.2)). The solution of (2.2) is given by
1)1'(.23, t) = [Sd7i(t7 ti7€$(x7 t))SC,i(tLeﬂC(xv t)a ti7€n(m7 t))dei(ti,en(mv t)7 0)1}@0](1‘), (&S {L ceey n}

Specifically:
ifx >R,

(] (.Z', t) = [dei(t, ti,e:c (.’17, t))Sc,i(ti,ew (.’17, t), ti,en (l‘, t))Sd’i (ti,en (.’L‘, t), O)U@o}(&?% ) S {1, e ,p},
vi(z,t) = [Sa(t, 0)vio](x), ie{p+1,...,n};
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ift < —R,

{w,t) = [Su(t, 0)uvio)(a), i€{l....p},
’Ui(l'yt):[sdz( zez(x t))Scz( i,ex zen(l' t))Sdz( zen(m t) 0)’”72,0](1;)7 Ze{p+17vn}7

if v € [-R, R,

Sc,i(ta ti,en(xy t))Sd,i(ti,en(xa t)a O)'ULO](J?), 1€ {17 v 7p}7
Sc,i (t, ti’en(lf, t))Sd7i(ti7en(£ZZ, t), O)’Uiyo](x), 7 (S {p —+ 1, ey n}

—N
& &
—~
8 8
G
1|

t

Damped region Undamped region Damped region

(z,1)
Sa1
tex Sd,p+1

Xp1

tlffin
R R x

F1cure 3. Illustration of the composition of the semigroups Sy and S..

Proof. We shall analyze two cases separately. Let us fix (z,t) € R x (0, 00).
Case 1: z € w. We distinguish two subcases.
Subcase la: x > R. For each component v; associated to positive eigenvalues, i.e. i € {1,...,p}, we
can use the method of characteristics to write down the solution. Going back along the characteristic
X;(-,x,t), we can write
U; (-/I:; t) = Sd,i(t7 ti,ea: (l‘, t))’l)i (xa ti,eaz (Z’, t))7 (l’, t) S (R7 +OO) X (07 OO)
Then, the characteristic lines enter w® and the conservative semigroup is active on the time-interval
[ti,em (xa t)a ti7en(xa t)]»
(%3 (1’7 ti,ez (xa t)) = Sc,i(ti,ez (xv t); ti,en(‘r» t))vl (SIJ, ti,en (LC, t))v (LC, t) S (R» +OO) X (0» OO)

After the characteristic line exits w€, the dissipative semigroup is active on the time-interval [¢; ¢, (, t), 0]
and we have

vi($> Lijen (-757 t)) = [Sd,i (ti,en (l‘, t)7 O))’Ui,o](:);‘), (SL’, t) € (R7 +OO) X (07 OO)
This leads, for every (z,t) € (R, +00) X (0,00), to
(2.10) Vi@, t) = [Sa,i(t; tiex (2, 1)) Sei(tien (T, 1), tisen (2, 1)) Sa,i(tien (2, ), 0)vi,0] (7).

For the components v; associated with negative eigenvalues, i.e. i € {p+1,...,n}, only the dissipative
semigroup is active and we have

vi(@, t) = [Sa,i(t, 0)vio] (x).
Subcase 1b: x < —R. This case is analogous to Subcase la by symmetry.

Case 2: x € w°. For each component v; associated to positive eigenvalues, i.e. i € {1,...,p}, going back
along the characteristic X;(+, z,t) we have

vi(x,t) = Sei(t, tien (T, t))v1(T, tien (2, 1)), (x,t) € (=R, R) x (0,00).

After the characteristic line exits w®, the dissipative semigroup is active on the time-interval [¢; ¢, (z, t), 0]
and we have

Ui(x7ti,en(x7t)) = [Sd,i(ti,en(xvt)70))vi,0](x)7 (.li,t) € (_R7 R) X (0,00)
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This leads to

(211) ’Ui(.lf,t) = [Sc,i(tati,en(xat))sd,i(ti,en(-rat)vO)’Ui,o](x)a (x7t) € (_Ra R) X (0,00)
For the components v; associated with negative eigenvalues, i.e. i € {p+ 1,...,n}, symmetrically, we
obtain the same formula as (2.11). O

2.3. Strategy of the proof of Theorem 1.2. The first difficulty encountered when trying to prove
time-decay estimates stems from the fact that, individually, each semigroup Sy ; may not be dissipative.
The decay can only be achieved through the coupling between all the equations, as the (SK) condition
guarantees that this coupling generates dissipation for all components (including those that are not
directly damped).

In other words, it is only possible to establish dissipation for the solution V' if all the semigroups Sg ;
are active over the same time interval. For example, examining the effect of Sy ; on the first component
does not generally imply any time-decay properties for the solution V' or the component v;. This implies
that if one of the S, ; is active over a time-interval, the entire solution experiences no decay during that
interval. The key observation that enables us to prove Theorem 1.2 is that the conservative semigroups
Se,i are only active over a finite union of bounded time intervals. Roughly speaking, the duration that
each component spends in the undamped region produces a delay in the decay for all other components.

Let us have a more precise look at the case z > R. Proposition 2.3 yields

Ui(l‘, t) = Sdﬂ‘(t, tl,eﬁ(ﬂf, t))Scﬂ‘(ti,e;E(Jf, t), tl,en(l‘, t))Sd,i(ti,en(xa t), O)Ui,o(ﬂi), 1€ {1, . ,p},
vi(z,t) = Sq.i(t,0)vio(z), ic{p+1,...,n}

This means that, for i € {1,...,p}, the dissipative semigroup Sy ; is active on the interval [0,¢; ¢ (2, )] U
[tiex(x,t),t] and the conservative one on [t; en(x,t),t; ez (x,t)]; on the other hand, for i € {p+1,...,n},
the dissipative semigroup Sg; is active on the whole interval [0, ¢].

Consequently, at least one component S, ; of S, will be active in the union of intervals

P
(2.12) Z(x,t) = | [tien(@, 1), tical, 1)].

i=1
Meanwhile, all components of Sy will be active in the complement of Z. We can rigorously establish that
the delay is directly proportional to the length of Z. Since time each characteristic spends in w® cannot
more than 2R/|\;|, we have the bound

(2.13) sup |Z(x,?)] <Zp: 2l
. u x, < .
R0 vl

This inequality is a key step in the proof of Theorem 1.2.

3. CASE STUDIES

Before tackling the proof of the main theorem, we will study the following simpler cases:
e (n,p) = (1,1): scalar equations;
e (n,p) =(2,1): 2 x 2 systems where the components have different velocity signs;
e (n,p) =(2,2): 2 x 2 systems where both components have the same velocity sign.

3.1. Analysis of the scalar case. In this section, we look at the scalar equation
(3.1) 01 + A\ 0zv1 = —v1 1, (Q?,t) eR x (0, OO)

While we could determine the result by explicitly computing the solution of the system, we opt to present
a method that will be applicable to scenarios with multiple components.
Let us fix a time ¢ > 0. Proposition 2.3 allows us to make the following observations (see Figure 4):

o for z > R, the dissipative semigroup is active over the time interval [0,¢1 e (2, )] U [t1,ex(2, 1), 8],
while the conservative semigroup is active over [t1 en (1), t1 ez (2, t)];

e for —R < z < R, the conservative semigroup is active over [te,(z,t),t], while the dissipative
semigroup is active over [0, tep (z,1)];

e for x < —R, the dissipative semigroup is active over [0, t].
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FIGURE 4. Examples of characteristics crossing w or w®.

To recover the Shizuta-Kawashima decay estimates for the component v; with a time-delay of 7 =
2R/|A1|, we divide the spatial region into three parts and bound the time each characteristic line spends
in w®. The main difficulty is that the entering and exiting times depend on x, and thus, we are not able to
apply the semigroup properties (decay or conservation) directly. To solve this issue, the following lemma
studies the cases ¢ > R, ¢ < —R, and —R < x < R separately and refines the analysis for each of these
subcases.

Proposition 3.1 (Decay estimate, scalar case). Let vy be the solution of (3.1) associated to the initial
data v1 o € LY(R) N L3(R). Fort > 7 := %, the following estimates hold:

(3.2) 1 (- 8| 2@y < 4CKe ™ D oy oll2(m) + 4CK (t —7) 7T [Jor,0]l 28y
(3.3) 01 )| oo 2y < 4CK (t = 7) " [|v1,0l 1wy

where the positive constants Cx and v are defined in Theorem 1.2.

Remark 3.2. Compared to the result of Theorem 1.2, the multiplicative coefficient in front of the time-
decay estimates can be lowered in this simple setting. This is due to the fact that when there are only
positive (or negative) characteristic speed, the domain decomposition we use can be simplified.

Proof. We focus first on the case x > R, the cases t < —R and —R < x < R are treated later.
Case 1: z > R.

Step 1: Representation of the solution in term of semigroups. Thanks to Proposition 2.3, we have
the following representation of the solution

v1(x,t) = [Sa1(t, t1,ex(2,8))Se,1 (1,60 (2, 1), t1 en(x, 1)) Sa,1(f1,en(x, ), 0)v1 0] (2).

Step 2: Splitting of the space-domain. We divide the half-line [R, +00) into two parts: for the rest of
the paper, we define Dy U Fj, = [R, +00) such that

(3.4) Dp:={R<z<tA+ R} and Fj:={z>t\+ R}

(see Figure 5), where the natural number k is chosen so that Ay is the smallest of the negative eigenvalues
in modulus. An analogous definition will be adopted later for the half-line (—oco, —R]. In this analysis
of the scalar case, we have k = 1. As we observe in Figure 5, the domain F; corresponds to the case
where the characteristic lines do not pass through the undamped region, w®; on the other hand, in Dy,
the characteristics cross w® and the time-decay rates will be impacted.

Step 3: Analysis of F1. For every « € Fy, by definition we have t1 ¢ (2, 1) = t1 e (2, t) = 0, meaning
that the solution does not cross the undamped region w® and thus decays thanks to the (SK) condition.
More precisely,

vi(z,t) = Sq,1(t,0)v; 0(x);
therefore,

(3.5) o1 ()l L2(m) < Cre™ M lvrollLzm) + CKflMHULOHLz(R)
and

(3.6) [o1(, )|z () < Crt ™20l w)-
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w w€ w D, / 7

FIGURE 5. Space regions Dy and JF

Step 4: Analysis of the interval Dy. For every x € Di, the difficulty is that we cannot use directly
the decaying/conservative properties of the semigroups since the 1 ¢, and 1, depend on z. To solve
this issue, we decompose D; into small intervals:

v C
(3.7) Dy = U[ai,ai+1] st. a1 =R, ay =tA\ + R, and a;41 —a; < N for N e N* and C > 0.
i=1

Computing at the L? norm of the solution on each interval [a;, a;11], using the explicit expression of
the semigroups S.,; and Sg,1, we have

a;+1
/ |Ul(l',t)|2 dz
a

i

a;+1 t tl,en(I t) 2
:/ vl,o(x—)\lt)—i—/ v1(8,x — Mt + A1s) ds+/ vi(s,x — Mt 4+ As)ds| dz
a; t1,cx (2,t) 0
a;+1 t t1,ea (1) ?
= / v10(x — At) +/ v1(s, @ — A\t + A1s) dsf/ v1(s,x — Mt + Ais)ds| da.
a; 0 tl’en(I,t)
We define the quantity
t tl,ex(z,t)
Q::/ Ul(s,x—)\1t—|—>\1$)ds—/ v1(s, — Mt + Ais)ds
0 t1,en(x,t)

and assume that vy o(z — A\it) + Q is positive (the case where it is negative can be treated in a similar
manner by reversing the bounds below).

Let us have a closer look at the second term of Q. Defining the positive and negative parts of the
quantity inside the integral by v}" := max (0, vy (s, z — At +\15)) and v] = max(0, —v; (s, — At +\15)),

we have
a;+1 t1,ex(x,t) a;+1 t1,ex(x,t)
/ / 1(s,2 = At + A\ s) dsd:z:f/ / —vl_)dsdz.
t1, En(:r t) ty, En(m t)

Then, thanks to the inequality

(38) tl,en(aivt) S tl,en(x»t) S tl,en(ai+17t) S tl,ex(aivt) S tl,ez(xvt) S tl,ez(aiJrlvt)a
we infer that

[tl en(ai+17t) tl em(aiyt)] - [tl en(m t) tl ez(x t)] - [tl en(ai7t) tl ew(ai+17t)]-

This allows us to bound the integral as follows (see Figure 6):

a;+1 t1,ex(ai,t) a;+1 t1,ex(x,t) a;+1 t1,ex(ai,t)
TR S A R A
t1,en(@it1,t) t1,en(z,t) t1,en(@it1,t)
a;+1 tl,cz(ai+lat) a;+1  pt1eq(z, t) ai+1l  pt1ex(aitt)
-/ S A R A A
a; tl,en(ai,t) t1,en :E t a; tl‘en(ai7t)

i

and
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| — |

tl,en(ai7t) tl en( t) tl en(az-‘rlat) tl,ex(aiyt) tl,ea:(xyt) tl,ez(ai—i-ht)

FIGURE 6. Decomposition of the time-interval used in the proof of Proposition 3.2.

We have that, for = € [a;, a;+1],
t t1,ex(ai,t) t1 ea‘(a7+17t)
vy / vy / 1 <9;
0 t1 en(az+17t) t1,en (azvt)

t1, erz(az+1; t tl,en(aht)
t1,ex(ai,t) 0 t1,ex(@iv1,t) 0

which can be rewritten as

t t1,ex(ait1,t) t1,en(ai,t) t1,en(@iq1,t)
/ v1+/ vf+/ vl—/ vy < Q.
tlycz(aH_l,t) t (ai,t) 0 t (ai,t)

1,ew 1,en

thus

Similarly, using the other inequalities in (3.8) leads to the upper bound

t t1,ex(aist) t1,en(@it1,t) t1,en(@it1,t)
QS/ U1+/ Uf—i—/ U1—/ vy .
tl)ew(ai,t) t (117‘,+1,t) 0 t ((lj,t)

b1, ex 1,en

Therefore, by gathering the above estimates, we obtain

a;+1
/ |v1(x,t)|2d;v
a

i

a;+1
= /
a;

7

a;+1
§ / |Sd,l(ta tl,ez(aia t))sc,l(tl,em(aia t)v tl,en(ai+17 t)))Sd,l(tl,en(ai—i-lv t)7 0)111’0(1') + Rz|2

i

where
t1,ex(ai,t) t1,en(@it1,t)
Ri(t) :=/ vf—i—/ vy forie{l,...,N}.
t t

1ex(@it1,t) 1,en(@i,t)

Then, applying the square root and Minkowski’s inequality yields

o1 (5 Ol L2 (fas,ai5))
< |1Sa,1(t,t1,ex(@i, 1)) Sea(t,ex(@ist), tren(@iv1, 1)) San(t1,en(@iv1, 1), 0)v1,0ll L2 ((as,aii4))
+ IRl 22 (jas,ais1)]
Summing over ¢ = 1,..., N, we obtain
[v1( Dl z2 (D)
< |Sa1(t, trea(as, t)Se1(t,ex(@ist), t1,en(@iz1,1)))Sa1(t1,en(@iv1, 1), 0)v10l|L2(Dy)

N
+ Z HRiHLQ([ahaiJrl)]'
i=1

Step 5: Estimates for R;. By definition, there exists a C' > 0 such that

(3.9)

C C
(310) tl,en(ai-i-ht) - tl,en(ai7t) S N and tl,ew(ai-‘rl; t) - tl,ew(aivt) S N

Since the quantities v]" and v; are bounded independently of N, we may infer that

t1,ex(as,t)
/ vy =0 as N — oo
t

1,ex (@iq1,t)

t t1,ex(ai,t) t1,en(@it1,t) t1,en(@it1,t) 2
vl,o(x—)\lt)—I—/ vl—l—/ vfr—i—/ v1+/ V]
t1,ex(ai,t) t1,ex(@it1,t) 0 t1,en(aist)

11
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and SN | [1Rill 22 (fasarsay) — 0 when N — co. Indeed,

N N @it 1/2
310 Rl <3 ([ anlaen.0) = nlas 0Ol e )
- l;l ZH_l 1/2
+) </ |t1,ea(ai, t) — t1,en(@i+1,t)|2||v1(',t)|%M(R)>
1211\7 @it 1/2
<23 ([ glnt 0l
Z]:Vl L 1/2
<23 (a0l )
1\?:1
<3 ot Ollsco
< Wllv('vt)”Lw(R) o0

where C' > 0 is a constant independent of V.

Step 6: Use of the semigroups’ properties. We are now in a position to use the dissipative properties
of the semigroup Sy as the entering and exiting time do not depend on z anymore. Bounding the
right-hand side integral by the integral on R and using the properties (1.5)-(1.8) of the semigroups Sg 1
and S¢1 (2.6), from (3.9), we get

o152y < 1Sa1(t tex (@i 1)) Se1(t1ex (@i ), tren(@iv1, 1)) Sa1(t1en(@iv1, 1), 0)vi0llL2(p1)
N

+ Z ||Ri||L2([a¢,a¢+1)]

1=1
§ ||Sd,1(t7 tl,em (aia t))Sc,l(tl,em (aiv t)7 tl,en(ai+1a t)))Sd,l (tl,en(ai—l—l ’ t)a O)ULO HLZ(R)

N
+ Z ||Ri||L2([ai,ai+1)]

i=1
—y min(1,]|- 2)(t—t ex(a;,t —y min(1,]|- 2\t en(@itr1,t)
< [le= mInCLF =t e (@00) =1 (LD en @105, oy

N
+ Z ||Ri||L2([ai,ai+1])'
=1
< CKe*"/(t*(h,cz(ai’t)*tl,en(aiﬂ,t))||v170||L2(R)

+ Ok (t — (t1,ex(@ist) — t1en(aiy1, t))7i lvi,0ll 2 (w)
N

+ Z ||Ri||L2([ai,ai+1])'
i=1

1
Now, we have t1 ey (i, t) — t1,en(@it1,t) < 7+ N and by summing on ¢ and taking the limit as N — oo,

Lo

we obtain, for t > 7 =

(3.12) v (- )HLZ(Dl) < Oxe " |vy ol 2y + Cx (t — 7) 7T o1 0]l 22().-

Step 7: Time-decay in L°°. The analysis performed above is also applicable to L*°. By utilizing the
fact that the Fourier transform is bounded from L' to L, we deduce

o1 () lLee(pyy < [1Sa1(t, thea(@i, £))Se 1 (t1,ex(@is ), tren(@ivt, 1)) Sa1(t1,en @iz, 1), 0)vi ol oo (w)
N
+ Z ”RiHLOC([ai,aH-l)]
i—1

— minl,-2 t—1t1 ex(a;,t —~ymin(1,]:|*)t1. en(a; t
< (e minl Pt (@00) =y min(L Pt @05, 1 o
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N
+ Z ”Ri”L"o([ai,aHl)]
=1

< CKe*W(t*(tl,cz(ai,t)*tl,cn(awl,t)) ||’U1 OHLl(R)

+ CK(t - (tl,er(ah t) - tl,en(ai+17 t))77

N
+ Z ||Ri||Lw([ai7ai+l)]'

i=1

R)

Since we can show that the remainder term tends to 0 as N — oo as in (3.11), we have

1
[v1(O)llLoe(py) < Cr(t —7)7 2 |lv10ll L (w)-
Step 8: Conclusion of Case 1. Gathering the inequalities (3.5) and (3.12), we obtain

o1 () |2 (D uF)

(
(CKB v(t=7) + CKB v ) ||U1,O||L2(]R) + (OK(t - ’7')7i + CKt7%> ||v1,0||L2(]R)~
(3.13)
< (7 + 1) Cxe Mool + (= 7)~F +£71) Crclloroll ey

< 2Cke " oy ol L2y + 20k (t — )" o1 0l 2wy

13

Case 2: ¢ < —R. The analysis is similar to the domain J; as the characteristics never touch w®. More

precisely, we always have

(% (LU, t) = Sdﬁl(t, 0)7)170(9;‘).
Therefore we can deduce the usual time-decay rates without delay:
(3.14) [o1 (5 )l 22 (=00,
Case 3: —R <z < R. For every z € [—R, R], we have

(%1 (JZ, t) = [Sc,l (t, tl,en(x, t))SdJ (tLen(Z‘, t), 0)1}170] (,23)

and
2R

t—t1enlr,t) <71
1 ( ) ‘)\1|

Thus, a decomposition of the interval [—R, R] similar to the decomposition we did for D; leads to a delay

of 7. We omit the details as the computations are similar. We have

(3.15) o1 ()l 22— romp < Cre " oroll 2@y + Cr (t =) lvro0ll 2wy

Conclusion. Combining the results of the three cases, we obtain

v Ol 2@y = lv1( Ollp2((—00,—r)) + l1 (5 Dl 2= R,RY) + 010 Ol L2((R,400))
< Cxe " |vroll2@) + Crt™ * violl 2
+ Cre vy ol L2y + Crc(t — )7 [|vrol L2(ry
+ QCKefw(H)HUl oll2m) + 20k (t — )77 lviollLz)

< 4Cke " D oy ol 2@y + 40K (t — 7) T 010 L2 (®)-

O

3.2. Analysis of the 2 x 2 system. The analysis of 2 x 2 systems needs to be carried out in two cases:

(i) the eigenvalues have the same sign; (ii) the eigenvalues have the opposite sign.
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3.2.1. Analysis of the case n = 2 and p = 1: eigenvalues with different signs. It is possible to study
the negative and positive eigenvalues separately when decomposing the space into three regions. Indeed,
when looking at the space {x > R}, the components associated with negative eigenvalues do not play a
role in the time-delay (and the ones associated with positive eigenvalues for the region {x < —R}). In the
region {—R < x < R}, the total delay that the solution could undergo is always smaller than in the other
two regions. Note that such decomposition is only possible thanks to the superposition principle allowing
us to decompose the support of the initial data and that holds since the system we are investigating is
linear.

Proposition 3.3 (Decay estimate, 2 x 2 system with speed of different signs). Letn =2,p=1, and V be

the solution of (2.1) associated to the initial data Vo € L*(R)NL%(R). Then, fort > 7 := max (IQA?\ ) %),

the following estimates hold:

(3.16) Ve m < 6’K6V(t77)||vo||L2(R) +COx(t—7)°1 IVollz2w),
(3.17) IV lm@ < Crlt =) % Vol ),

where Cg = 6Ck, and the positive constants C' and v are defined in Theorem 1.2.

Proof. Recalling Proposition 2.3 (cf. Figure 3), we distinguish three cases.
Case 1: z > R.

Step 1: Representation of the solution in terms of semigroups. For every (z,t) € (R, +00) X (0,00),
we have

V2 ({I?, t) = [Sd,g (t, 0)’[)2’(]] ((E)

The semigroup Sy 2 associated with the component v, is always active and the component v, stays for
the time 2R/|\1| in the undamped region. Therefore,

{Ul(zvt) = [Sa1(t t1ex(2,))Sc 1 (t1,ex(w, 1), t1 en(2, 1)) Sa,1(tr,en (2, 1), 0)v1 0] (2),

tl,em(zvt)

vi(z,t) = v o(x — Mt) + / Zbl Ui (s a?—)\lt—l—)\ls)ds—/ Zgl’ivi(s,x—)\lt—l—)\ls)ds

ten(T,t) 1

va(x,t) = v 0T — Aat) + / Zbgivlsxf)\QtJr)\gs)d
0

The whole semigroup Sy is always active is the time interval [t,t1 cp (2, )] N [t1,en(x, ), 0]. The component
vy does not enter the undamped region (Sg2 is active on [0, ¢]); thus it does not increase the time-delay
of the decay estimates.

Step 2: Splitting of the space-domain. We decompose the space {x > 0} into Dy U Fy as in (3.4).
Looking at the region D; and defining the a; as in Section 3.1, we get

ai+1
/ Ve, D)2

< /aiJrl [Sd,l(tatl,ex(aiat))SC(tl,ex(aiat)vtl,en(aiJrlvt)Sd(tlaen(a’H’l’t)70)v1’0](x) + Rl’i
“ Jas [Sa2(t,0)v2,0](2)

Since the second line can obviously be rewritten as

[Sa,2(t, 0)va0](x) = [Sa2(t, t2,ex(ai, t))Sa(t2,ex(aist), t2,en(@it1)Sa(ta,en(@it1), 0)va o] (),

we deduce

ait1
/ IV (a,t)

(3.18) < / + [Salt, t1,e0 (s, 1)) @l&% o g 2223112;) Sa(t1en(ais1,t),0) (z;z)
()

i1
o)
where the remainder term R, is defined and handled as in Section 3.1; see (3.11).

2

2

2

i
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Step 3: Use of the semigroups’ properties. Recalling that the mixed operator <§0’1> preserves the L2
d,2

norm of the solution — since S, ; is conservative and Sy o associated with a positive definite matrix -, we
obtain that the classical decay is delayed by the time ¢ ¢y (a;,t) — t1,en(@it1,t). Thanks to the uniform

bound t1 ey (ai,t) — t1,en(@it1,t) < 2R/|A1], we get

an 9R\ T
|)||VO||L2(R) + (t - |)\1> Vol 2 (m)-

Step 4: Analysis of F1. As none of the characteristics lines cross the undamped region w® in this
case, we have

2R
RN

V0|2 < e

_ 1
IV B)ll2r) < Cre” " VollL2@) + Crt™ 1| Voll L2 w)-
Step 5: Conclusion of Case 1. Gathering the estimates from Steps 3 and 4, we get
2R
A1

_ 2R 2R

1
T
||V('at)HL2([R,+oo)) < 20}(677( ‘) ”VOHL?(]R) + QCK (t - |>\1|> ||V0HL2(R)-

Case 2: x < —R. Symmetrically, we obtain

2R

1

1
oo Vi ,
|)\2> || 0||L2(R)

_ _ 2R
”V('vt)HLQ((—oo,—R]) < 2Cke W(t M?') ||VO||L2(]R) +2Ck <t

where the delay depends on R and As.
Case 3: —R <z < R. For every (z,t) € [-R, R] x (0,00), we have

(%] (ZIJ, t) = [Sc7l(t, tl,en(x7 t))Sd71(t17en(.r, t), 0)’01,0](3&‘),

UQ(xat) = [Sc,Q(t7t2,en($>t))Sd,Q(tQ,en(x;t)a 0)?)2,0](3']).
Compared to the scalar case, here we need to decompose the domain into two parts. Let us look
at the domain H, = {(z,t) € [-R,R] x (0,00) : tien(z,t) < taen(z,t)}, the other domain
Ho = {(x,t) € [-R,R] x (0,00) : t1 en(x,t) > to.en(x,t)} can be treated symmetrically. For a sequence
(a;)¥., decomposing H; as in (3.7), we have

Aq41
[ vior

i _ Se1(t2,ex(@ist), t1en(aiz1, b)) _ V1,0
319 < [ttty (GG B e ) St 0.0 (2
R1
Ra

Q41
“
a;
Reasoning as in the Section 3.1 to deal with the remainder terms and using the semigroup properties,
since, for x € H1,

2

2

2R
t_tl,en(x7t) < 5
A1

we have

ENE

o (t_ 2R 2R\
V)20 < Cree B Vol 2y + Crc (’f‘m) 1Vollz2m)-

Symmetrically, for Ho, we have

I

2R

(i 2R\
IV Dlzeee) < Cre "B Vol am) + Cx (t—)\2|) Vol 2w -

Therefore,

1
- —max ﬁ,& 2R 2R 4
IVt 2 (—rory < 2Cke 7 (t-max (35, 35 ) ) Vol L2 ) + 2Ck <t — max <|)\1|, |)\2|>) 1Vollz2(r)-
Conclusion. Combining the results of the three cases, we obtain

IV Oz = IV Ol 2 ((—oo,—r) T IV Ol 2= ror) + IV DI 22((R4-00))
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C(f— 2R 2R _1
< 20}(6 ~(t |>‘2|)||VO||L2(]R) —+ 2CK(t — W) }‘||‘/0||L2(]R)
o (t—max (2B 2R 2R 2R —i
+2CK€ ’Y(t a (\/\ [RER ))H‘/OHLZ —|—2CK ( max (|>\17)\2|)> ||VOHL2(]R)
C(t— 2R 2R _1
+2CKe ~(t Ml‘)||V0||L2(R) +2CK(t ‘)\ |) ||VO||L2(]R)
< 6CKke " DVol r2ry + 40K (t — 7) 7 | Voll 12 ).
where 7 = max (%, %) O

3.2.2. Analysis of the case n = p = 2: eigenvalues with the same signs. Studying both components
separately as in the previous case is not possible because the characteristics of both components are
going in the same direction. And, as we shall see, this will increase the time-delay of the decay rates.

Proposition 3.4 (Decay estimate, 2 x 2 system with speed of the same sign). Letn =2, p=2, and V

be the solution of (2.1) associated to the initial data Vo € L*(R) N L*(R). Then, fort > 7 := I%\}f\ + &—f‘,

the following estimates hold:

(3:20) IVt 2@y < ACKe™ 7| Vol o ey + ACK (= 7) 7 5[Vl L2r).
(3.21) IV (-, )| e () < 4CK (£ — )7 F Vol o -

where Cx and v are defined in Theorem 1.2.

Proof. Recalling Proposition 2.3 (cf. Figure 3), we distinguish three cases.
Case 1: z > R.

Step 1: Representation of the solution. For every (z,t) € [R,00) X (0,00), the solutions of the two
transport equations are given by

t1,cx(z,t) 2

vi(z,t) = vio(x — Mt) + / Zbl ;s x—)\1t+/\18)ds—/ Zgl,ivi(s,x—)\lt—kx\ls)ds,

ten(z,t) 1

t2 ex (xvt)

va(x,t) = vao(r — Aat) + / Zbg i(s, & — Aot + Aas)ds — / Zﬂgzﬂ}i(s, x — Aot + Aas) ds.
0 ,—1 t2,en (1) i=1

Denoting By := Z?Zlgl,ivi(s,x — Mt + A1s) and By = Zf 152 Ui(s, — Aot + )\23), we have

ty, ex a:t)
B, — /
vio(x — At) > / t1.en(,t)
va oz — Aot 2,00 (2,1)
2,0( 2 /B 7/
to en(x,t)

Let us assume that the quantities in the two rows of (3.22) are positive, the other three scenarios being
treatable in a similar fashion as we always have upper and lower bounds at hand.

Step 2: Splitting of the space-domain. We decompose the interval [R, oo] into Dy U Fy as defined in
(3.4). The choice of kK = 2 in (3.4) ensures that we decompose the interval with respect to the slowest
eigenvalue.

Step 3: Analysis of the interval Dy. We define the sequence (a;);e (1
3.1 as:

(3.22) V(x,t)|]* = (

N} in Do similarly as in Section

.....

N
C
(3.23) Dy = U[ai,aiﬂ] st. a1 =R, ay =tha+ R, and a;41 —a; < i for N € N* and C > 0.
i=1
Proceeding as in the previous cases, we obtain

Ai41
[ vior

< /aiJrl ([Sd l(t tl ex(az; ))Sc(tl ex (al7 t) tl en(az+17 t)))Sd(tl,en(aH-h t); O)Ul,O](-T) + Rl,i) ?
“Ja [Sd Z(t to ex(am ))Sc(t2 eac(au ) t2,en(az+1)))Sd(tZ,en(ai+l)7 0)'02,0](1') + R2,i

i

)
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where

tj.ez(az) tg,en(a1+1)
R;i(t) 12/ B +/ By forje{l,2}andic{1,...,N}.
tjex(@it1) tjen(ai)

Then, applying the square root and Minkowski’s inequality yields
”V('vt)HLZ([ai,aHl])
S H [Sd(tatl,ew(ai7t)) (Sc,l(tl,ex(a'za ) t2 ex(afl )) ( c, 1(t2 ew( ag, t) tl en(a'1+1at))>

Sd,2(t1 ex(aza ) ta egc(az ) cZ(tQ,ex( iy t) tl,en(“z—&-laﬂ)

)
<Sd A(t1en(aigp,t ;;:Zen(azﬂ))) Salta.en(@isr), 0) (Ul,O)

Sc 2(t1 en(az-i-la s L2en (al-‘rl)) V2,0

L2([ai,ai+1])

o )

Step 4: Use of the semigroups’ properties. Since it is only possible to recover dissipation when Sy ;
and Sy o are active on the same time-interval, bounding the right-hand side integral by the integral on R
and using the properties of the semigroups Sg1 (1.5)-(1.8) and S.1 (2.6), from (3.9), we get

IV ()2 aisansap < fle7mmEHDE 'I>VOIIL2<R>+H (R )
2,0

L2([as,ai+1])

)

L3 ([aisait1)
where |Z;| = t1 ex(ai, t) — t1,en(@it1,t) + t2,ex(a;) — t2,en(aiy1). Summing over ¢ and taking the limit as
N — 0o, we obtain

IV ()2, < Cre™ 0 50Pees FEOD Vo | 12y + Cre (¢ — sup IZ(2, 1)) 5|Vl 2 ey
EAS

where Z(x,t) = [t1,en(2,1), t1 ex (T, 1) U [t2,en (@, 1), t2 e (z, t)] and the remainder terms R;; were handled
exactly as in Section 3.1 thanks to the fact that

C C .
[tj.eal@ivt) = tjea(ai)l < 5 and |tjen(as) = tyenlain)l < & for j € {1,2}.
Since
2 2
(3.24) sup |Z(z,t)| = R 2R _ T,
@>R, >0 Y
we recover

IV (1) z2psy < Cre™ D Vollramy + Cre(t — 7) 73 [Voll 2wy

Step 5: Analysis of F>. In this domain, we have t1 ¢y = t2.en = t1,cc = t2,e2 = 0 and therefore we
recover

_ 1
V(D2 < Cxe” " [[VollLz®) + Cxt™ 5 [[Vol L2 w)-
Step 6: Conclusion of Case 1. Putting the previous steps together, we obtain the claimed delay in
the region x > R:
- 1
IV COllp2(m, 100y < 2Cxe™ D Vol p2ry + 20k (¢ = 7) 75| Vol p2m)-

Case 2: x < —R. The characteristics lines never cross the undamped region w® and thus, as in Fs, we
obtain

IV (0 L2 ((—oo—r) < Cre " [Vollz2my + Crt™ 1| Voll 12 r)-

Case 3: —R < z < R. Performing a decomposition similar to the one we used for Dy is necessary. Since
the characteristics lines all start inside the undamped region w® and |A1| > |Aa|, we recover a delay of

[Ai]? [Az] 2]
domain furthermore as, for all (z,t) € [-R, R] x (0,00), we have

tl,en(x’ t) Z t2,en (’I’, t)

max (ﬁ ﬁ) = 2B Compared to the proof of Proposition 3.3, here we do not need to split the space

‘We obtain

I

(-2 2R\
IV < Cre memm+cKQ—MQ Vol o
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Conclusion. Combining the results of the three cases yields
IV Oy = IV OllL2(—oo—r)) + IV Dl L2 r,m) + IV D L2((R,400))
< Cre " Vol 2@ + Crct ™ ([ Voll 2wy

o (t_ 2R 2R —i
+ Cke (e 3r) VollL2m) + Ck <t - |)\2|> IVollz2w)

+2Cke Vol 2wy + 20K (E— 7)) 7T | Vol 2wy
<4CKke Vol 2@y + 4CK (E— 7)1 Vol 2wy

2R+2R

where 7 = ] Sl

4. PROOF OF THEOREM 1.2
The preceding analysis in the general setting leads to the following result.

Corollary 4.1 (Upper bound on the time-delay). Let V be the solution of (2.1) associated with the
initial data Vo € L'(R) N L%(R).
If x > R, at least one component of the conservative semigroup S. is active in
P

(4.1) Z(x,t) = | J[ti.en(@, 1), tical, 1)].

i=1
If x < —R, at least one component of the conservative semigroup S is active in

n

(4.2) L(a,t) = |J [tienl@,t), tiea(,t)].

i=p+1
If x € [-R, R], at least one component of the conservative semigroup S. is active in

n

(4.3) I(w,t) = U[ti,en(mvt)vt]'

i=1
Moreover,

n

P
2R 2R
(4.4) sup |Z(z,t)] <7 = max Z Z
i=1

2ER, >0 = [l S N

Proof. The identities (4.1), (4.2), and (4.3) follow directly from Proposition 2.3. The upper bound for
|Z(x, ()] can be obtained by estimating each space region separately:

" 2R
4.5 sup |Z(x,t)] < —
(45) T3
n
2R
(4.6) sup | T(x, )| < Y ST
@<—R, t>0 i:p+1| il
2R
4.7 su Z(x,t)| < max —.
il 7R<I<II):C,t>0| (z,2)] i€{1,...,n} |\l
Gathering these estimates leads to (4.4). O

With this proposition in hand, we are now in a position to prove Theorem 1.2.

Proof of Theorem 1.2. As in the previous cases, the proof relies on a precise decomposition of the space-
domain R.

Case 1: z > R. Step 1: Representation of the solution. Owing to Proposition 2.3, for all (z,t) €
[R,4+00) x (0,00), we have

vi(x,t) = [Sa,i(t, tien(®,1))Sei(tien (X, 1), tien(®, ) Sa,i (tien(x, ), 0)v; o] (), ie{l,...,p}.
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and
vi(x,t) = [Sa,i(t, 0)v; 0](2), ie{p+1,...,n}.

In the proof of Propositions 3.1 and 3.4, breaking the analysis into multiple cases allowed us to obtain an

explicit representation of the solution in terms of Sy,; and S.;. However, for the general case, the vast

number of potential configurations' makes it infeasible to provide an explicit representation for each case.

We shall focus on studying the scenarios that generate the largest time-delay in the time-decay rates.
Corollary 4.1 yields that the largest time-delay possible is given by

P
2R
E — = sup |Z(z,t)|.
— |\i|  2>R,t>0

This corresponds to cases where the characteristic lines of each component spends the maximum amount

of time in the undamped region without overlapping with other components. In other words, when one

component’s characteristic line is in the undamped region, none of the other components’ characteristic

lines are inside it. This condition minimizes the time during which all the 0-th order couplings are active.
Concretely, this configuration occurs when

(48) ti’en(.’b,t) < t¢+1’ez($,t), xS {].,,p}

We define, for ¢ > 0, J; = {z € [R, +00] : (4.8) is satisfied}.

Step 2: Splitting of the space-domain. We decompose the domain [R, +00) into D, U F,, where D,
and F, are defined in (3.4). The specific choice of k = p in (3.4) ensures that we decompose the interval
with respect to the slowest eigenvalue.

Step 3: Analysis of D, N J;. Introducing a sequence (a;)¥.; to decompose D, N J; as in (3.7), if (4.8)
is satisfied, we have

(4.9)
Sd.1
Sd,2
Se Sd1 Sd.1
aif1 Git1 Sd’2 5072 Sd:2 g ’ U170($,t) 2
/ |V(Z‘,t)‘2 S/ [Sd Sa,3 Sa Sd,3 Sq g,’p_l Sa }(l‘)
a; a; : . P
: Se.p—1 Sdps1 Un.0(2,1)
Sd,p Sd,n Sd,n :
Sd,n
Ria\ |
Q41 R .
P,
n / A
0

where, to simplify the notation, we omitted the parameters a;, a;41, and the explicit entering and existing
time on the right-hand side.

IThere are % + 1. Computing the number of possible configurations of the solution at a fixed time ¢ is equivalent
to the following problem: Let I C R be a compact interval and (xi)le C R be an increasing sequence of p > 0 points. How
many different configurations are there, depending on whether or not the points are in I7 To answer this question, we only
need to know how many configurations exist where exactly g € {0,...,p+ 1} points are in I. Summing over all these values,
we can determine the total number of possible configurations. Since the points z; are ordered, for g € {1,...,p}, there are
p—q—+1 possible configurations such that exactly g points belong to I'; additionally, there is one possibility for ¢ = 0. Summing

up all these, we find that the total number of possible configurations is Zzzl(p —q+1)+1= ;:::1 k+1= w + 1.



20 T. CRIN-BARAT, N. DE NITTI, AND E. ZUAZUA

Step 4: Use of the semigroup properties. Recalling that the mixed operators of the type

Sc,l
Sd,2

Sd,n

preserves the L? norm of the solution — since, for i = 1,..,n, the S.; are conservative and Sy ; associated
with a positive definite matrix —, we obtain that the classical time-decay estimates delayed by the time
sup,sp |Z|, where Z is defined in (4.1). Using the properties of the semigroups and estimating the
remainder terms as in (3.11), we obtain

IV t)llze(p,ngy < Cre?Umo0Pezn HEOD Vol L2 gy + O (t — sup IZ (2, 0)) Vol 2 -

Step 5: Analysis of the inteval D,. We have seen how to recover decay in the region D, N J;. For the
remaining space-domain Dp\J;, the representation of the solution will always be a combination of the
semigroups Sy ; and S.; with the conservative semigroup S, ; being active only for a finite time bounded
by 7. Although an explicit representation of the solution is cumbersome to formulate, the arguments for
analyzing each case follow the same pattern. We have

IV Ollizco,) < Coe e OOV G ) + Coelt = sup [Z(a, ) F Vol ooy
(-

Step 6: Analysis of F,. As none of the characteristics lines cross the undamped region w® in this
case, we have

IV Dl2z,) < Cre Vol L2w) + Crt™ % Vol L2 w)-

Step 7: Conclusion of Case 1. Putting the previous steps together and using (4.5), we obtain the
claimed delay in the region x > R:

1
i (t—S"P 2R P oR o
||V('7t)||L2([R,+oo)) < 2Cke ’Y(t Zi:l Xl ) ”VOHL?(]R) + 2Ck (t - Z m ”VOHL?(R)-
i=1 17"
Case 2: x < —R. The analysis of this space-domain can be done symmetrically with respect to Case 1.
We have

1
n 1
2R

IV Dl oomy < 20ke” Xt B Wy oy + 20 [£— 3

i=p+1

Case 3: —R < z < R. We decompose the space-domain into H) = {(z,t) € [-R,R] x (0,00) :

tpen(T,t) <tpi1en(z,t)} and HE = {(z,t) € [-R, R] X (0,00) : tpen(®,t) > tpi1,en(z,t)}. Reasoning as
in the proof of Proposition 3.3, we have

2R
|>\Z| ||VO||L2(]R)~

_~f(4_ 2R 2R -1
VDl < Cree " R Vol ey + O (t A) 1Voll 2w,
4

and symmetrically, for H5, we have

Al

V(1) <C ’”(t"*ii“)uvn o (- 2E) T
Oz uz) < Cke ollLz®) +Ck o] ollL2(r),
P

Therefore,

2R _ 2R
pl’

—~ | t—max
V(2 (-rr) < 2Cke ( (M Mp“|>>||VoHL2(R)

1

2R 2R 1
+2Ck <tmax <,>> IVollL2(w)-
Mol Pl LA

Conclusion. Combining the results of the three cases yields

VO z@® = IV Ol 2((—oo—r) + IV Ol 2= ror) + IV O 22((R4-00))
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Bl

< 20Ke T Liers B Vo gy + 20k [t— 3

i=p+1

2R
] VollL2(w)-

_v(t_max(%,i‘gfll))
+2Cke g IVollz2 )

1
2R 2R T4

+ 2Ck (t—max (, )> ||‘/O||L2(R)
|>‘p| |>‘p+1|

2

» P
+ 2CK6*’Y(25*Z¢:1 \AI?\ ) ||V0HL2(]R) +2Ck (t — Z
=1

oR\ *
M) Voll2e)-

< 6Cwre ™" Vol 2wy + 6Ck (¢ — 7) 77| Vol L2(m),

_ P 2R 2R
where 7 = max ( =1 A diepi W)
Similarly to the computations done in Section 3.1 (see Step 6 in the aforementioned section), we are
also able to recover the desired L time-decay. The proof of the theorem 1.2 is completed. (Il

5. EXTENSIONS AND OPEN PROBLEMS

In this contribution, we studied the time-asymptotic behavior of linear hyperbolic systems under partial
dissipation localized in suitable subsets of the domain. Our work opens up several possible extensions
and open problems. We list some of them below.

1. More general undamped domains. Results similar to ours can be obtained whenever w® is a
domain of finite measure. For example, if we consider w® as a finite union of bounded stripes, we
can directly retrieve similar decay estimates with a delay depending on the time spent by each
characteristic in each stripe.

2. Problem posed on the half-line. With the method developed in the present paper, we can also
consider the case when the z-space R is replaced by the half-line (—oco, 0] and the undamped region
is localized near the boundary. Specifically, consider the following linear hyperbolic system:

U + A0,U = —BU1,~, (x,t) € (—0,0] x (0, 00),

(5.1) U(0,z) = Up(x), x € (—00,0],
CoU(0,t) =0, t € (0, 00).
where Cj is a given matrix, A and B satisfy the same assumptions as before, and w* := R\

[-R,0] = (—o0, —R). If the matrix Cy in (5.1) ensures that the characteristics are reflected at the
boundary x = 0 (see [19, p. 649] for further details), then the time spent by the characteristics
in the undamped region w® is finite. Thus, the asymptotic result would follow from similar
arguments as in our previous analysis. We remark that the right-hand side of the system in (5.1)
vanishes near the boundary x = 0; thus, system (5.1) reduces to uncoupled transport equations
for which we can find suitable boundary conditions (see [12, 19]).

3. Multidimensional problems. For multi-dimensional systems, i.e.

d
U +> A (U)dy,U = —BUL,,  (z,t) € R? x (0,00),
j=1
where the A7(U) and B are symmetric matrices, there is a direct obstruction to the use of our
arguments. Indeed, the flux matrices A7 may not all be diagonalizable in the same basis and
therefore we may not be able to rewrite the system as coupled transport equations. Therefore,
different approaches are needed.
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