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1 Introduction

We consider the differential-difference operators 7}, j = 1,... ,d, on R? introduced by C.F. Dunkl
in [7] and called Dunkl operators in the literature. These operators are very important in pure
mathematics and in physics. They provide a useful tool in the study of special functions with
root systems [8].

In this paper, we are interested in studying two types of Dunkl hyperbolic equations. The
first one is the Dunkl-linear symmetric system

d
O — ZAjTju—AOU: B
j=1
u|t=0 =,

(1.1)

where the A, are square matrices m x m which satisfy some hypotheses (see Section 3), the
initial data belong to Dunkl-Sobolev spaces [H:(R?)]™ (see [22]) and f is a continuous func-
tion on an interval I with value in [H{(R?)]™. In the classical case the Cauchy problem for
symmetric hyperbolic systems of first order has been introduced and studied by Friedrichs [13].
The Cauchy problem will be solved with the aid of energy integral inequalities, developed for
this purpose by Friedrichs. Such energy inequalities have been employed by H. Weber [33],
Hadamard [17], Zaremba [34] to derive various uniqueness theorems, and by Courant—Friedrichs—
Lewy [6], Friedrichs [13], Schauder [27] to derive existence theorems. In all these treatments the
energy inequality is used to show that the solution, at some later time, depends boundedly on
the initial values in an appropriate norm. However, to derive an existence theorem one needs,
in addition to the a priori energy estimates, some auxiliary constructions. Thus, motivated by
these methods we will prove by energy methods and Friedrichs approach local well-posedness
and principle of finite speed of propagation for the system (1.1).

Let us first summarize our well-posedness results and finite speed of propagation (Theo-
rems 3.1 and 3.2).

*This paper is a contribution to the Special Issue on Dunkl Operators and Related Topics. The full collection
is available at http://www.emis.de/journals/SIGMA /Dunkl_operators.html
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Well-posedness for DLS. For all given f € [C(I, Hi(RY))]™ and v € [H{(R?)]™, there
exists a unique solution u of the system (1.1) in the space

[CU, HyRY)™ (YO (L, Hy HRE))™

In the classical case, a similar result can be found in [5], where the authors used another method
based on the symbolic calculations for the pseudo-differential operators that we cannot adapt for
the system (1.1) at the moment. Our method uses some ideas inspired by the works [5, 11, 12,
13, 14, 15, 16, 18, 19, 20, 21, 24]. We note that K. Friedrichs has solved the Cauchy problem in
a lens-shaped domain [13]. He proved existence of extended solutions by Hilbert space method
and showed the differentiability of these solutions using complicated calculations. A similar
problem is that of a symmetric hyperbolic system studied by P. Lax, who gives a method
offering both the existence and the differentiability of solutions at once [19]. He reduced the
problem to the case where all functions are periodic in every independent variable.

Finite speed of propagation. Let (1.1) be as above. We assume that f € [C(I, LZ(R%))]™
and v € [L2(RY)]™.

e There exists a positive constant Cjy such that, for any positive real R satisfying

ft,z)=0 for |z|| < R— Coyt,
v(z) =0 for ||z|| < R,

the unique solution u of the system (1.1) satisfies
u(t,z) =0 for ||z|| < R — Cpt.
e If given f and v are such that

flt,z) =0 for |z|| > R+ Cot,
v(z) =0 for ||z| > R,

then the unique solution u of the system (1.1) satisfies
u(t,z) =0 for ||z|| > R+ Cot.

In the classical case, similar results can be found in [5] (see also [28]).
A standard example of the Dunkl linear symmetric system is the Dunkl-wave equations with
variable coefficients defined by

O2u — divy[A - Vit + Q(t, z, Opu, Tru), teR, z € RY,

where
d
Vk@u:(Tlu,...,Tdu), din(’Ul,...,Ud):ZTi’Ui,
i=1

A is a real symmetric matrix which satisfies some hypotheses (see Subsection 3.2) and Q(t, x, Ou,
T,u) is differential-difference operator of degree 1 such that these coefficients are C*°, and all
derivatives are bounded.

From the previous results we deduce the well-posedness of the generalized Dunkl-wave equa-
tions (Theorem 3.3).

Well-posedness for GDW. For all s € N, uy € Hi"'(R?), vy € H{R?) and f in
C(R, Hi(R%)), there exists a unique u € CH(R, Hi(R?)) N O(R, Hi "1 (R?)) such that

O?u — divy[A - Vil + Q(t, x, O, Tyu) = f,
uli=o = uo,
(9tu|t:0 = Uui.
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The second type of Dunkl hyperbolic equations that we are interested is the semi-linear
Dunkl-wave equation

{ Ou— Apu = Q(Agu, Au),

(u, Opu)|t=0 = (uo,u1), (1.2)

where

d
Ak‘ = Zj—fa Aku = (atua T1u7 s 7Tdu)a
j=1

and Q is a quadratic form on R4H1,
Our main result for this type of Dunkl hyperbolic equations is the following.
Well-posedness for SLDW. Let (ug,u1) be in Hf(R?) x Hi 1(RY) for s > v+ % +1. Then
there exists a positive time 7" such that the problem (1.2) has a unique solution u belonging to

C([0,T], Hy(R?) nC*([0,T], H; ' (RY)

and satisfying the blow up criteria (Theorem 4.1).

In the classical case see [2, 3, 4, 29]. We note that the Huygens’ problem for the homogeneous
Dunkl-wave equation is studied by S. Ben Said and B. Orsted [1].

The paper is organized as follows. In Section 2 we recall the main results about the harmonic
analysis associated with the Dunkl operators. We study in Section 3 the generalized Cauchy
problem of the Dunkl linear symmetric systems, and we prove the principle of finite speed of
propagation of these systems. In the last section we study a semi-linear Dunkl-wave equation
and we prove the well-posedness of this equation.

Throughout this paper by C we always represent a positive constant not necessarily the same
in each occurrence.

2 Preliminaries

This section gives an introduction to the theory of Dunkl operators, Dunkl transform, Dunkl
convolution and to the Dunkl-Sobolev spaces. Main references are [7, 8, 9, 10, 22, 23, 25, 26,
30, 31, 32].

2.1 Reflection groups, root systems and multiplicity functions

The basic ingredient in the theory of Dunkl operators are root systems and finite reflection
groups, acting on R? with the standard Euclidean scalar product (-,-) and ||z|| = +/(z,z).

d
On CZ, || - || denotes also the standard Hermitian norm, while (z,w) = Y 2;w;.
j=1
For o € RN\ {0}, let o, be the reflection in the hyperplane H, C R? orthogonal to «, i.e.

(o, )
«
[l

A finite set R C R\ {0} is called a root system if RN R - a = {a, —a} and 0, R = R for all

a € R. For a given root system R the reflections o,, o € R, generate a finite group W C O(d),

called the reflection group associated with R. All reflections in W correspond to suitable pairs

of roots. We fix a positive root system Ry = {a € R /{(a,) > 0} for some 8 € R%\ U H,.
a€R

oo(z) =0—2

We will assume that (o, ) =2 for all a« € R.
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A function k : R — C is called a multiplicity function if it is invariant under the action of
the associated reflection group W. For abbreviation, we introduce the index

y=vk) = > ko)

acR

Throughout this paper, we will assume that the multiplicity is non-negative, that is k(a) > 0
for all & € R. We write k > 0 for short. Moreover, let w; denote the weight function

w@) = T e a)5),

acR

which is invariant and homogeneous of degree 2. We introduce the Mehta-type constant

o = ( /R exp(-l2lP)en(z) d)

2.2 The Dunkl operators and the Dunkl kernel
We denote by

— CO(RY) the space of continuous functions on R%;

— CP(RY) the space of functions of class C? on R%;

— CP(RY) the space of bounded functions of class CP;

— &(R?) the space of C*™-functions on R

— S(R?) the Schwartz space of rapidly decreasing functions on R%;

— D(RY) the space of C*®-functions on R? which are of compact support;

— S'(R?) the space of temperate distributions on R%. It is the topological dual of S(RY).
In this subsection we collect some notations and results on the Dunkl operators (see [7, §]

and [9]). The Dunkl operators T;, j = 1,...,d, on R? associated with the finite reflection
group W and multiplicity function k are given by

13f(e) = 5@+ 3 koo E L) e oy,
J aER ’

Some properties of the T}, j = 1,...,d, are given in the following:
For all f and g in C'(R?) with at least one of them is W-invariant, we have

Ti(f9) = (Tif)g + f(Tig),  j=1,....d. (2.1)

For f in C}(R?) and g in S(R?) we have
[ @@t e = - [ @t =1 (2.2
R4 Rd

We define the Dunkl-Laplace operator on R? by

d
j=1 a€R+ ’ ’
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For y € R?, the system

Tiju(z,y) = yju(z,y), j=1,....,d,
u(0,y) = 1,

admits a unique analytic solution on R¢, which will be denoted by K(x,y) and called Dunkl
kernel. This kernel has a unique holomorphic extension to C¢ x C¢.
The Dunkl kernel possesses the following properties:
i) For z,t € C?, we have K(z,t) = K(t,2); K(2,0) =1 and K(\z,t) = K(z, \t) for all A € C.
i) For all v € N4, z € R? and z € C? we have

|DYK (z,2)] < ||2]|" exp(||z]| |Re 2]]),
with

. vl
Dz:m and |V|:V1—|—"‘+Vd.
In particular for all z,y € R%:

iii) The function K (x, z) admits for all z € R? and z € C¢ the following Laplace type integral
representation

K(x,2) = /R e (y), (2.3)

where 1, is a probability measure on R? with support in the closed ball B(0, ||z||) of center 0
and radius ||z|| (see [25]).
The Dunkl intertwining operator V; is the operator from C(RY) into itself given by

Vif () = /R F)dpe(y),  forall xR

where p, is the measure given by the relation (2.3) (see [25]). In particular, we have

K(z,2) = V(") (z), for all z € RY and z e C%

In [8] C.F. Dunkl proved that V} is a linear isomorphism from the space of homogeneous poly-
nomial P,, on R of degree n into itself satisfying the relations
;Vi, =V, o =1 d
IVEk kaxjv J PR Y) (24)
Ve(1) = 1.
K. Trimeche has proved in [31] that the operator Vi can be extended to a topological isomor-
phism from &(R?) into itself satisfying the relations (2.4).

2.3 The Dunkl transform

We denote by Lz(Rd) the space of measurable functions on R? such that

1
P
Wllzzen = ([ Pt dn)” <00 it 12p< o

HfHL,gc(Rd) :=ess sup |f(z)] < +oo.
zER4
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The Dunkl transform of a function f in L} (R9) is given by
Fpo(f)ly) = f(@)K(—iy, z)wi(x)dz, for all y € R%
Rd

In the following we give some properties of this transform (see [9, 10]).
i) For f in L}(R?) we have

FD (e ®ay < N1F1lL2 (ray-
ii) For f in S(R%) we have
Fo(T; ) (y) =iy; Fp(f)(y), forall j=1,...,d and yeR%

2.4 The Dunkl convolution

Definition 2.1. Let y be in R%. The Dunkl translation operator f + 7,f is defined on S(R?)
by

Fp(ryf)(x) = K(iz,y)Fp(f)(x), for all z e R%.
Proposition 2.1. i) The operator 7,, y € R, can also be defined on E(RY) by

T f (@) = (Vi) (Vi)y [(Vi) () (= + )], for all x € R?

(see [32]).
i) If f(x) = F(||z]|) in E(RY), then we have

Ty f(2) = Vi [F(\/II%H2 + 1yl +2(z, )| (), forall zeR?

(see [26]).

Using the Dunkl translation operator, we define the Dunkl convolution product of functions
as follows (see [30, 32]).

Definition 2.2. The Dunkl convolution product of f and g in S(R?) is the function f *p g
defined by

Fopge) = [ miuaortds,  foral @ e R

Definition 2.3. The Dunkl transform of a distribution 7 in S’(R9) is defined by

(Fp(1),¢) = (1, Fp(¢)),  forall ¢ € S(RY).

Theorem 2.1. The Dunkl transform Fp is a topological isomorphism from S'(RY) onto itself.

2.5 The Dunkl-Sobolev spaces

In this subsection we recall some definitions and results on Dunkl-Sobolev spaces (see [22, 23]).
Let 7 be in 8'(RY). We define the distributions Ty, j = 1,...,d, by

(Tym, ) = —(1,Typ),  for all 1 € S(RY).
These distributions satisfy the following property

Fp(TyT) =iy; Fp(r), j=1,...,d
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Definition 2.4. Let s € R, we define the space H(R?) as the set of distributions u € S'(R%)
satisfying (1 +||¢[|?)2 Fp(u) € L3 (RY).

We provide this space with the scalar product

(u, V) s (ray = /Rd(l + [1€117)* Fp (w) (§) Fp (0) (§)wi (€)dE
and the norm
Hquqi(Rd) = (U»U>H3(Rd)~

Proposition 2.2. i) For s € R and u € N4, the Dunkl operator T is continuous from Hj(R?)
into H,‘zflul(Rd).

ii) Let p € N. An element u is in HZ(RY) if and only if for all u € N¢, with |u| < p, TFu
belongs to H, T(R?), and we have

HUHH;(RCI) ~ Z HT”UHH;*P(W)'
ln|<p

Theorem 2.2. i) Let u and v € H(R?) N LL(RY), s > 0, then uwv € Hi(RY) and
HUUHHg(Rd) < C(k,s) [||U‘|L;°(Rd)|‘v|‘Hg(Rd) + HU||L;°(Rd)HUHH,§(Rd)]-

ii) For s > % + 7, H,‘:(]Rd) is an algebra with respect to pointwise multiplications.

3 Dunkl linear symmetric systems

For any interval I of R we define the mixed space-time spaces C(I, H ,ﬁ(Rd)), for s € R, as the
spaces of functions from I into Hj(R?) such that the map

t= [|ult, )| s ey
is continuous. In this section, I designates the interval [0,7[, T > 0 and
U= (Ul,...,Un), u, € C(I, Hi(RY)),

a vector with m components elements of C(I, Hi(R?)). Let (A4,)o<p<a be a family of functions
from I x R? into the space of m x m matrices with real coefficients a,; ;(t,z) which are W-
invariant with respect to z and whose all derivatives in € R? are bounded and continuous
functions of (¢, z).

For a given f € [C(I, Hi(R9))]™ and v € [HZ(RY)|™, we find u € [C(I, H{(R?))]™ satisfying
the system (1.1).

We shall first define the notion of symmetric systems.

Definition 3.1. The system (1.1) is symmetric, if and only if, for any p € {1,...,d} and any
(t,z) € I x R? the matrices A,(t,z) are symmetric, i.e. ap;;(t, ) = ap;i(t, x).

In this section, we shall assume s € N and denote by ||u(t)||sx the norm defined by

2 2
lu®IZe= D T¢up(®)l72 )

1<p<m
1<]pl<s



8 H. Mejjaoli

3.1 Solvability for Dunkl linear symmetric systems
The aim of this subsection is to prove the following theorem.

Theorem 3.1. Let (1.1) be a symmetric system. Assume that f in [C(I, Hi(R?))]™ and v in
[HE(RT)|™, then there exists a unique solution u of (1.1) in [C(I, H{(R))|™N[CKI, Hi ' (RY))|™

The proof of this theorem will be made in several steps:

A. We prove a priori estimates for the regular solutions of the system (1.1).
B. We apply the Friedrichs method.

C. We pass to the limit for regular solutions and we obtain the existence in all cases by the
regularization of the Cauchy data.

D. We prove the uniqueness using the existence result on the adjoint system.

A. Energy estimates. The symmetric hypothesis is crucial for the energy estimates which
are only valid for regular solutions. More precisely we have:

Lemma 3.1. (Energy Estimate in [H¥(R?)]™). For any positive integer s, there exists a positive
constant \s such that, for any function w in [C*(I, H{(RL)]™ N[O (I, HITH(RY))]™, we have

t
[lu(®)]]s,6 < €[u(0)]]sx +/0 MO f(@) spdt’,  forall tel, (3.1)

with

d
f=0m—-> ATu— Au.
p=1

To prove Lemma 3.1, we need the following lemma.

Lemma 3.2. Let g be a C'-function on [0,T[, a and b two positive continuous functions. We
assume

(1) < 2a(1)g*(1) + ()9 )] (32

Then, fort € [0,T[, we have

501 < 9O ex [ atsyis + [ ois)enn ([ a )

1
Proof. To prove this lemma, let us set for € > 0, gg ( )2 the function g, is C*,
and we have |g(t)| < g-(t). Thanks to the inequality (3.2), we have

%@2)@) < 2a(t)g2(t) + 2b()ge(2).
As %(92)(25) = %(93)@)- Then

T(@)0) = 200 1) < 20(0)62(1) + 2(1)9- 1)

Since for all t € [0,T] g-(t) > 0, we deduce then

%(t) < a(t)g=(t) + b(t).
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% {ge(t) exp <— /O t a(s)ds)] < b(t) exp <— /O ta(s)ds) .

So, for t € [0,T7,

9=(t) < ge(0) exp /Ota(S)ds + /Ot b(s) exp </: a(T)dT) ds.

Thus, we obtain the conclusion of the lemma by tending € to zero. |

Thus

Proof of Lemma 3.1. We prove this estimate by induction on s. We firstly assume that u
belongs to [C1(I, L2(RY))|™ N[C(I, H}(RY))]™. We then have f € [C(I,L}(R%))]™, and the
function ¢ — Hu(t)H%k is C! on the interval I.
By definition of f we have
d d
@Hu(t)llgk = 2<atU7U>Lg(Rd) = 2(/, U>Li(Rd) + 2<A0U7U>L§(Rd) + QZ<A;DTPU’U>L%(R‘1)'
p=1

We will estimate the third term of the sum above by using the symmetric hypothesis of the
matrix A,. In fact from (2.1) and (2.2) we have

(ApTpu,u L2 (Rd) = Z / apij(t, ) [(Tp)z uj(t, x)]u;(t, v)wg(x)de

1<i,5<m
Z / apii(t, ) [(Tp)z wi(t, x)|u;(t, z)wi(x)ds
1<i,5<m
Z / p)a Opi i (tx)]u;(t, x)u(t, v)wi(x)de.
1<i,j<m

The matrix A, being symmetric, we have

Z / ap,ij(t, ) Tpu(t, v)ui(t, x)w(z)de = —(ApTpHu, U>L2(Rd)

1<4,5<m

Thus

(ApTyu U>L2 ®R) = "5 Z / Tpapii(t, x)ui(t, z)u;(t, z)wy(x)de.

1<7, ,J<m

Since the coefficients of the matrix A,, as well as their derivatives are bounded on R? and
continuous on I x R?, there exists a positive constant \g such that

d
@6 < 21 @llosllu®los + 2X0llu®)]I5 -

To complete the proof of Lemma 3.1 in the case s = 0 it suffices to apply Lemma 3.2. We
assume now that Lemma 3.1 is proved for s.

Let u be the function of [C'(I, HIY(RY))™ N [C(I, Ht*(R?))]™, we now introduce the
function (with m(d + 1) components) U defined by

U= (u,Tu,...,Tu).
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Since

d
Ou=f+> ATou+ A,
p=1

for any j € {1,...,d}, applying the operator T; on the last equation we obtain

d d
Ou(Tju) =Y ATy (Tju) + Y (TjAp) Tyu + Tj(Aou) + T f.
p=1 p=1
We can then write

d
U =Y B,T,U + ByU + F,
p=1

with

F:(f,Tlfy"'quf)v

and
A, 0 0
0 A4, 0
B, = 0 . , p=1,...,d,
0
0 0 A,

and the coefficients of By can be calculated from the coefficients of A, and from T;A, with
(p=0,...,d)and (j = 1,...,d). Using the induction hypothesis we then deduce the result, and
the proof of Lemma 3.1 is finished. |

B. Estimate about the approximated solution. We notice that the necessary hypothesis
to the proof of the inequalities of Lemma 3.1 require exactly one more derivative than the
regularity which appears in the statement of the theorem that we have to prove. We then have
to regularize the system (1.1) by adapting the Friedrichs method. More precisely we consider
the system

d
Optty, — Z In(ApTy(Jnun)) — Jn(Aodnun) = Jnf,
p=1
Un’t:() == Jnu[L

(3.3)

with J,, is the cut off operator given by
Jow = (Jpwy, ..., Jown)  and  Jyw; = Fp (Ipon(€)Fp(wy),  j=1,....m.

Now we state the following proposition (see [5, p. 389]) which we need in the sequel of this
subsection.

Proposition 3.1. Let E be a Banach space, I an open interval of R, f € C(I,E), up € E
and M be a continuous map from I into L(E), the set of linear continuous applications from E
into itself. There exists a unique solution u € CY(I, E) satisfying

du

E:M(t)u—i—f,

ul¢=0 = uo.
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By taking E = [L2(R%)]™, and using the continuity of the operators T},.J,, on [L2(R%)]™, we
reduce the system (3.3) to an evolution equation

du,
_M n Jn )
E — Ma(tyun + Juf

un’t:() = Jnu[)

on [LZ(RY)]™, where
d
t— My( Z VT dn 4 JnAo(t, ) I,

is a continuous application from I into £([L?(R%)]™). Then from Proposition 3.1 there exists
a unique function u, continuous on I with values in [L?(R%)]™. Moreover, as the matrices 4,
are C* functions of t, J,,f € [C(I, L3(R?))]™ and u, satisfy

du

dtn = M, (t)un + Jpnf.
Then %= ¢ [C(I, L2(R%))]™ which implies that u, € [C*(I, L2(R%))]™. Moreover, as J2 = J,,
it is obvious that Jy,u, is also a solution of (3.3). We apply Proposition 3.1 we deduce that
Jntn, = uy. The function u, is then belongs to [C*(I, HZ(RY))]™ for any integer s and so (3.3)
can be written as

d
Ot — > Jn(ApTyun) — Jo(Aotin) = Juf,
p=1
un|t:0 = Jpup.

Now, let us estimate the evolution of ||u,(t)||s

Lemma 3.3. For any positive integer s, there exists a positive constant As such that for any
integer n and any t in the interval I, we have

()l 6 < €[ Tu(0 )Ils/mL/0 O f ()]st

Proof. The proof uses the same ideas as in Lemma 3.1. |

C. Construction of solution. This step consists on the proof of the following existence
and uniqueness result:

Proposition 3.2. For s > 0, we consider the symmetric system (1.1) with f in [C(I,H{ ¥ RY))|™
and v in [HT3(RY)|™. There exists a unique solution u belonging to the space [C1(I, Hi(R?))]™ N
[C(I, H Y (RE))™ and satisfying the energy estimate

()

t
ok < vllon + / D) £ () ||o wdr forall o <s+3 and tel. (3.4)
0

Proof. Us consider the sequence (u, ), defined by the Friedrichs method and let us prove that
this sequence is a Cauchy one in [L>®°(I, HTH(RY))]™. We put Vy,p = tnip — un, we have

d
atvn,p - Z Jn-&-p(AjTjVn,p) - Jn—i—p(AOvn,p) = fnps
j=1
Vn,p|t:0 = (Jn+p - Jn)v
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with

d
fn/p == Z(Jm-p - Jn)(AjTjVn,p) - (Jn+p - Jn)(onmp) + (Jn+p —Jn)f.

=1

From Lemma 3.3, the sequence (uy)nen is bounded in [L>(I, Hi?(R?))]™. Moreover, by a sim-
ple calculation we find

C C
[(Tntp = Jn) (AT Vi p)lls+1k < E“Aj]}Vnyp stk < gHun(t)Hs%,k-

Similarly, we have

C

H(Jn-ﬁ-p - Jn)(onn,p) + (Jn+p - Jn)f”S—&-Lk < g(”un(t)HS—l-&k + ||f(t)Hs+3,k>'

By Lemma 3.3 we deduce that

C
HV",P(t) ”s—‘rl,k < geAst.

Then (uy)n is a Cauchy sequence in [L=(1, HitH(R?))]™. We then have the existence of a solu-
tion w of (1.1) in [C(I, HT'(R))]™. Moreover by the equation stated in (1.1) we deduce that dyu
is in [C(I, H{(R%))]™, and so u is in [C*(I, H{ (R?))]™. The uniqueness follows immediately from
Lemma 3.3.

Finally we will prove the inequality (3.4). From Lemma 3.3 we have

t
lun ()543, < [ Tnu(0) 543 +/0 DT f (7) |43 17

Thus

t
lim sup [|un () [[s135 < €[v]|s43 +/ D F(7) [543 0dT-
0

n—oo

Since for any ¢ € I, the sequence (un(t))nen tends to u(t) in [Hi T (RY)]™, (un(t))nen converge
weakly to u(t) in [HiT?(R%)]™, and then

u(t) € [Hy PR and u(t) loras < 1 sup un(6)] s

The Proposition 3.2 is thus proved. |
Now we will prove the existence part of Theorem 3.1.

Proposition 3.3. Let s be an integer. If v is in [Hi(RY)|™ and f is in [C(I, Hi(R?))]™, then
there exists a solution of a symmetric system (1.1) in the space

[CU, Hy®R)™ N [CHILHH (R)))™.
Proof. We consider the sequence (i, ),en of solutions of

d
Oviy, — > _(A;Tjiin) — (Aoiln) = Jnf,
j=1
ﬂn’t:ﬂ = Jn’U.
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From Proposition 3.2 (), is in [Cl({, Hi(RY))]™. We will prove that (ii,), is a Cauchy
sequence in [L>(I, Hi(R?))]™. We put V,,,, = fin4p — Uy. By difference, we find

d
OV = Y ATVop — AV = (Jnip — Jn) f,
Vn,p’t:[) = (Jn-‘rp - Jn)v

By Lemma 3.3 we deduce that

~ t
HVn,pHs,k < 9A3t||(=]n+p - Jn)””s,k + /0 eAs(t_T)H(Jner — ) f(7)] s,de-

Since f is in [C(I, H{(R%))]™, the sequence (.J, f), converges to f in [L>([0,T], Hi(R%))]™, and
since v is in [Hj (R9)]™, the sequence (J,,v),, converge to v in [H (R?)]™ and so (i), is a Cauchy
sequence in [L>(I, Hi(R?))]™. Hence it converges to a function u of [C(I, H;(R%))]™, solution
of the system (1.1). Thus dyu is in [C(Z, Hi"*(R?))]™ and the proposition is proved. [

The existence in Theorem 3.1 is then proved as well as the uniqueness, when s > 1.
D. Uniqueness of solutions. In the following we give the result of uniqueness for s = 0
and hence Theorem 3.1 is proved.

Proposition 3.4. Let u be a solution in [C(I, L2(R%))]™ of the symmetric system
d
O — Z A;Tiu — Agu = 0,
j=1
U‘t:O = 0.
Then u = 0.

Proof. Let ¢ be a function in [D(]0, T[xR%)]™; we consider the following system

d
—Op + Z Tj(Ajp) — "Aop = ¥, (3.5)
Pli=r :ng
Since
Tj(Ajp) = AjTjo + (TA5)e,

the system (3.5) can be written

d
i=1 '
Ple=r =0

with

d
Ay ="40 =) T4,

J=1
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Due to Proposition 3.2, for any integer s there exists a solution ¢ of (3.6) in [C1([0,T],H{(R))|™
We then have

d
j=1

- [ttt ). o kdt+2 / it T ()t o) e

- / u(t, 2) ' Agp(t, x)wy(x)dtdx
IxR?
with (-, -)x defined by
<U, X>k = /<u(t7 ')a X(ta )>kdt = / U(t, l‘)X(t, $)w/€($)dmdt? X € S(Rd+1)'
I IxR4
By using that u(t,-) is in [L2(R%)]™ for any ¢ in I and the fact that A; is symmetric we obtain

/ u(t, 2)Tj(Ajep) (¢, w)wp(x)dtde = _/<AjTjU(t> )s (t,-))wdt.
IxR4 I

So
d

(= = [ ). 0t It = YA Ty + Ao

j=1
As wu is not very regular, we have to justify the integration by parts in time on the quantity

/(u(t, ), Opp(t, -))xdt. Since Jyu(-,x) are C! functions on I, then by integration by parts, we
I

obtain, for any = € R,

— /I Jpu(t,x)opp(t, x)dt = —Jyu(T, x)o(T, z) + Jpu(0,z)p(0,z) + /IatJnu(t,:c)w(t,x)dt.

Since u(0,-) = ¢(T,-) = 0, we have

- / Tnu(t, 2)0up(t, 2)dt = /l () (1, 2) (1, ).

I

Integrating with respect to wy(z)dx we obtain

—/ Jpu(t, x)0pp(t, r)wy (z)dtdx = /<8t(Jnu)(t, ), o(t, ) rdt. (3.7)
IxRd I

Since w is in [C(I, LZ(RY)]™ N [CY(I, H, ' (R?))]™, we have
lim Jyu =wu in [L®(I, L2(R?))]™  and lim J,0u =0 in [L°°(I, H, '(R%)™

By passing to the limit in (3.7) we obtain

- / (ult, ), Dup(t, ) it = / (Opult, ), (b, .
I I

Hence
d
(1, ) = / Ouult, ) — S (ATyult, ) — Agu(t, ), (¢, .
7=1

However since u is a solution of (1.1) with f = 0, then v = 0. This ends the proof. |
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3.2 The Dunkl-wave equations with variable coefficients

For t € R and = € R?, let P(t,x,0;,T,) be a differential-difference operator of degree 2 defined
by

P(u) = afu —divg[A - Vi u] + Q(t, z, Opu, Tru),

where
d
Viau:= (Thu,...,Tyu), divg (v1,...,vq) := Z T;v;,
=1

A is a real symmetric matrix such that there exists m > 0 satisfying
(A(t,z)E,€) > ml|€||?,  forall (t,z) e R xR? and ¢ € RY

and Q(t,z, 0, Tyu) is differential-difference operator of degree 1, and the matrix A is W-
invariant with respect to x; the coefficients of A and @ are C*° and all derivatives are bounded.
If we put B = VA it is easy to see that the coefficients of B are C°° and all derivatives are
bounded.

We introduce the vector U with d + 2 components

U = (u,Opu, BV zu) .

Then, the equation P(u) = f can be written as

d
U = | Y AT, | U+ AU + (0, £,0) (3.8)
p=1
with
0 - . . 0
0 by - bpa
e
0 by 0 - - -0

and B = (bj;). Thus the system (3.8) is symmetric and from Theorem 3.1 we deduce the
following.

Theorem 3.2. For all s € N and up € Hi ™' (RY), uy € HY(R?) and f € CO(R, H{(RY)), there
erists a unique u € CY(R, H{(RY)) N C(R, HiH(R?)) such that

8152u - lek‘ [A : vk,xu] + Q(t7 z, atua Txu) = f7
U‘t:() = Uuo,
atu|t:0 = Uui.

3.3 Finite speed of propagation

Theorem 3.3. Let (1.1) be a symmetric system. There exists a positive constant Cy such that,
for any positive real R, any function f € [C(I, L3(R%))]™ and any v € [L2(RY)]™ satisfying

ft,z)=0 for ||z|| < R — Cot, (3.9)

v(z) =0 for |jz|| < R, (3.10)
the unique solution u of system (1.1) belongs to [C(I, L2(R%))]™ with

u(t,z) =0 for |jz| < R— Cot.
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Proof. If f. € [C(I, HL(RY))]™, v. € [HL(RY))]™ are given such that f. — fin [C (I L2(RY))|™
and v, — v in [L2 (R)]™, we know by Subsection 3.1 that the solution u. belongs to [C/(I,H}(RY)]™
and satisfies u. — u in [C(I, L?(R?))]™. Therefore, if we construct f. and v, satlsfylng (3.9)
and (3.10) with R replaced by R — ¢, it suffices to prove Theorem 3.3 for f € [C(I, H}(R%))|™
and v € [H}(RY))]™. We have then u € [C(I, L3(R%))|™ N[C(I, H}(R))]™. To this end let us
consider y € D(R?) radial with supp x C B(0,1) and

/ X(2)wg(z)dr = 1.
Rd

For £ > 0, we put

Upe = Xe *D U = (Xe *D V1, -, Xe *D Vd),

fe(t7') = Xe *D f(t’ ) = (Xa *D fl(tv ')a <oy Xe *D fd(tv ))7

with

1 x
Xe(z) = cdr2y X <g) .

The hypothesis (3.9) and (3.10) are then satisfied by f. and ug. if we replace R by R —e. On
the other hand the solution u. associated with f. and ug . is [C1(I, H{(R?))]™ for any integer s.
For 7 > 1, we put

ur (t,2) = exp (7(—t + ¥(a))) ult, ),

where the function ¥ € C*°(R?) will be chosen later.
By a simple calculation we see that

d
atuT - ZAjrjuT — Bru, = fT

j=1
with
d
fT(t7 :E) = eXp(T(_t + w(x)))f(t7 1‘), Br =Ag+7|-Id— Z(Tjw)A
=1

There exists a positive constant K such that if ||Tjw||Lzo(Rd) < K for any j = 1,...,d, we have
for any (t, )

(Re(Bry),y) < (Re(Aoy), y) forall 7>1 and y e C™.

We proceed as in the proof of energy estimate (3.1), we obtain the existence of positive con-
stant g, independent of 7, such that for any ¢ in I, we have

t
[ (8) o, < €™ [fur (0) o,k +/ P £ (t) ot (3.11)
0

We put Cy = + and choose 1) = 9(||z||) such that ¥ is C* and such that
—2e + K(R — ||z]]) < ¢(x) < —e + K(R — [l]).
There exists € > 0 such that ¢(z) < —e + K(R — ||z||). Hence

|z|| > R—Cot,  forall (t,z) = —t+o(z)<—c.
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Let 7 tend to +o00 in (3.11), we deduce that

lzrm exp(27(—t + ¥(x)))|Ju(t, z)||?wi (z)dz = 0, for all ¢t eI
TT00 Rd

Then
u(t,z) =0 on {(t,x)GIx]Rd; t<(z)}.

However if (¢g,z¢) satisfies ||zo|| < R — Coto, we can find a function ¢ of previous type such
that tg < 1(zp). Thus the theorem is proved. |

Theorem 3.4. Let (1.1) be a symmetric system. We assume that the functions f€[C(I,LARY)™
and v € [LE(RY)|™ satisfy

ft,2)=0  for =]l > R+ Cot,

v(x)=0  for |z| > R.

Then the unique solution u of system (1.1) belongs to [C(I, L2(R®))]™ with
u(t,z) =0 for ||z|| > R+ Cot.

Proof. The proof uses the same ideas as in Theorem 3.3. |

4 Semi-linear Dunkl-wave equations

We consider the problem (1.2). We denote by [[Agu(t, -)||Le the norm defined by

[Aku(t, Mg = [10ult, )l oo (may +ZHTU M zge (may-
7=1

| Agu(t,-)||s the norm defined by

1Awut, 2k = 0t I ey +ZIITU Mire rey-

The main result of this section is the following:

Theorem 4.1. Let (ug,u1) be in Hi(R?) x HF '(R?) for s > v+ 4 + 1. Then there exists
a positive time T such that the problem (1.2) has a unique solution u belonging to

C([0,T], Hy(R?) nC*([0,T], H;~(RY)

and satisfying the following blow up criteria: if T* denotes the maximal time of existence of
such a solution, we have:
— The existence of constant C' depending only on v, d and quadratic form @ such that

. C(v,d,Q)
T > .
AR u(0, ) || s— 1k

- If T* < o0, then

(4.1)

T*
/0 |Agu(t, )| oot = (4.2)
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To prove Theorem 4.1 we need the following lemmas.

Lemma 4.1. (Energy Estimate in HF(R?).) If u belongs to C'(I, H{(RY)) n C(I, Hi ™ (RY))
for an integer s and with f defined by

f=0%u— Apu
then we have

vt e < A0, )+ | I g odes  Jor tel (43)
Proof. We multiply the equation by d;u and we obtain

(0?u, atu)H,j‘l(Rd) — (Agu, 8t“)H,j‘1(Rd) = (f, atu>H2_1(Rd).
A simple calculation yields that

—(Agu, 8tu>H,j‘1(Rd) = (Viu, vkatu)H,j‘l(Rd)‘

Thus

1d

5@\|Akulli_1,k = (/s 3t“>H;—1(Rd)'

If f =0, we deduce the conservation of energy
1Akt )2k = I Aku(0, )12 -

Otherwise, Lemma 3.2 gives

t
v, Moo < 40 o+ [ 17 s .
Lemma 4.2. Let (up)nen be the sequence defined by

Ofun i1 — Agtnt1 = Q(Agun, Apuy),
(tuny1, 8tun+1)’t:0 = (Sn+1uo, Snt1u1),

where ug = 0 and Sp11u; defined by

Fp(Snt1ui) () = »(27 T Fp () (€),

with ¢ a function of D(RY) such that 0 < < 1 and suppty C B(0,1).
Then there exists a positive time T such that, the sequence (Agun)nen is bounded in the space

[L>=([0, 7], Hy ™ (R))] 4.

Proof. First, from Theorem 3.2 the sequence (uy, )y is well defined. Moreover, due to the energy
estimate,

t
[Aktng1(t;)lls—16 < [1Snt10lls—1,k +/ IQ(Akun(t', ), Agun(t', )l =1 gyt
0

where

0 = (u1, Viuo) = Apu(0, -).
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Since s — 1 >~ + g, then from Theorem 2.2ii, we have
t
[Aktn 1 (£ )s—1,6 < [10]ls—10 + C/ 1Akun (7, )2y g (4.4)
0
Let T be a positive real such that
ACT 10| 51,1 < 1. (4.5)
We will prove by induction that, for any integer n
[Aktn41(t, ) lls—16 < 2(10]s—1,- (4.6)

This property is true for n = 0. We assume that it is true for n. With the inequalities (4.4)

and (4.5), we deduce that, for all ¢t < T, we have

IARwn 41 (E ) s—1ge < NOl]s—10 +ACTNO1Z 1 4 < (1 +4CTNO 5100 0151,

[Apunia (2, ‘)HHzfl(Rd) < 20| s—1,-

This gives (4.6) and the proof of lemma is established.

Lemma 4.3. There exists a positive time T such that, (Agun)nen s a Cauchy sequence in the

space [L>([0, T], Hy ™ (R))] .
Proof. We put
Vip = Ungp — Un.

By difference, we see that

azanrl,p - Ak‘/n+1,p = Q(Ak‘vn,pa Akun+p + Akzun)7
AVt pli=0 = (Snap+1 — Snt1)b.

By energy estimate, we establish from (4.6) that

[ARVit1p(t ) ls—16 < [[(Sntpr1 — Snt1)0lls—1,k
+ 4OT|‘9||3—1,k||AkVn,p||[Loo([(),T],HZfl(Rd))]dH-

We put

Pn = sug HAkapH[LOQ([O,TLHEA(W))PH and En = sug | (Sntp — Sn)O|ls—1.k-

pe pe

From this and the last inequality, we have

Pn+1 < Ent1 + 40Tpn”9H8*1Jf'

The sequence (S,0),en converges to 0 in [H~1(R?)]41. By passing to the superior limit, we

obtain

limsup(pn41) < 0+ 4CT|0||s—1 x limsup(py).
n—oo

n—oo

However, since

limsup(pn+1) = limsup(pn),

n—oo n—oo
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we deduce

limsup(pn) < 4CT||0]|s—1,% limsup(pn),

n—oo n—oo

and the result holds by 4CT||0]|s—1 % < 1.
Hence

lim sup(py,) = 0.

n—oo

Then (Agu,) is a Cauchy sequence in [L>([0, T, H ' (R9))]%+!, and so Lemma 4.3 is proved. M

Proof of Theorem 4.1. In the following we will prove that the unique solution of (1.2) belongs
to C([0,T], Hi '(R?)). Indeed, Lemma 4.3 implies the existence of v in [L*°([0, T], H ™' (R%))]¢+!
such that

A, — v in [L%°([0, T, Hi~H(RY)))*HL.

Moreover, Lemma 4.2 gives the existence of a positive time 7' such that the sequence (uy,)y
is bounded in L*°([0,T], H;(R%)). Thus there exists u such that the sequence (u,), converges
weakly to u in L>([0, T, Hi(R%)).

The uniqueness for the solution of (1.2) gives that v = Aju and that

U, —u  in L®([0,T], Hi(RY)).
Finally it is easy to see that u is the unique solution of (1.2) which belongs to C([0, T, H;(R%)).

Now we are going to prove the inequalities (4.1). We have proved that if T' < m, then

u € C([0,T), H{(R?)). Hence, if T* denote the maximal time of existence of such a solution we
have T* > T and this gives that T > m and v € C([0,T*[, H{(R?)). Finally we will
: .
prove the condition (4.2). We assume that 7% < oo and / | Arpu(t)]|s—1,dt < co. Indeed, it is
0
easy to see that the maximal time of solution of problem (1.2) with initial given u(t) is T% — t.
Thus, from the relation (4.1) we deduce that

C
T —t > .
Akt ) lls—1.k
This implies that
C .
| Agu(t, )s—1.6 > Ty for all ¢ € [0,T7"]. (4.7)

Hence ||Agu(t,-)||s—1% is not bounded if ¢ tends to T*.
On the other hand from (4.3) and Theorem 2.21 there exists a positive constant C' such that

[Aku(@)lls—1k < [[Aku(0)[ls—1,k
e / WAkt Yz IAgu(t', oo g, for all £ € 0,77
Then from the usual Gronwall lemma we obtain
[ARu(t, )lls—10 < CllARU(0, )lls—1,k
X exp </ | Agu(t HLoodt> for all ¢t € [0,T"]. (4.8)

Finally if we tend ¢t to 7™ in (4.8) we obtain that ||Agu(t)||s—1% is bounded which is not true
from (4.7). Thus we have proved (4.2) and the proof of Theorem 4.1 is finished. [
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