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Abstract
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of the operators are assumed to be generalized stochastic processes that have both
temporal and spatial dependence. We prove that the equations under consideration
have unique solutions in the appropriate Sobolev—Kondratiev or weighted-Sobolev—
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1 Introduction

Hyperbolic stochastic partial differential equations arise as models of various phe-
nomena used in mathematical physics, economy, molecular biology and many other
areas of science, where random fluctuations and uncertainties are incorporated into
the equation by white noise or other singular generalized stochastic processes such as
Poissonian processes or general Lévy processes. In this paper we will consider two
types of hyperbolic problems for suitable differential operators, acting by the Wick
product instead of classical multiplication. This is due to the fact that we allow random
terms to be present both in the initial conditions and right-hand side of the equations,
as well as in the coefficients of the involved operators. Having all these highly random
terms will lead to singular solutions that do not allow to use ordinary multiplication,
but require its renormalization also known as the Wick product. The Wick product is
known to represent the highest order stochastic approximation of the ordinary product
[32], and has been used in many models together with the Wiener chaos expansion
method [18,19,26,27,29,30,40-42,47].

Powerful tools used for deterministic equations with singular input data are pseudo-
differential calculus and Fourier integral operators (see, e.g., [11,22,33,34]), that have
experienced a rapid development in the recent years (see, for instance, [1,3,4,10,44]
and the references quoted therein). The roots of pseudo-differential operators and
Fourier integral operators stem from microlocal analysis (see, e.g., [17,20]). General
approaches to solving deterministic hyperbolic equations are presented, e.g., in [22,
28], and we will rely on these results and their extensions.

Henceforth, in this paper we will present techniques for solving singular hyperbolic
stochastic partial differential equations resulting from the synergy of these, nowadays
classical, two powerful methods: chaos expansions and Fourier integral operators.

The first model we will consider is an initial-boundary value problem for a second
order, wave-type, differential operator on a bounded open set U C R¢ having smooth
boundary, and on a time interval / = [0, T], T > 0, namely

2u(t, x; w) — AQu(t, x; w) = f(t, x; ) (t,x;w) el x U x Q
u(0, x; w) =u0(x;a)),(8tu)(0,x;a)) :ul(x;w) (x;w)e U xQ (1.1)
u(t, x; w)|py =0,

d d
with a second order differential operator A = Z 0; Z ajk(t, x; )0, having space-
=1 k=1
time stochastic processes aji as coefﬁcientsjthat are continuously differentiable in
time, and satisfying suitable ellipticity conditions, which will be specified in detail
in Sects. 2 and 3 below. Here, chaos expansions will be used in connection with
well-known representations and estimates for an infinite sequence of associated deter-
ministic initial-boundary value problems on the bounded open set U C R?.
The second model on which we will focus is an initial value (that is, Cauchy)
problem for a differential hyperbolic operator of order m € N, which we will study
globally on R?, namely,
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LOu(t, x; w) = f(t, x; w) (t,x;w) el xREx Q 12)
(DFu)(0, x; 0) = uk (x; ),k =0,...,m— 1, (x;0) e R x Q, '
m .
where L = D" + Y " aja(t.x:0)DID}"™, D, = —id,, DY = (—)1*l92,
j=1lal<j
and a, being smooth space-time stochastic processes, j = 1,...,m, a € Ng such
that || < j (see Sects. 2 and 4 for the precise hypotheses on L, f, and u*, k =
0, ..., m—1). To perform our analysis in this case, we will again use chaos expansions,

but this time in connection with the properties of a class of Fourier integral operators,
defined through objects globally defined on R?.

Hyperbolic SPDEs via Wiener chaos expansion methods have been studied in [21],
but our approach is more powerful and allows more singular input data in the model.
The main idea we present in this paper relies on the chaos expansion method (also
known as the propagator method): first, one uses the chaos expansion of all stochastic
data in the equation to convert the SPDE into an infinite system of deterministic PDEs,
then the PDEs are recursively solved, and finally one must sum up these solutions to
obtain the chaos expansion form of the solution of the initial SPDE. The crucial point
is to prove convergence of the series given by the chaos expansion that defines the
solution, and this part relies on obtaining good energy estimates of the PDE solutions,
proving their regularity and using estimates on the Wick products. This approach has
many advantages, most notably it provides an explicit form of the solution of the SPDE
from which one can directly compute the expectation, variance and other moments,
and it is convenient also for numerical approximations by truncating the series in the
chaos expansion to finite sums.

The second main tool we use in this paper is the SG calculus of Fourier integral
operators (further abbreviated as SG-FIOs theory). Applications of the SG-FIOs the-
ory to SG-hyperbolic Cauchy problems were initially given in [12,14]. Many authors
have, since then, expanded the SG-FIOs theory and its applications to the solution of
hyperbolic problems in various directions. To mention a few, see, e.g., [10,44], and
the references quoted there and in [4]. In particular, the results in Theorem 2.11 have
been applied in [4] to study classes of SG-hyperbolic Cauchy problems, construct-
ing their fundamental solution {E(t, s)}o<s</<7. The existence of the fundamental
solution provides, via Duhamel’s formula, existence and uniqueness of the solution
to the system, for any given Cauchy data in the weighted Sobolev spaces H%¢ (R?),
(z, ¢) € R2. In short, the Cauchy problem for a linear SG-hyperbolic operator L, sat-
isfying suitable additional hypotheses (which will be explicitly stated in Sect. 4), can
be turned into an equivalent Cauchy problem for a first order system. The fundamental
solution operator to such a system allows then to write the (unique) solution of the orig-
inal Cauchy problem in terms of SG-FIOs (modulo remainder terms). A remarkable
feature, typical for these classes of hyperbolic problems, is the well-posedness with
loss of decay/gain of growth at infinity, observed, e.g., in [2,3,12]. We also mention
that random-field solutions of hyperbolic SPDEs via Fourier integral operator meth-
ods have been recently studied in [5,8], while function-valued solutions for associated
semilinear hyperbolic SPDEs have been obtained in [7].
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The plan of our exposition is as follows. In the preliminary section (Sect. 2) we
provide a basic overview of the notation and recall some results that are required for
further reading. We introduce the basic notions of white noise theory including chaos
expansions of generalized stochastic processes, Wick products and stochastic differ-
ential operators, and we recall the fundamental notions of pseudo-differential calculus,
Fourier integral operators, and weighted Sobolev spaces, within the environment of
the so-called SG calculus. In Sect. 3, which represents the first main result of the
paper, we prove existence and uniqueness of a local solution to the linear equation
(1.1). In Sect. 4, which represents the second main result of the paper, we prove exis-
tence and uniqueness of a global solution to the Eq. (1.2) and then prove existence and
uniqueness of solutions to systems of first order linear hyperbolic SPDEs of the form
(1.2). Finally, Sect. 5 contains some examples of applications of the previous results,
including the modeling of seismic wave equations and earthquake motions [37,46], of
molecular dynamics [15,16,39,48], and of plasma reactions and dynamics of the inner
structure of stars [15,43].

Although our exposition follows the classical Hida—Kondratiev space approach
within classical white noise theory, the chaos expansion method we present can easily
be extended to model fractional Brownian motion with a Hurst parameter H € (0, 1),
fractional Poissonian noise or other fractional versions of stochastic processes. In [19]
it was shown that there exists a unitary mapping between Gaussian and Poissonian
white noise spaces. Hence, solutions of a stochastic differential equation on the Pois-
sonian white noise space can be obtained by applying this mapping to the solution of
the corresponding stochastic differential equation taken on the Gaussian white noise
space. Fractional versions of spaces of this type were further studied in [24,25] and
can be related to the Gaussian white noise space by a simple change of the Hermite
basis (2.1) to another basis of orthogonal polynomials (e.g. Charlier polynomials for
the Poissonian noise).

2 Preliminaries

In this section we recall various notions, which we will use in the sequel.

2.1 Chaos Expansions and the Wick Product

Denote by (2, F, P) the Gaussian white noise probability space (S’ (R), B, i), where
S’ (R) denotes the space of tempered distributions, 3 the Borel sigma-algebra generated
by the weak topology on S’ (R) and i the Gaussian white noise measure corresponding
to the characteristic function

. 1
i{@.0) 4 — _ 2 S(R
[S"(R) € /’L(w) eXP|: 2||¢||L2(R)i| 5 ¢ € ( )7

given by the Bochner—Minlos theorem.
We recall the notions related to LZ(Q, u) (see [19]), where Q = S'(R) and
u is Gaussian white noise measure. We adopt the notation No = {0,1,2,...},
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N =Ny \ {0} = {1, 2, ... }. Define the set of multi-indices Z to be (NON)C, i.e. the set
of sequences of non-negative integers which have only finitely many nonzero compo-
nents. Especially, we denote by 0 = (0, 0, 0, .. .) the multi-index with all entries equal
to zero. The length of a multi-index is || = Zfil o; fora = (a1, a2, ...) € Z, and
it is always finite. Similarly, a! = []72, «;!, and all other operations are also carried
out componentwise. We will use the convention that « — 8 is defined if o, — 8, > 0
foralln € N,i.e.,ifa — 8 > 0, and leave o — 8 undefined if o, < B, for somen € N.
We here denote by &, n € Ny, the Hermite orthogonal polynomials

o 2o d! _a?
hax) = (=1 eT (e 7 ) ,
and by &,, n € N, the Hermite functions

£,() = (1 — D) 2e S hy 1 (x4/2).

The Wiener—Itd theorem states that one can define an orthogonal basis { Hy }o<7 of
L%(Q, ), where H, are constructed by means of Hermite orthogonal polynomials
h,, and Hermite functions &,,

H,(w) = l_[han((a),é,,)), a=(xj,00,....,0p..) €L, weQ=S5MR).
n=1
2.1)

Then, every F € L*($2, i) can be represented via the so called chaos expansion

F@) =) fuHy(®), weSR), Y |ful’al<oo, fue€R, ael

ael ael

Denote by ¢¢ = (0,0,...,1,0,0,...), k € N the multi-index with the entry
1 at the kth place. Denote by H; the subspace of L?($2, 1), spanned by the poly-
nomials Hg, (-), k € N. All elements of H; are Gaussian stochastic processes,
e.g. the most prominent one is Brownian motion given by the chaos expansion
B(t,w) = Y32 [y é(s)ds He ().

Denote by H,, the mth order chaos space, i.e. the closure of the linear subspace
spanned by the orthogonal polynomials Hy(-) with || = m, m € Np. Then the
Wiener-Itd chaos expansion states that L2(Q, u) = @D, Hm, where Hy is the
set of constants in L>(2, /). The expectation of a random variable is its orthogonal
projection onto Hy, hence it is given by E(F(w)) = f,0,..)-

It is well-known that the time-derivative of Brownian motion (white noise process)
does not exist in the classical sense. However, changing the topology on L2(2, i) to
a weaker one, T. Hida [18] defined spaces of generalized random variables containing
the white noise as a weak derivative of the Brownian motion. We refer to [18,19,23]
for white noise analysis (as an infinite dimensional analogue of the Schwartz theory
of deterministic generalized functions).
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Let CN)* = [[2,2n)*, o = (a1,02,...,0,,...) € Z. We will often use the
fact that the series ), .7(2N) ™7 converges for p > 1[19, Proposition 2.3.3]. Define
the Banach spaces

ip=1F =) faHa € LX) : IFIfs),, = D @) fu?CN)P < 00}, p € No.
ael ael

Their topological dual spaces are given by

()-t—p ={F =) faHo: IFls , =D Iful’@N)77 <00}, peNo.
ael ael

The Kondratiev space of generalized random variablesis (S)_; = peNo (S)-1,—p
endowed with the inductive topology. It is the strong dual of (S); = [ peNo(S)L IE
called the Kondratiev space of test random variables which is endowed with the pro-
jective topology. Thus,

(8)1 S LXK, 1) S (S)-1

forms a Gelfand triplet.

The time-derivative of the Brownian motion exists in the generalized sense and
belongs to the Kondratiev space (S)_1,_, for p > % [23, p. 21]. We refer to it as to
white noise and its formal expansion is given by W (¢, w) = Z,fil & () Hg, (w).

We extended in [40] the definition of stochastic processes also to processes of the
chaos expansion form U (¢, w) = Zaez Uy (t)Hy (w), where the coefficients u, are
elements of some Banach space X. We say that U is an X-valued generalized stochastic
process, i.e. U(t,w) € X ® (§)_ if there exists p > 0 such that ”U”§(®(S),1 L, =

Y ez a3 @N) 7% < oo.

The notation ® is used for the completion of a tensor product with respect to the
m-topology (see [50]). We note that if one of the spaces involved in the tensor product
is nuclear, then the completions with respect to the - and the e-topology coincide.
It is known that (S); and (S)_; are nuclear spaces [19, Lemma 2.8.2], thus in all
forthcoming identities ® can be equivalently interpreted as the ® - or ®,-completed
tensor product. Thus, when dealing with the tensor products with (8)1,, and (S)—1,—p,
we work with the -topology.

The Wick product of two stochastic processes F = ), 7 faHy and G =

> pez 8pHp € X ® (S)—1 is given by

FOG:Z Z fozgﬂH ZZZfﬁga—ﬂHa,

yeZl a+p=y a€el B<a

and the nth Wick power is defined by FO" = FO=DoF FOO — 1. Note that Hye =
H;g" for n € No, k € N. The Wick product always exists and results in a new element
of X ® (S)_1, moreover it exhibits the property of E(FOG) = E(F)E(G) holding
true. The ordinary product of two generalized stochastic processes does not always
existand E(F - G) = E(F)E(G) would hold only if F and G were uncorrelated.
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One particularly important choice for the Banach space X is X = C*[0, T], k €
N. We proved in [41] that differentiation of a stochastic process can be carried out
componentwise in the chaos expansion, i.e. due to the fact that (S)_; is a nuclear
space it holds that Ck([O, T1,(S)-1) = Ck[O, T1®(S)—1. This means that a stochastic
process U (t, w) is k times continuously differentiable if and only if all of its coefficients
ug(t), o € T are in CK[0, T'].

The same holds for Banach space valued stochastic processes i.e. elements of
Ck(0,T1, X) ® (S)_;, where X is an arbitrary Banach space. By the nuclearity
of (S)_1, these processes can be regarded as elements of the tensor product space

CHI0. T X ® ($)-1) = C* (0. T1. X) ® ()1 = [ J C*(10. T1. X) ® (8) -1, .
p=0

In order to solve (1.1) and (1.2) we will choose some special Banach spaces,
for example if U is an open subset of R?, then some appropriate choices may be
X = L%(U), the Sobolev spaces X = HOI(U), X = HYU), X = H>S(RY), etc.
depending on the input data in the SPDEs.

In general, the function spaces that we will adopt as those where to look for the
solutions to (1.1) and (1.2) will be of the form

L1, G ®(S)-1, ke, 2.2)
or

() ¢*U. G @)1, 1<l<00, (2.3)
[>k>0

where I C R is an interval of the form [0, T'] or [0, 00), and G, k =0,1,2,...,1,
or k € Z, are suitable Hilbert spaces (or Banach spaces) such that

« > Gyl = G- —> G = Go,

where < denotes dense continuous embeddings. We can also consider the topological
dualsof G, j € Z, denoted by G _, respectively, and write

G()L)G,1L)G,QL)H-C—)G,/(‘—)G,(]H,])‘—)-”.

For example, if Go = L>(U), G| = H}(U), then G_; = H~'(U) and they form
a Gelfand triple. Hence, one has
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Gi®W©)-1=>6o®(S)-1—=>G6G_1®(5)-1.

In particular, for the spaces in (2.2) and in (2.3) we have, respectively,

L1, G @ ($)-1 = L*(I1, Gy ® ($)-1) =~ | J LU, Go) @ ()1,
r=0

CIHI, G ® ()1 = C (UL, Ge @ (5)-1) = | /(1. GO ® ()1,
r=0

2.2 Stochastic Operators and Differential Operators with Stochastic Coefficients

Let X be a Banach space endowed with the norm || - ||x. Consider X ® (S)_; with
elements u = ), suqHy sothat) 7 ||ua||§((2N)’1’°‘ < oo for some p > 0. Let
D C X be a dense subset of X endowed with the norm || - ||p and Ay, : D — X,
a € Z, be a family of linear operators on this common domain D. Assume that each
A, is bounded i.e.,

lAxll zp,x) = sup{llAc () |lx : lxllp <1} < o0.

In case when D = X, we will write £(X) instead of £(D, X). The family of
operators Ay, o € Z, gives rise to a stochastic operator AQ : DR (S)—1 — X®(S)—_1,
that acts in the following manner

Aou=Y"| Y Apu) | H,.

yeZ \B+i=y

In the next two lemmas we provide two sufficient conditions that ensure the stochas-
tic operator A¢ to be well-defined. Both conditions rely on the /% or /! bounds with
suitable weights. They are actually equivalent to the fact that Ay, « € Z, are polyno-
mially bounded, but they provide finer estimates on the stochastic order (Kondratiev
weight) of the domain and codomain of A¢.

Lemma 2.1 If the operators Ay, o € I, satisfy ) .1 ”AO‘HZE(D,X) 2N)T"Y < oo,
for some r > 0, then A is well-defined as a mapping AQ : D ® (S)_1,—p —
X® (S)—l,—(p+r+m); m > 1.

Proof Foru € X ® (S)_1,—p and ¢ = p +r + m we have

Sy Aa<u,s>u§((2NrWsZ[ > ||Aa||un,x>nuﬁuxf(er("“*’")V

yel a+p=y yel a+p=y
_ Z(ZN)_"W ( Z AHZE(D,X)(ZN)_"V) ( Z uﬁ"%((ZN)_l’}/)
yel a+p=y a+p=y

<M (Z lAa I%(u.x><2N>’“) (Z |uﬁ|§(<2N>Pﬁ) < o0,
ael BeL
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where M =} 7(2N)™"7 < oo, form > 1. o

Lemma 2.2 Ifthe operators Ay, a € Z, satisfy Yo7 | Aall2(D.x) (ZN)_%“ < oo, for
somer > 0, then A$ is well-defined as amapping AQ : D®(S)—1,—r = X®(S)-1,—r.

Proof Foru € X ® (S)_1,—, we have by the generalized Minkowski inequality that

Y1 Y Awupl@n < N[ Y Malcomluslx] @

vel atp=y yel a+p=y
r r 2
SZ[ > 1Aallcp.x) @N) 2% flugllx (2N) zﬁ]
yeZl a+p=y
2
= (Z llAallc<D,x><2N>‘5“> 3 g3 2N) 7 < oo,
aEI ﬂEI

O

For example, let D = HOl (R), X = L?>(R)and Ay = a9y, as € R, be scalars such
that ) .7 lao|2(2N)~"® < o0, for some r > 0. Then lAxllz(p,x) = aa, hence for
u € HY(R)®(S)_1 we have AQu(x,®) = Y, 1 (Zaﬂg:y e - O (uﬂ(x))) H, ()
isawell-defined elementin L2(R)®(S)_;. A similar example may be constructed with
D = L*(R) and X = H~'(R). Note that in these examples, we could have written the
operator also in the form A = a(w)dy, where a(w) = ZaeI agHy(w) € (S)-1,—r.

Let us now consider the differential operator that governs Eq. (1.1). Let
U c R, D = ClI,H(U), X = CIU,H'(U)), 1 > 0, and A =
Z?:l 9; Zi:] aji(t, x; w)d, where ajr(t,x;0) = Y ,c7djka(t,X)Hy(w) €
CclI, L>®U)) ® (S)—1,—r. This operator acts in the following way: for an element
U= ZﬁeI ugHg € cla, Hol(U)) ® (S)_; the action of A results in

d d
Adu = Z 9; Zajk(t, x; w)Oou(t, x; w)

j=1 k=l

d d
=3 D0 D00D ajialt. )dkup(t. x) | Hy(w).
1

yeZl \a+p=y j=1 k=

Hence, we may identify the operator A{ with the family of operators A, :
Cl(1, H}(U)) — C'(I, H"'(U)), @ € T, where
d
Ag=_0; Y ajra(t, )%,  ajra € C'(I, L)),
j=1 k=1
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and [|Aqllg(p,x) < Maxi<j k<d ”ajkancl(]’LOO(U)) < 00, a € Z. Hence,

> MAalZp 0 @N)T < max S lajkallgag o, @D
ael =IE= ael

2
= max lajler, e wnes .-, =

and thus the operator A¢ given by

Adu(t, x; w) = Z Z (Apuy)(t,x) | Hy(w)

yeZl \B+r=y
is well-defined by Lemma 2.1.

Lemma 2.3 In particular, if the operator has deterministic coefficients, i.e. if A is
o~fthe foNrm A = Z?:l d; Zzzl ajr(t, x)o, with aji(t,x) € Cl(I, L®(U)), then
AQu=A-u,ueC\(I, H(U)) ® (5.

Proof Clearly, we may identify A with the constant net of operators A, = A, & € Z,
thus

A(}u(t, X, w) = A- u(t, x; w) = ZAua(z‘, xX)Hy (w),
ael

for all u(t, x; w) = ), 1 Ua(t, X) Hy(w) and hence we obtain A:Cl, HOI(U)) ®
S)_1.—r = CU, H ' (U) ® (S)_1,_, forall r > 0. O

In Sect. 3 we will assume other types of conditions on the operator A¢{; in particular
if we want better regularity of the solutions, e.g. u € Cl(I, L*(U)) ® (S)_; instead of
u e CI(I, H~'(U)) ® (S)_1, then we must assume that some of its components Ay,
a € 7 are differential operators only of order one. Precise conditions will be provided
in Sect. 3.

Considering the differential operator L that governs Eq. (2.2), we will make special
choices for the domain D and range X involving the so called weighted Sobolev spaces
H%¢(R?) and many other types of spaces that stem from pseudodifferential calculus.
These will be introduced in the next section.

2.3 The Global SG Calculus of Pseudodifferential and Fourier Integral Operators

We here recall some basic definitions and facts about the S G-calculus of pseudodiffer-
ential and Fourier integral operators, through standard material appeared, e.g., in [4]
and elsewhere (sometimes with slightly different notational choices). In the sequel we
will often use the so-called Japanese bracket of y € R, given by (y) = /1 + |y|2.
The class S”* = §™*(R?) of SG symbols of order (m, 1) € R? is given by all
the functions a(x, &) € C®(R? x R?) with the property that, for any multiindices
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o, p € Nd, there exist constants Cyg > 0 such that the conditions
ID{Dfa(x. §) < Coplr)" *He W () e RO xR (24)
hold (see [11,31,38]). Form, u € R, £ € Ny,

lall; " = max - sup ()=l E) Hogolag, ), a e ST
=" x,EeR

is a family of seminorms, defining the Fréchet topology of S™#*. The cor-
responding classes of pseudodifferential operators Op(S”-*) = Op(S"™H*(R%))
are given by

(Op(a)u)(x) = (a(., Dyu)(x)=(2r) "4 f alx, H)iE)ds, aeS"™MRY), u e SRY),
(2.5)

extended by duality to S'(R%). The operators in (2.5) form a graded algebra with
respect to composition, i.e.,

Op(Sm"’“) ° Op(sz'm) - Op (Sm1+m2,m+ﬂ2) .

The symbol ¢ € S™TM2:H1+H2 of the composed operator Op(a) o Op(b), a €
S p e §™2-12 | admits the asymptotic expansion

jlor
c(x, &) ~ Y - Dfa(x.§) Dibr. £), 2.6)

!
o

which implies that the symbol ¢ equals a - b modulo §”1+72=lui+ua—1,
Note that

S—OO,—OO — S—OO,—OO(Rd) — m Sm,u(Rd) — S(de)
(m,pn)€R?

Forany a € ™", (m, ) € R?, Op(a) is a linear continuous operator from S(R%)
to itself, extending to a linear continuous operator from S’(R?) to itself, and from
H¥(RY) to H*™{~H(RY), where H*¢ = H%S(RY), (z,¢) € RZ, denotes the
Sobolev—Kato (or weighted Sobolev) space

HY R ={u e S®": ullze = 1()(D) ull 2 < oo}, (2.7)
(here (D)* is understood as a pseudodifferential operator) with the naturally induced
Hilbert norm. When z > z’ and ¢ > ¢’, the continuous embedding H>¢ < H?-¢

holds true. It is compact when z > z’ and ¢ > ¢'. Since H>¢ = (-)* H%¢ = (.} H¢,
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d
with H¢ the usual Sobolev space of order ¢ € R, we find { > k + 5 = H¥ —
ck (Rd ), k € Np. One actually finds

M B4R = B2 ®Y) = S®RY,
7z, eR

U B ®RY) = B2 ®Y) = S'®RY). 2.8)
z,eR

as well as, for the space of rapidly decreasing distributions, see [6] and [45,
Chap. VII, § 5],

SR = ﬂ U H>¢(RY). (2.9)

zeR¢eR

The continuity property of the elements of Op(S™#) on the scale of spaces
H>SRY), (m, p), (z, ) € R2, is expressed more precisely in the next theorem.

Theorem 2.4 ([11, Chap. 3, Theorem 1.1]) Leta € S™*(R?), (m, ) € R2. Then, for
any (z,¢) € R?, Op(a) € L(H%* (RY), HZ=m-E=1(R%)), and there exists a constant
C > 0, depending only ond, m, u, z, ¢, such that

”Op(a) ”ff([—[z,{(Rd)’Hzfnz.{fM(]Rd)) = C"Ia |”’|?1%I]L+l ) (2 10)

where [t] denotes the integer part of t € R.

The class O(m, ) of the operators of order (m, ) is introduced as follows, see,
e.g., [11, Chap. 3, § 3].

Definition 2.5 A linear continuous operator A: S(R?) — S(R?) belongs to the class
O(m, ), (m, u) € R?, of the operators of order (m, ) if, for any (z,¢) € R?, it
extends to a linear continuous operator A, . : H 28(RY) > HI—m{—1H(RY), We also
define

O(0,00)= | J O@m.p). O(—c0,—c0)= () OGm,p).

(m,n)€R? (m,n)€R?

Remark2.6 1. Trivially, any A € O(m, ) admits a linear continuous exten-
sion Aso, 0o S'(R?) — S'(RY). In fact, in view of (2.8), it is enough to set
Aoo,oo|HZ-((Rd) = AZ,{'

2. Theorem 2.4 implies Op(S™*(R?)) c O(m, ), (m, n) € R2.

3. O(o0, 00) and O(0, 0) are algebras under operator multiplication, O(—o00, —00)
is an ideal of both O (o0, 00) and O(0, 0), and O(m1, 1) oO(my, u2) C O(my +
ma, 41 + [2).

The following characterization of the class O(—o0, —o0) is often useful.
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Proposition 2.7 ([11, Ch. 3, Prop. 3.4]) The class O(—o00, —o0) coincides with
Op(S~>~°(R%)) and with the class of smoothing operators, that is, the set of all
the linear continuous operators A: S’ (RY) - S(RY). All of them coincide with the
class of linear continuous operators A admitting a Schwartz kernel ks belonging to

S(R2),

An operator A = Op(a) and its symbol a € S™" are called elliptic (or S™H-
elliptic) if there exists R > 0 such that

Cx)"(E <la(x, I, Ix|+&l =R,

for some constant C > 0. If R = 0, a ! is everywhere well-defined and smooth, and
aleS™ 1 If R > 0, then a~! can be extended to the whole of R?“ so that the
extension a_1 satisfiesa_; € S~ ~*. An elliptic SG operator A € Op(S™*) admits
a parametrix A_j € Op(S~"~#) such that

A JA=T+R|, AA_ 1 =1+Ry,

for suitable Ry, Ry € Op(S~°~°°), where I denotes the identity operator. In such a
case, A turns out to be a Fredholm operator on the scale of functional spaces H g
(z,¢) € R%.

We now recall the class of SG-phase functions. A real valued function ¢ €
C>°(R??) belongs to the class ¢ of SG-phase functions if it satisfies the following
conditions:

1. ¢ € SLI(RY);
2. (py(x,8)) < (&) as |(x, &) — oo;
3. (¢ (x, 8)) < (x) as |(x, §)| — oo.

For any a € S™", (m, n) € ]R2, ¢ € B, the SG FIOs are defined, for u € S(R"),
as

(Op, (@) (x) = (27)~ / 900 g (x, EYR(E) dE, @.11)
and
(O’ (@) (x) = (27)~ / / SEE OO0 Eu(y) dydt. (2.12)

Here the operators Op,,(a) and Opf; (a) are sometimes called SG FIOs of type |
and type II, respectively, with symbol a and (SG-)phase function ¢. Note that a type
II operator satisfies Opf; (a) = Op, (a)*, that is, it is the formal L?-adjoint of the type
T'operator Op,,(a).

The following theorem summarizes composition results between SG pseudodiffer-
ential operators and SG FIOs of type I that we are going to use in the present paper,
see [13] for proofs and composition results with SG FIOs of type II.
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Theorem 2.8 ([13]) Let ¢ € B and assume b € S™ M (RY), a € §"2H2(RY),
(mj, mj) e R, Jj =1,2. Then,

Op(b) o Op, (@) = Op,(ci +r1) = Op,(c1) mod Op(S~>~*(R?)),
Op, (a) o Op(b) = Op,(c2 +r2) = Op,(c2) mod Op(S~>~>(R?)),

for some ¢ € S™FMHITHL(RA) p; e TR, j=1,2.

To consider the composition of SG FIOs of type I and type Il some more hypotheses
are needed, leading to the definition of the classes ‘Bs and Bs (1) of regular SG-phase
functions (see [13]). We recall now their definition. Let A € [0,1) and § > 0. A
function ¢ € ‘P8 belongs to the class P (A) if it satisfies the following conditions:

1. |det(@)(x. §)] = 8, ¥(x. £);
2. the function J(x, &) := ¢(x, §) — x - £ is such that

IDEDY T (x.6)]

o = (2.13)

sup
x,6€RY
la+p[<2

If only condition (1) holds, we write ¢ € PBs. Let £ € Ng. In [22] the following
seminorms are defined:

D¢ DY J(x, ©)]
112, := Z sup LGN

2<la+B|<2+¢ ¥ EER!
1DEDY T (x, 8)]
I/l := sup

reeRd (x)1=1Bl(g)1=lal
le+Bl=1

+ 1112,

We define the following subclass of the class of regular SG phase functions: Let
A€ [0,1),8 >0, £ > 0. Recall [22]: A function ¢ belongs to the class Bs (A, £) if
¢ € Ps(A) and || J]|¢ < X for the corresponding J.

Theorem 2.9 ([13]) Let ¢ be a regular SG phase functionanda € S™"*(R%), (m, u) €
R2. Then, Op,(a) € O(m, ).

Remark 2.10 Similarly to Theorem 2.4, chosen a € S"™* (RY), (m, n) € R?, and a

regular SG phase function ¢, for any (z,¢) € R2 there exists a constant C > 0,
depending only on d, m, u, z, ¢, such that

||OP¢(a)||$(Hz,:(Rd),Hz—mwt—u(Rd)) <C- pdmll,(aa ®),

where py,, depends continuously on a finite collection of seminorms of a and ¢, as
symbols in §”-*(R?) and §1-1 (R¥), respectively.
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Let M > 2. The study of the composition of SG FIOs of type 1 Op(pj (aj) with
regular SG-phase functions ¢; € Bs(A;) and symbols a; € ™17, j =1,..., M,
has been done in [4]. The result of such composition is still an SG-FIO with a regular
SG-phase function ¢ given by the so-called multi-product ¢1f - - -ty of the phase
functions ¢, j =1, ..., M, and symbol a as in Theorem 2.11 here below, a corollary
of the main Theorem in [4].

Theorem 2.11 ([4]) Consider, for j = 1,2,...,M, M > 2, the SG-FIOs of type
1 Op(pj(aj) with a; € Sl (RY), (mj, uj) € R2, and @j € Ps(rj) such that
M+ o+ Ay <A< %for some sufficiently small . > 0. Then, there exists
ae S"PRY, m = my+ - +my, o= 1 + - + uy, such that, setting
¢ =1t - - dom, we have

Op,, (a1) o -0 Op,,, (an) = Opy ().

Moreover, for any £ € Ny there exist £’ € Ny, Cy > 0 such that

M
lally™ < Co [T lajlliy”™"™ (2.14)
j=1

3 Solutions on Bounded Domains

First we consider the local problem (1.1), i.e., the problem on a bounded spatial domain.
By decomposing u, f, a i into their chaos expansions, and using the properties of the
Wick product, we find that (1.1) is equivalent to an infinite sequence of systems:

(32 — AQ)u(t, x; w) = (37 — AQ) Z iy (1, x) - Hy (o)

yel

=Y [ @upt.x)— > Apt.0)urt. x) | - Hy ()

yel B+r=y

=Y fyt,x) - Hy(o)

yel

& 1 @0%u,)(t, x)— Z Ap(t, X)us(t, x) = f, (t,x), y €T,
B+r=y
3.1

d d
where Ag(t, x) = Z 9, Zajkﬂ(t, x)d, and a i (1, x; ) = Z ajky (1, %) Hy (@)
j=1 k=1 yel
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We also decompose the initial values:

W (xiw) =Y uS (W) Hy (@), u'(xiw) =Y ul(x)Hy ().

vel yel

Thus (1.1) reduces to the so called propagator system

[07 — Aw0.0.0luy(t.0) = f )+ > Ayat 0wt x). y e, (32)
O<i<y

together with the initial and boundary value conditions
y (0, x) = ul (x), (Buy)(0,%) =u),(x), uy(t,x)gy =0, y €I (33)

The initial boundary value problems given by (3.2) together with (3.3) can be solved
recursively by induction over the length of the multiindex y. To this aim, we will use
the following well-known result, see [28, Vol. 1, Chap. 3, Theorem 8.1].

Theorem 3.1 ([28]) Let V and H be Hilbert spaces, V. C H, V dense in H and
separable. Let || - ||y and || - ||v denote the norms in H and V, respectively, and [-, -]
the sesquilinear scalar product in H. Identifying H and its antidual, we then have
VCHCV.IfveV,feV, I[f, vldenotestheir scalar product in the antiduality.

Lett € I =[0,T], T > 0. Assume that a(t; u, v), t € 1, is a family of continuous
sesquilinear forms on 'V, such that

Je >0Vt el Vu,veVla(t;,u,v)| <cluly|vlv; (3.4)

the function I > t — a(t; u, v) is, foranyu,v € V, 3.5)
once continuously differentiable in I ; '

{Vl €l VYu,veVal(t;u,v) =al(t;v,u), and, for suitable B € R, a > 0,(3 6)

Vi e IVveVa(t;v,v)+ Bl = alvl}.

Let A(t) € L(V, V') be the operator family defined", for any t € I, u € V, as
[A®u, vl =a(t;u,v) forallv e V.
Consider the Cauchy problem

3.7)

OFu) () + Au() = f(1), 1€l
u(0) = uo, (3u)(0) = uj.

If f e L2(I,H), ug € V, u; € H, then, there exists a unique u solution of (3.7)
such that u € L*(1,V), du € L*(I, H), 8,214 e L?(1,V'). Moreover, the energy

1 Taking into account the continuity of the antilinear form v — a(t; u, v), forany t € I, u € V, in view
of the Riesz’s Theorem, A(t) is well-defined and continuous from V to V’.
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inequality

lu@3 + 1 @) @)|3 < C <||uo||2V + llurll% +/I £ ()15 ds) (3.8)

holds true for any t € I, for a suitable C > 0 depending only on A(t) and T.

Notice that, in addition to Theorem 3.1, after possibly a modification on a set of
measure zero, the next result also holds true, see again, e.g., [28, Vol. 1, Chap. 3, The-
orem 8.2].

Theorem 3.2 ([28]) Assume the same hypotheses and notation of Theorem 3.1. Then,
after possibly a modification on a set measure zero, the solution of (3.7) satisfies

(u,0u) e CU,V)yx C(, H). 3.9)

Moreover, the mapping (f, uo, u1) +— (u, d;u), associating the right-hand side
and initial data of (3.7) to its solution and first t-derivative, is a well-defined, linear
and continuous application

Tioe: LEI, H) x V x H — C(I, V) x C(I, H).

Corollary 3.3 Assume the same hypotheses and notation of Theorem 3.1. Assume also
that f € C(I, H). Then, after possibly a modification on a set measure zero, the
solution of (3.7) satisfies

ueCU,Vynclu, Hync*u,v'.

The next one is our first main theorem. The main assumption is that the component
of A associated with the multiindex (0, 0, ...) is the principal part of A actually
governing the equation (assumption (AQ)), and that all the subsequent terms of the
expansion of A are, at most, operators of order one (assumption (A1)).

Theorem 3.4 Assume that U C RY is a bounded open subset with smooth boundary,
that I = [0,T], T > O, is a finite time interval, and that the operators A,, y € 1,
appearing in (3.1) satisfy the following two assumptions:

(AO) The coefficients involved in the principal part Apyo,.) = 27:1 d;

Zz=1 a./k((),()w_)(t, x)ak are ajk,0,..) € COO(I X U) fOV all j, k = 1,..., d.
Moreover, the continuous sesquilinear form a(t; u, v) on HO1 (U) defined by

d
a(t;u,v) = Z /Uajk(O,O,...)(t’ x) - (0ju)(x) - (rv)(x) dx
jk=1

satisfies (3.6) with V. = HOI(U), H = L2(U), B =0, and a suitable @ > 0;
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(A1) The remaining operators A, for y # (0,0, ...) are of the form

Ay =07 ajry(t, x)

j=1 k=l
withajy, € CI(I, L>®(U)) suchthataji, = —ayjy, j,k =1,...,d, and there
exists p > 0 such that
_r
> Ay lew.m@N) T2V < oo, (3.10)
yel
y#(0,0,...)

Finally, set V' = H~Y(U), and assume that uy € V ® (8)1,-pu1 € H®
(S)-t,—p, FE€CU, V)R (S)-1,—p N L3I, V) ® (8)—1,—p- Then, (1.1) admits a
unique solution u € C(I,V) ® ()1, NC' (I, H) ® (S)-1—p N C>(I, V) ®
(8)—1,—p-

Proof Clearly, the hypotheses imply that a(¢, u, v) satisfies also (3.4) and (3.5), so that
Theorems 3.1 and 3.2, as well as Corollary 3.3, can be applied to (3.2). The solution
to (3.2) can be written in the Duhamel form

t
uy (t) = Eo(t)u?, + El(t)u)l, +f0 E@,s)| fy@s)+ Z Ay _su;.(s) | ds,
0<i<y

where Eo(t), Ei(t), E(t,s) depend only on Ay, and max{||Eq()],
NE1OI, | E(¢, s)||} < C by (3.8). Also, by the regularity of the solutions and the fact
that all operators A, with y > 0 are, at most, of order one, for each é € 7 there exists a
constant Ks > 0 (actually K5 = || A5l (v, i) such that [[Asu (t)lg < Ksllux(®)llv,
t € I, for all A € Z. Now, by (3.8), for some other constant C > 0, depending only
on A«,0,.), Hand V,

lluy, (D113

< lluy D15 + 1@u) O
2

t t
<C ||u‘;||2V+||u;||%,+2f0||fy(s>||%, ds+2f Y Kyallw®lly | ds],

0<i<y

that is,

T
2 2
||u)/||L2(17V) = /0 ”u)/(t)”\/ dt
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T t
<C T||u3||2V+T||u‘y||%,+2/O (/O ||fy<s>||%,ds)dt

2

T t
+2/ / > Kyallus)ly | ds|ar
0 0

0<i<y

Clearly,

T t T T
/0 (/0 ILfy )7 ds)dzsfo (/O £y )5 ds)dr=T||fy||iz(,,H).

Also, we observe that

2 2

T t T
f / 3 Kyl | ds dst[ 3 Kyl | ds.
0 0 0

O<i<y O<i<y
Thus, we find

D luylia )@ < CT( D 115N 43 u, 1, 2N) P

vel yeZ yel
+2) 1l gy QNP
yel
2
T
+2Z/ > Kyl ®llv ds(erW).
yel 0 0<i<y

By the assumptions,

Mo =Y Il QN) 7Y <o, My= ) flu)l32N)""" < oo
vel yel

My = 1 fyliag @ < co.
yel

Also, by the generalized Holder inequality, we obtain

2

T
Z/o Z Ky—lua(9)lly | ds@N)™PY

yel 0<i<y

T -\ J28
- [ 2| T g e enF | ds

yeZ \O0=<i<y
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2
T ps
< / > e E | S luy )13 NP ds
0 seZ yel
§#£(0,0,...)
= M3 D lluylla ) @N77,
yel

where, by assumption (3.10),

Ma= Y K@N)Z <oo.

sel
5(0,0,...)

Thus,
> ||uy||%2(1’v)(2N)7pV <CT (Mo + My +2Mp +2M5 > ||uy||iz(l’v)(2N)py) .
yeZ yel

Let us choose T small enough so that 1 — 2CM§T > ( and let fo = [0, T]. Then,

2 _ CT(My+ My +2M)

lel 2y o)y = 71 2 20M3T

~We~ construct solutions on [T, 27~”], [ZT, 3f] etc. in a similar manner. On il =
[T, 2T] one can rewrite the problem as:

vy (t,x) = f,(t + T, x) + Z Ayt x)va(t,x), yeZ, te(0,T],
0<i<y
v, (0, x) = uy (T, x), (3.11)
vy (0, x) = du, (T, x),
vy (t, X)ou = 0.
Hence, vy (t,x) = u, ( + T), t € [0, T), and this implies that |[u, ||

2 ~ =
_ L2(1,V)
Thus, by similar computation as on Iy, we find

2
vy 27 vy

2 2 CT(M011+M1,1+2M/',1)
lull,, 7 = [[v[l7,,; < =
L2(11,V)®(S)-1,—p L2(Ip, V)®(S)—1,—p — 1 — 2CM/21T

where

Moi =Y lluy (T, )7 QN < 00, My =Y |8y (T, ) 72N) """ < o0,
yeZl yel

Birkhauser



Journal of Fourier Analysis and Applications (2021) 27:77 Page 21 of 42 77

Mpa = I fylag @M < 0.
yel

Note that I = [0, T'] can be covered by finitely many intervals of the form I} =
kT, (k+1)T], say with 7 intervals. We construct piecewise solutions on each of these
intervals, each one continuously extending the previous one, resulting in a solution on
the entire [0, T'] interval. Clearly,

,
2 _ 2
||”||L2(1,v)®(5)_1,_,, - Z ”u”Lz(ik,V)@(S)fl,*p
k=0

r

CcT
<= MO,k+M17k+2M &
| —2CM2T Z;:( £.k)
CcT - o
= 5 = u + |lu
1—2cM2T (1 Wogsy-, -, + ' Brocsy -,

.
+ Y Uk ) gs), , + 10T, g, )
k=1

2
+2||f||L2(I,H)®(S)71.—p)'

This establishes that the solution u belongs to L2*(1,V)® (8)—1,—p. After apossible
modification on a set of measure zero, similarly as in Corollary 3.3, we obtain that u
isinC(1,V)® ($)-1,-p NC' U, H) & (8)-1,-p N C* (L, V) & (S)—1,—p. O

The following corollary is a straightforward consequence of the construction of
the solution via the system (3.1). It establishes the stochastic unbiasedness of the
solution: The expectation of the solution is the deterministic function which is the
unique solution of the (deterministic) PDE obtained by taking expectations of all the
stochastic coefficients and stochastic initial data.

Corollary 3.5 Assume that all conditions of Theorem 3.4 are valid. Then, the solution
u of (1.1) has the expectation E(u) = u,o,...), which is the unique solution of the
PDE

31 0,0,..)(t, x) — EA)u,,.(t, x) = E(f(t, x; w)) (t,x) eI xU
u©.,0,.1(0, x) = E@’(x; ), Qu,0,.)0,x) = Eu'(x;0)) xeU (3.12)
u,0,..)(t, x)pu =0,

where E(A) = Ap,,.) = 27:1 d; Zgzlajk((),o,...)(tyx)ak, E(f) = fo.0..)

EW’) = ”?0,0,...)) E@') = ”20,0,...)'
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4 Solutions on R9
In this section we treat linear hyperbolic equations of arbitrary order m € N, and linear

hyperbolic systems of first order, whose coefficients are globally defined on the whole
d
space R¢.

4.1 Linear Hyperbolic Equations with Polynomially Bounded Coefficients
We first consider linear operators of the form
m . m .
L=D]" + Z Z ajo(t, x; w)D*D;" = Z Z ajo(t, x; w)D*D;"
J=1lal=j J=0la|=j
4.1)
where m > 1, ano(t, x;0) = 1, ajo(t, x; w) = Zajay(t»x) - Hy (@), ajoy €
yel
C®([0, T] x RY), for || < j, j=1,...,m,y € Z, and, for all k € Ny, B € Ng,
0<la| <j,1=<j=<m,y €1, there exists a constant Cjq,rg > 0 such that

10508 ajey (1, X)| < Clgyip ()71 (1, x) € [0, T] x RY.

The operator L acts onto u(¢, x; w) = Z uy(t,x) - Hy,(w) as
yel

LOw(t, x;0) =Y | Y (Lpuy)(t,x) |- Hy(w),

yel | B+r=y
where
m -
L©0.)=D"+Y_ Y @ja©o..)t. x)DID]", “2)
j=1lal<j
e .
Lg="Y ajut,)DID]"™, B #(0,0,..). (4.3)
j=1lel=j

Similarly as in Sect. 3 where we assumed in (A1) of Theorem 3.4 that only the
principal part of the operator is of second order and the remaining ones are of first
order, we will assume here that only L ,..) is a differential operator of order m,
while all other operators Lg are of order m — 1 at most. Hence, Lg take on the form

Ly=7y" > ajupt,0)DIDI, BeT\{(0,0,.. )} (4.4)

j=llal<j—1
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Wealsoassume f (¢, x; w) = Z T fy(t,x)-H,(w),with f,, € mk>0 Ck([O, T],
Y >

H 50Ky s 0 e R, y el.
The hyperbolicity of L means that the symbol L, (t, x, 7, &) of the SG-principal
part L, of L, defined here below, satisfies

Ln(t,x,7,6) :=1" =Y Y aja©0.00.)0ET" T =] (x -7t x,8),

Jj=llal=j j=1

(4.5)

with 7;(z, x, &) real-valued, 7; € c>(0, T, Sl*l), j =1,..., m. The latter means
that, for any «, 8 € Ng, k € Ny, there exists a constant Cjxqg > 0 such that

|3z]‘3§3§fj(t, X, E)| < Cjrap(x) 71 g)171AL

for (t,x,&) € [0,T] x R4 Jj = 1,...,m. The real solutions 7; = 1;(t,x,§),
j =1,...,m,of the equation L, (¢, x, t, §) = 0 with respect to t are usually called
characteristic roots of the operator L.

We will deal with the following three classes of equations of the form (1.2), and
corresponding operators L:

1. strictly hyperbolic equations, that is, L, satisfies (4.5) with real-valued, distinct
and separated roots t;, j = 1,...,m, in the sense that there exists a constant
C > 0 such that

[T (t, %, &) — T (t,x, )| = Cx)(E), Vj#k, (t,x,&) €0, T]x R¥;
(4.6)

2. hyperbolic equations with (roots of) constant multiplicities, that is, L, satisfies
(4.5) and the real-valued, characteristic roots can be divided into n groups (1 <
n < m) of distinct and separated roots, in the sense that, possibly after a reordering
ofthe tj, j = 1,...,m, there exist /1, ...l, € Nwith/y +...+ 1, = mand n
sets

Gi={nn=---=7}, G={us1=" =745}
G, = {'Cm—l,,+1 = =Ty}

satisfying, for a constant C > 0,

T, €Gp, i €Gy, p#q, 1 <p,g=<n
= |7t x,8) — w(t, x, §)] = Cl)(E), V1, x,8) €0, T]x R*;
4.7

notice that, in the case n = 1, we have only one group of m coinciding roots, that
is, £,,; admits a single real root of multiplicity m, while for n = m we recover the
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strictly hyperbolic case; the number/ = max j—;
of the roots of Ly;

3. hyperbolic equations with involutive roots, that is, L,, satisfies (4.5) with real-
valued characteristic roots such that

n Lj 1s the maximum multiplicity

.....

[D; — Op(z(1)), Dy — Op(x(1))] = Op(a,x (1)) (D; — Op(z;(1))
+O0p Dk (1)) (Di — Op(tk(1))) + Op(cjk (1)), (4.8)

for some aji, bjk, cjx € C®([0,T1, $%0), j,k=1,...,m.

Remark 4.1 Recall that roots of constant multiplicities are always involutive, while
the converse statement is not true in general, as shown, e.g., in [8].

Definition 4.2 We will say that the (linear) operator L in (4.1) and the associated
Cauchy problem (1.2) are strictly (SG-)hyperbolic, weakly (SG-)hyperbolic with con-
stant multiplicities, or weakly (SG-)hyperbolic with involutive roots, respectively, if
such properties are satisfied by the roots of £,,, as explained above.

The next one is a key result in the analysis of SG-hyperbolic Cauchy prob-
lems by means of the corresponding class of Fourier operators. Given a symbol
e C([0,T1% SU), set Ay = {(s,1) € [0, Tp?: 0<s <t <Tp},0 < Tp < T,
and consider the eikonal equation

dp(t, s, x,8) = x(t, x, 0 (t,5,x,8)), tels, Tol, 49)

(p(s,s,x,§)=x~§', SE[OaTO)7 .
with 0 < Ty < T. By the theory developed in [1,12], it is possible to prove that the
following proposition holds true.

Proposition 4.3 ([1,12]) For some small enough Ty € (0, T], Eq. (4.9) admits a unique
solution ¢ € C'(Ag,, SV (RY)), satisfying J € C'(Ag,, SV (R?)) and

hp(t, 5, x,8) = —s(s, 9L (1,5,x,£),6), (4.10)

fgr any (t,s) € Arg,. Moreover, for every £ € Ny there exists 6 > 0, ¢, > 1 and
Ty € (0, Tyl such that ¢(t, s, x, &) € Ps(celt — s)), with [ Jl2.¢ < celt — s| for all
(t,s) € AT@'

Remark 4.4 Of course, if additional regularity with respect to ¢ € [0, T'] is fulfilled by
the symbol s« in the right-hand side of (4.9), this reflects in a corresponding increased
regularity of the resulting solution ¢ with respectto (¢, s) € Ag,. Since here we are not
dealing with problems concerning the z-regularity of the solution, we assume smooth
t-dependence of the coefficients of L.

In the approach we follow here, which is the same used in [14] and elsewhere, a
further key result is the next proposition, an adapted version of the so-called Mizohata
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Lemma of Perfect Factorization?. formulated for the S G-hyperbolic operator L(q,...)
in the case of roots with constant multiplicities. Of course, it holds true also in the
more restrictive case of strict hyperbolicity, which coincides with the situation where
| = n}ax li=1l&n=m.
j

Proposition 4.5 ([14]) Let L be a hyperbolic operator with constant multiplicities [ ;,
J=1,...,n <m. Denoteby0; € Gj, j =1, ...,n, the distinct real roots of L, in
(4.5). Then, it is possible to factor L,o,... as

L0,0..) = L©.0..on "+ L©.0..1 + Zow, 0)D;", (4.11)
j=1

with

L
L.0..yj = (D; = 0p(©; () + Y Oplh i (1)) (D, — Op(8;()))"7F,  (4.12)
k=1
hjr € C®([0, T1, S* MR, r; e C™([0, T, ST (RY)),
ji=1..nk=1,...1;. (4.13)

Similarly to the local equations considered in the previous Sect. 3, Eq. (1.2) reduces
to

[L0,0,.)uy 1, %) = fy(t, ) = Y (L), %),
0532y (4.14)

(D} u,)0,x) =ul(x), j=0,....m—1, yel.

Under the hypotheses of weak SG-hyperbolicity with constant multiplicities or
with involutive roots, plus a suitable Levi condition®, or of strict SG-hyperbolicity,
it is possible to show that the Cauchy problem (4.14) can be solved recursively by
induction on the length of the multiindex y. This follows from the next Theorem 4.6,

yees

Theorem 4.6 Let L be SG-hyperbolic of the form in (4.1), either strictly hyperbolic,
weakly hyperbolic with constant multiplicites, or weakly hyperbolic with involutive
characteristics. In the weakly hyperbolic cases, assume the following Levi condition:

L. if L is hyperbolic with constant multiplicities, the symbol families h ji from (4.12)
satisfy hjx € C°([0, T1, S%ORY)), j=1,....n,k=1,...,1;;

2. ifLiis hyperbolic with involutive roots, L q,o,..., can be written in the product form
(4.11) with the factors given by (4.12) and the corresponding symbol families h ji
satisfying hjr € C®([0, T1, S%ORY)), j=1,....n, k=1,...,1;.

2 See also [22,33,35,36], for the original version of such results.

3 It is well-known that, in the cases of weak hyperbolicity, the factorization properties of the principal
symbol are not enough to guarantee the well-posedness of the associated Cauchy problem: in such situations,
additional hypotheses on the lower order terms are needed.
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Assume also that u{;eH”’"_j_l*""””_j_l(Rd), j=0,....m—1and g, €
ﬂ ckqo, 11, HS 5ok RY)), 5,0 € R, y € I. Then, there exists a time-horizon

k>0
T’ € (0, T] such that the Cauchy problems

L©.,0..)uy (1, x) = gy (1, X),

4.15
(D} u,)0,x) =uj(x), j=0,....m—1, yeT, (+-15)

admit a unique solutionu € m ckqo, T, g ikotm=l=k(Rdyy \where | equals
k>0

the maximum multiplicity of the roots of Ly, in the case of constant multiplicities

(in particular, | = 1 in the case of strict hyperbolicity), and we set | = m in the

case of weak hyperbolicity with involutive roots. More precisely, there exist operator

yees

such that Ej € [ C*(0, T, 00 — j+k,1—j+k) j=0,....m—1Ee

k>0
() C*(10. T'1 x [0, T'), O — m + k.1 — m + k)), and
k>0
m—1 ‘ ¢
wy (1) =Y Ej(u] +/ E(t,1)g, (t)dT. (4.16)
j=0 0

Remark 4.7 1. It follows that, for any
Jj € No, D/uy € C([0, T'], H*+m=t=otm=l=] Rdy)
and the mapping
(gy, u(;, el ug’f_l) — (uy, Diuy, ..., Dj"uy),

associating the right-hand side and the initial data of (4.15) to its solutions and
its first m derivatives with respect to ¢, is a well defined, linear and continuous
application

Taon: | () €071, HHOE®RY)

0<k<m-—1

-1 . . . .
x (”'lXOHS+m]1’J+m]1(Rd)) N ;’zoc([o’ T/], Hx+mflf],a+m717] (Rd)),
J= J=

uniformly with respectto y € Z.
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2. The entries of the matrix-valued operator Zgjo, can be expressed (modulo smooth-
ing reminders) by means of finite linear combinations* of SG-FIOs of the form
Op%_(,) (aj(t)), with smooth regular phase functions families ¢;(¢), obtained as
solutions of the eikonal equations (4.9), with the real, distinct characteristic roots 0
of £, inplace of «, and suitable smooth amplitude families a; (¢), j = 0, ..., n,see
[1,4,12,14]. The continuity of Zg|op then follows by Theorem 2.9 and Remark 2.10.
The uniform continuity with respect to y € 7 is an immediate consequence of the
fact that such SG-FIOs, as well as T” > 0, only depend on L(q.0,...)-

3. By the continuity of Zgj0h, We obtain an energy-type estimate for the solution u,,
and its first m derivatives with respect to ¢, namely

m
Z || Dtj My ”C([O,T’],H‘Y+"1_[_-j‘5+m_[_j (Rd))
j=0
m—1 .
=< C T/”gy ”m0<k<m—l Ck([O,T/],H'V_k*"_k (Rd))+ Z ”l'l)]/ ||Hx+m—j—1,a+m—j—l (Rd) s
<k=< =0

(4.17)

for a suitable constant C > 0, independent of y € 7.
We can now prove the second main result of the paper, which is Theorem 4.8.

Theorem 4.8 Assume that L in (1.2) is SG-hyperbolic of order m € N, either strictly,
weakly with constant multiplicities, or weakly with involutive roots, in the sense of
Definition 4.2. Let Ly, in (4.1) be the SG principal symbol of L, in the sense that the
remaining operators Ls, 5§ # (0,0, ...), defined in (4.4), are of the form

m
Ls=Y_ Y ajus(t.x)DID]", 6 (0,0...),

J=llal=j—l1

where | denotes the maximum multiplicity of the distinct characteristic roots of the

principal symbol L, in (4.5) (in particular, | = 1 for strictly hyperbolic operators, and

| = m for weakly hyperbolic operators with involutive characteristics). In the weakly

hyperbolic cases, assume also the corresponding Levi condition, as in Theorem 4.6.
We also assume that there exists r > 0 such that

,
-5y
> 1Ly 2 <t CE 0.7, HSHm—1=k 0 4m—=I=k (R Y) (Yo << CK ([0, HS—ke0—k () RN 27 < 00,
yeT == ==
y#(0.0...)

(4.18)

4 More precisely, in the case of hyperbolic operators with involutive roots, also compositions of a finite
number of operators of the type Op(ﬂj (1) (a; (1)), as described in Theorem 2.11, are involved.
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Finally, assume, for (s,o) € R? u} e HStm—i=lLotm=j=l(Rd) g ($)_ _,,
j=0,....m—1,and f € ﬂ ckqo, 11, H* %% RY)) @ ($)_1._-
k>0
Then, there exists a a time-horizon T’ € (0, T] such that the Cauchy problem (1.2)

m
admits a unique solution u € ﬂ ckqo, 11, HE Ik otm=l=k (pdyy & ()1,
k=0

Proof By (4.16) in Theorem 4.6, with an argument analogous to the one followed in
the proof of Theorem 3.4, we obtain an infinite dimensional system equivalent to (1.2),
whose solutions are given by

m—1 t
w @ = Y Bl + [ Eas) (56 = X L) |ds yeT,
j=0 0 0<i<y
where E;(t), j =0,...,m—1,and E(t, s) depend only on L q,0,..., and satisfy E; €
() CH 0. T, OU— j+k. 1= j+k),j=0.....m—1,and E € ) C*([0. T'] x
k>0 k>0
[0, 7], O —m +k,l — m + k)). Notice that, by the regularity of the solutions (cf.
Remark 4.7) and the fact that all operators L, with y # (0,0, ...) are, at most, of
order (m — I, m —I), Theorem 2.4 implies that for each § € 7 there exists a constant
Ks > Osuchthat, foralA € 7,k =0, ..., m,

| DX L sty (6) | ps—t.o—t

k!
= > ‘—!(D,”La)[D,qux(l)]

p+q=k ’ Hs+m—l—q—(m—I+p),o+m—I—q—(m—I+p)
KB m j ,
< Z ”Dl M)\Hc([o T Hs+m7]7j,a+mflfj), t e [O, T ],
m+1 4 . 4],
]:

and
m m
. )
Z ”Dt le/l)L ||C([0,T’],H5"k"7’k) S K3 Z ”Dt] M)L”C([O’T/]’Hermfl—j,aer—l—j).
k=0 j=0
By (4.17), for some other constant C > 0, depending only on L o,...), s, 0, d, m, 1,

m
J
Z “Dt My ||C([O’T/]’Hs+m—l—j.{r+m—l—j)
j=0

<C|T|f—= D Ly

0=h<y No<kzm_1 CK0.T1, Hs—ko=k)
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m—1

+ Z ||M]J/||Hs+m—j71,0+m—j—l ,
j=0

< C (T/”f}/ ||m()§k§m—1 Ck([O,T],HS_k’O_k)
!
+T Z ||LV_AM)L ||ﬂO§k§m—] Ck([OsT]sHsik'Jik)

O<i<y

m—1

+ Z ”MJJ/||Hs+m—_/'—l,(r+m—j—1 ,
Jj=0

Thus, we find (for some new constant C > 0)

2
m .
Z Z || Dt]u}, ”C([O’T/],Hx+m7l7j,a+mflfj) (2N)_ry
yeZ \j=0

m—1

~ jn2 2 2
E C Z Z ”uy ||Hs+m7j71.(r+m—j—l + T ”f}/ ”ﬂogkfm—l Ck([O,T],HS’k'J’k)

yeZ | j=0

12
+T Z KV_)‘ ||MA ”m0§k§m—l Ck([o’T]’H.H—m—l—k,tr-%—m—l—k)

O<i<y

By the assumptions,

2N)"7.

My =S i oin QN7 <00, j =0, m—1

yel
m—1

o )
= Mr= ) ) Geinjasn-; QN7 < 00,
j=0yeZ

2 —
Mf = Z ”fy”n(ngmil Ck([O,T],HS’k'U’k)(ZN) 4 < Q.
yel

Also, by straightforward estimates, we obtain

2

Z Z Ky—k||”k||ﬂ05k§m_lCk([o’T]’Hs+m—1—k,o+m—l—k) QN
yeZ \0<i<y

_rly=») _rh
=2 | X Ky @7 Nl ok, sk smei—y QN) T2

yeZ \0<i<y
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2
< Z Kﬁ(zN)7§5 Z “u)/ ”%04{(”’_' Ck([()’T],HSer—lfk,oer—lfk)(ZN)iry
§eT yel -
54(0,0,...)
=Mj ) ”“V”%]qu CH (0. 7). s +m-t—kartm=i—ky 2N
yel -

where, by assumption (4.18),

ML= > KsQN)2° <oo.

seZ
37#(0,0,...)

Thus,

2
” u ” mogkgm Ck([0’T],Hx+m7l7k.n+m—l—k)®(5)7Lfr

~ 2 ~ 2
< C(MI + T/ Mf) + CM%T/ ”u”%05k5m Ck([O,T],H“k’“*k)®(5),1,,,‘

By possibly further reducing 77 > 0, so that 1 — C~‘M%T’2 > 0, we find

~ 2
]2 C(M;+T'"My)
mogkgm Ck([0,T],H“'Jr”’*l’kﬁ*m’l’k)@(s),L,, = 1 _ CMI% T/2

which gives the claim. O

4.2 Linear Hyperbolic Systems of First Order with Polynomially Bounded
Coefficients

We now turn our attention to hyperbolic first order linear systems with coefficients
having at most polynomial growth at spatial infinity. Namely, let L now denote the
operator

L(#, Dt; x, Dy) = Dy + A(t, x, Dy; ) + R(t, x, Dy; ), (4.19)
where A = diag(Aq, ..., Ay) is a parameter-dependent, (N x N)-dimensional,
diagonal operator matrix, whose entries A;(t, x, Dx; ), j = 1, ..., N, are pseudo-

differential operators with parameter-dependent symbols

At x, & w) = Z,\jy(z,x,g) - Hy(w), kjy € C®([0, T]; S,
yel
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and R = (Rji)j k=1,..,N is a parameter-dependent, (N x N)-dimensional operator
matrix of pseudo-differential operators with symbols

Pt X, & ) = Y rjky(t, X, 8) - Hy (@), rjiy, € C(10, T]; $%0).
yel

We consider the Cauchy problem

LOU(t, s, x; w) = F(t,x; w), (t,5) € Ar,

(4.20)
U(s,s,x;w) =G(x; w), s €[0,7),

on the simplex A7 := {(¢,5)| 0 <s <t < T}, where, forr, o € R,

F(t.x;w) =Y F,(t,x) - Hy(@), F, e[ )C*(0.T].H" ¢ *@R"),y e,
yel k>0

Gxiw) =) Gy(x) Hy(w), G,eH°QR".
yel

Lactsonto U(t, s, x; w) = Z Uy (t,s,x) - H,(w) as

yel

LOU(t, s, xiw) =Y | Y (LgUn(t,s,x) | - Hy(w),

yeZ | p+r=y

where

L,0...) = Dy + diag (Op(1(0,0,..) (1)), - .-, (Op(An(0,0,..) (1))

+ (Op(7k(0,0,..) 1)) j k=1,....N» 4.21)
Lg = diag(Op(r14(2)), ..., (Op(Ang(1))) + (Op(rjxg () jk=1,...N. B # (0,0,...).
(4.22)

Definition 4.9 The system (4.19) and the associated Cauchy problem (4.20) are called
SG-hyperbolic if the symbols A;@0,.) € C*(0,T], SHI(RY)), j = 1,..., N,
appearing in the SG-principal part Lo, ) of L defined in (4.21), are real-
valued, and the other symbols appearing in (4.21) and (4.22) satisfy A g, 7k, €
C>®([0,T], S%OR?)), j,k=1,...,N,B,y €I, B # (0,0, ...).

The system (4.19) and the Cauchy problem (4.20) are called strictly (SG-)
hyperbolic, weakly (SG-)hyperbolic with constant multiplicities, or weakly (SG-)
hyperbolic with involutive characteristics (or SG-involutive), respectively, if such

yees

the characteristic roots in Definition 4.2.
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We proceed as in the previous sections, obtaining a family of Cauchy problems for
SG-hyperbolic systems indexed by y € Z, namely,

[L©0.0.)Uyl(t,8,%) = Fy(t,x) = > (L, U0t 5, ),
O<i<y (4.23)

Uy(s,s,x) =Gy (x).

Then, the fundamental solution E(t, s) € ﬂ Ck(AT/, Ok, k)),s € [0, T, exists

k>0
(see [11]), and can, in general, be expressed as a limit of matrices of Fourier integral
operators (see [22,49]; see Section 5 of [4] for the SG case). In view of the properties

yees

actually be reduced, modulo smoothing operators, to a finite linear combination of
(compositions of) SG Fourier integral operators, see [ 1,12—14]. The next Theorem 4.10
is the analogue for systems of Theorem 4.6.

Theorem 4.10 Let L be SG-hyperbolic of the form in (4.19), either strictly hyperbolic,
weakly hyperbolic with constant multiplicites, or weakly hyperbolic with involutive
characteristics, according to Definition 4.9. Assume also that G, € H"" R @RN,

and W, € ﬂ ckqo, 71, H*PF @R @ RY), r, p € R, y € Z. Then, there exists
k>0
a time-horizon T’ € (0, T] such that the Cauchy problems

L,0,. Uy, s,x) = W,(1,x),

(4.24)
Uy(s,5,x) =G, (x), y el

admit a unique solution U,, € ﬂ CK(Ap, H 5P R @ RY), 5 € [0, T'). More
k>0
precisely, there exists an operator family E(t, s), (t,s) € Ars, s € [0, T'), depending

only on L(o,...), such that E € m CK(A7, Ok, k), s € [0, T"), and
k>0

t
Uy(t.s) = E(t,5)G), —i—i/ E(t, T)W, (v)dr.

Remark 4.11 1. The fundamental solution of (4.24) is a family {E (¢, s)|(¢, s) € Ay}
of operators satisfying

Lo,  E(t,s) =0, (t,5) € A,
E(s,s) =1, s €[0,7),

such that, for any k, I € Ny, k3. E(z, 5) belongs to C (A7, Ok + 1, k +1)).
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2. It follows that, for any j € No, D/ U, € C([0, T'], H"~/-*=/(RY) ® RV), and,
for any M e N, the mapping (W, , G,) — (U, DU, ..., DIMU},), associating
the right-hand side and the initial data of (4.24) to its solutions and its first M
derivatives with respect to z, is a well defined, linear and continuous application

Thhy: () ckao. 1), # 7 HoF®rY) @ RY)
0<k<M-—1

M—1 . . M . .
X ( x H")r=I(RY) ®RN) — x C([0,T'], H )+~ (RY) @ RY),
j=0 Jj=0

uniformly with respectto y € 7.
3. By the continuity of ’Tg%b,.we ob.tain an energy-type estimate for the solution U,
and its first M € N derivatives with respect to #, namely

M

j
21D Uy lcqo.r. 50 rityomy
=0

=C (T/”WV Iockeprr CH10 T Hr—Hr -k @YgRN) T |Gy ||H'wﬂ<Rd>®RN) ’
(4.25)

for a suitable constant C > 0, independent of y € 7.

4. Theorem 4.6 is a consequence of Theorem 4.10. Indeed, in the three cases con-
sidered here, the Cauchy problem (4.15) is turned, by suitable techniques, into an
equivalent Cauchy problem of the form (4.24). The Levi conditions on the lower
order terms of the involved operator play a crucial role in this aspect (see, e.g.,
[1,4,8,12,14,22,33-36])

We can now state the third main result of the paper, the next Theorem 4.12. Up to
a few minor details, the proof is obtained by the same argument employed to prove
Theorem 4.8, and is left for the reader.

Theorem 4.12 Assume that L in (4.20) is SG-hyperbolic, either strictly, weakly with
constant multiplicities, or weakly with involutive characteristics, in the sense of Defi-
nition 4.9. We also assume that, for some M € Ny, there exists p > 0 such that

P
-5V
ZI WLyl (o< CH Q0.1 HE Pk @), Mo g <y CR10.T1HT—Kp—k Ry P 27 < 0.
Y& T -
y#0,0,..)
(4.26)

Finally, assume, for (r, p) € R?, G € (H"*(RY) @ RV) ® (8)-1,—p, and F €

(o, 11, B FR) @ RY) @ (8) -1,
k>0
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Then, there exists a a time-horizon T’ € (0, T] such that the Cauchy problem

M

(4.20) admits a unique solution U & m chap, H P FRHY @RV ® (8)-1,—p,
k=0

s €0, T

Similarly as in Corollary 3.5 we may observe that the solution exhibits the unbiasedness
property, i.e. its expectation coincides with the solution of the associated PDE obtained
by taking expectations of all stochastic elements in (4.20).

5 Examples

In this concluding section we provide some examples of hyperbolic SPDEs with
singularities and possible applications of the previously obtained results in linear
problems that arise in physics, geology, cosmology, engineering and ample other areas
of science. Apart from Examples 5.1 and 5.2, which serve as a toy model in order to
facilitate our algorithm for solving, the other examples serve to provide a motivation
for the study of hyperbolic SPDEs and to illustrate how randomness may occur, but
their full solution will be part of a forthcoming paper.

Example 5.1 We start with the most prominent example, the wave equation as the pro-
totype of hyperbolic PDEs. For technical simplicity, we consider the one-dimensional
case where a nice analytic formula is known for the solutions, to serve as a simple
illustration for our method.

Consider the wave equation with arandom wave speed ¢(#, x, ; @) which has expec-
tation E(¢) = c(,0,..) > 0 with no time/space dependence (for instance, stationary
processes have constant expectations):

U (t, x; 0) = E(Quyy(t, x; w) + ¢(t, x; 0)Qu(t, x; w) + f(t,x;0) (t,x;0) € RxRx Q
u(0, x; w) = ¢ (x; ), u (0, x5 0) =Y (x; w), (x;0) e R x Q,
5.1

where ¢ = ¢ — E(c) denotes the centralized process having zero expectation. By

converting (5.1) to an infinite system of PDEs as in (3.2)and (3.3) we arrive via
D’ Alembert’s formulae to the family of solutions:

(6(0.0..)(x +ct) + d0,0...)(x — 1))

| =

u,0,..)(t, x) =

x+ct 1 t px+c(t—s)
+— Y0,0,..)(s)ds + 7 / / f0,0,.)0,y) dy ds
cJo Jx

2c x—ct —c(t—s)

1
uy (t, x) = 3 (¢y (x +ct) + ¢y (x — c1))
1 x—+ct
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1 t X+c(t—s)
+ 2—/ / fr(s,y) + Z cp(s, Yuy(s,y) | dy ds,
CJo Jx—c@—s) Bi=y
AF#y

y € Z\{(0,0,...)},

where u, are calculated recursively on the length of the multiindex y using the
previously obtained u;, |A| < |[y|, and for notational convenience we denoted

Cc = , /C((],()’“_).

Another wave-like equation that accounts for assumption (A1) in Theorem 3.4
would take on the form

Uy (t, x; w) = E©uyy(t, x; w) + €(t, x; 0)Quy(t, x; ) + f(t,x;0) (t,x;0) e RXxR x Q
u(0, x; ) = ¢(x; ), u(0,x; 0) =Y(x; w), (x;w) e R x Q,
(5.2)

with following chaos coefficients of the solution:

1
uy(t,x) = 3 (¢y (x + ct) + ¢y (x — c1))
x+ct

+ — Yy (s)ds

2¢ Jy—er
1 t x+c(t—s) 9

tac | | fn+ Y eplsv—uns, ) | dy ds,
2¢ Jo x—c(t—s) By 0x

y € Z\{(0,0,..)},

Note that both in (5.1) and (5.2) no second order x-derivatives are present in the
solution, only lower order operators (only zeroth and first derivatives appear).

Example 5.2 We consider now the influence of assumption (A1) on the two-
dimensional wave equation. Let C = Zj k=1 9;Cjk(t, x; @) be an operator such

that the following hold: c124(t, x) = —c214(t, X), c114(t, X) = 224, x) =0, 0 €
Z\{(0, 0, ...)}. Additionally, we assume that C has a constant expectation (not depend-
ing on space/time) and c11(0,0,..) = €2200,0,..) > 0, while ¢1200,0,..) = —¢21(0,0,..)

For notational convenience we let ¢ = ,/c11(0,0,..) = 4/€22(0,0,...- The propagator
system for the two-dimensional wave equation with this special operator form reads
as:

22
B u0.0..)(t, x) = A Axit©,0...) (1, %) + f10.0..) (1, %), (r,x) e RxR
10,0,..)(0, x) = ¢0,0,..)(x), %M(o,o,...)(O, x) =v0,0,..)x), xeR,

(5.3)
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%uy(t,x) = c2A”uJ,(t,x) + Y Awupt.x)+ fr,(t,x), (¢, x)eRxR
A=y 5.4
By (54)
1y (0, %) = ¢y (x), Fruy (0, %) = P (x), x €R,
where
0 0
A (1, x) = (cria1(F, x) + co1a,2(8, X)) — + (a1 (2, x) + co 2, X)) —,
8x1 3)62
A eT\{,0,..)}, (5.5
with cppp (2, x) = %Cmnx(l‘,x), i = 1,2, involves only first order partial x —

derivatives. The solution is hence given by

ctd0,0,.)() + ct? Y00, ) + et V.0, () - (y — x)
10,0, (1. X) = ——— / 0.0...) 0.0,..) 0.0,..) dy
2=t~ JB(x,ct) 22 — |y —x?

t 1 (t — 5)? S
+/ . . / c(t —5)° f(0,0,..) (¥, ) dyds
0 27mc=(t —$) JB(x.ct—s)) (t —8)2 —|y —x|?

1 -t 12 ) 'tV -y =
uy(l,x):ﬁ/ ctéy O) + ct™Yy () +ctVey ) - & = %) dy
2mect= JB(x,et) 22 — ly — x|2

ct =92 O+ X A0 Dugy,s)
Atp=y

! 1 By
i
0 212t — )% JB(x,ct—s) (t—2— |y —x2

y € Z\{(0,0,...)}.

Remark 5.3 However, it is important to note that assumption (A1) in Theorem 3.4, as
well as assumption (4.4) in Theorems 4.8 and 4.12, are sufficient conditions but they
are not necessary conditions. If one may obtain other good estimates on the regularity
of the solutions of the PDEs defining the propagator of the system, then the highest
order x-derivatives may be included as well into the SPDE and the desired convergence
of the chaos expansion will follow by similar methods as presented. These alternative
estimates are out of the scope of this paper and will be presented elsewhere.

Example 5.4 Other similar examples would include the stochastic Helmholtz equation
with arandom wave number u, (¢, x; @) —k(w)Qu(t, x; w) = f(z, x; w), with suitable
assumptions on the expectation of k and its coefficients in line with Theorem 3.4; or its
multidimensional counterparts with a time-space dependent wave number k(7, x; w).
Note that in case of the purely random (not dependent on time and space variables)
wave speed c(w) and wave number k (w), the solutions obtained by our chaos expansion
method coincide with the solutions obtained in [47], where general equations of the
form P(w, D)Qu(t, x; w) = f(t, x; w) were considered.

Example 5.5 In this example we provide some instances of operators with variable
(time-space depending) coefficients that provide an insight into the fine difference
between strict and weak hyperbolicity. The examples are based on [8].
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1. Let A(w), B(w) € (S)_1 be such that E(A) = E(B) = V > 0. The operator
L=-3+A@)1+ [x|)A; — B(@)(1 + |x[), xeR,
is strictly hyperbolic. It can be rewritten in the form of the wave-operator
L= -0y — B +IxP),

where [y = 8,2 — A(w)(1 + |x]*) Ay is the D’ Alembert operator associated with
a randomized Riemannian metric M on R?, perturbed by a random polynomially
growing potential B(w)(1 + |x|?). Note that the principal part of the operator that
governs the SPDE according to (4.2) is given by

Loo.)=D> =V +x))(1—Ay), xeR’

having symbol L, )(x,7,§) = 2 — V(x)2(£)? and roots t4(x,&) =
+(x)(£)+/V, which are real, distinct and separated at every point of [0, T'] x R,
Assuming that A, = 0, € 7\ {(0, 0, .. .)}, in the chaos expansion of the random
variable A, L,, will involve no second order x-derivatives for y € 7\ {(0,0,...)}
and the sufficient condition (4.4) will grant the solvability of the equation.

2. Let K (¢, x; w) be a stochastic process with nonzero constant expectation E(K) =
K(0,0,..) # 0.For notational convenience we will write k = K q,0,...). The operator

L = (D} — K@) (x)*(D)")??
= (D! = 2K (@*2(0)X(D) D} + K (@)% (x)*(D)* + Op(p))
xeRY pe S3RY

has its principal part (expectation) given by

L,..) = (D} —kK*(x)*(D)*)* =
(Df = 222D D + K ) HD) +0p(p)) . ¥ €RY, p e SHRY),

This is a weakly hyperbolic operator with roots of constant multiplicities (here it
has two roots, both of multiplicity 2). Indeed, its symbol is Lo, )(x,7,&) =
(t? — k?(x)?(D)?)?, with separated roots 7+ (x, &) = =%k (x)(£), both of multi-
plicity two.

Moreover, if K (¢, x; w) has a chaos expansion such that

ol DD koK) D Kyt 0Kt x) | =0,

at+p=y \rAtpu=«a n+v=p
y € Z\{(0,0,..)},
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then the fourth order x-derivative will disappear from L,,, y € 7\ {(0,0,...)},
and condition (4.4) will be satisfied.

3. Let C1(t, x; w), Ca(t, x; w) be stochastic processes with constant expectations
e; = E(C;) = Ci0,0,..), 1 = 1,2, respectively, assuming that e; # 0 and e = 1.
The operator

L = (D; +tCy(w) Dy, + C2(®) Dy, )O(D; — C1(w)(t — 2x2) Dy,),
x = (x1,x3) € Rz,

has its principal part (expectation) given by
L©,0..) = (D; + tey Dy, + Dy,)(Dy — e1(t — 2x2)Dy,). x = (x1,x) € R?,

which is a weakly hyperbolic operator with involutive roots of non-constant
multiplicities (see [36]). Indeed, its symbol L, )(7,x,&) = (v + te1§) +
&)(t — e (t — 2x3)&1) has two real roots 71(¢,x,&) = —tel§; — & and
0o (t, x, &) = e1(t — 2x2)&1, which are not always separated, in fact they overlap
onthe set {(¢, x, &) C [0, T]x R2 : & = 2e1&(x2 — t)}. Involutiveness follows
from the fact that [D; + te1 Dy, + Dy,), Dy — e1(t — 2x2)Dy, ] = —e1[ Dy, (t —
2x2) Dy, ] = €1[t Dy, + Dy, (t — 2x2) Dy 1 + e[t Dy, Di] = €1(2 — 2) Dy, = 0.
Moreover, if Cq (¢, x; w), Ca2(t, x; w) have chaos expansions such that

D cralt, X)eap(t, x) =0,

a+p=y

D clalt.x)eiplt,x) =0, y €T\ {(0,0,..)},
a+p=y

then the second order x-derivatives will disappear from L,,, y € 7'\ {(0,0, ...)},
and condition (4.4) will be satisfied.

The following equations serve as a motivation for the further study of hyperbolic
SPDEs. Under additional conditions they may be adopted to our setting with (A1) in
a similar manner as in the previous examples.

Example 5.6 The elastic wave equation, that accounts both for longitudinal and trans-
verse motion in three dimensions, has the general form pu;; = (A +2u)V(V - u) —
uV x (V x u) + f. It describes the propagation of waves in solid elastic materials,
e.g. seismic waves in the Earth and ultrasonic waves used to detect flaws in materials
[46]. In the previous equation u denotes the displacement vector, f the driving force,
p the density of the material and A, i denote the Lamé parameters related to the elas-
tic properties of the medium describing the strain-stress relations. In most physical
models these parameters are constant, but since they are subject to some measuring
errors (either due to instrument errors or reading errors), it is more convenient to treat
them as random variables. The driving force may also incorporate some randomness,
both pure randomness and measuring uncertainty, hence it is modeled as a stochastic
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process. Hence we arrive at a stochastic hyperbolic equation

p(@)Qus (1, x; w) = (M) + 2 ()

OV(V -u(t, x; w)) — uw(w)

OV x (Vxu(t,x;w)+ f(t,x;w) (t,x;0) e RxRx Q
u,x;w) =0, u/0,x;0) =0, (x;w) e Rx Q,

(5.6)

where we assumed zero initial displacement and zero initial velocity.

If the material consists of different layers (e.g. the Earth’s crust does have this
property) then it would be more appropriate to consider the coefficients p, A, i to be
stochastic processes p(f, x; w), A(t, x; w), u(t, x; ) depending on the layer and on
the time evolution of the system. Theorem 4.8 provides the necessary tools to solve
the equation in its most general form.

Example 5.7 Other examples where classical hyperbolic PDEs may be replaced by
SPDEs with random coefficients involve the telegrapher’s equations, where voltage
(V) and current (/) along a transmission line can be modeled by the wave equa-
tion uy, (t, x; w) = ki (w)Quys (2, x; @) + kp(w)OQu; (¢, x; w) + k3(w). Here u stands
either for voltage or current (both follow the same pattern), and &y, k2, k3 are random
variables depending on conductance, resistance, inductance and capacitance (char-
acteristics of the wire material) that incorporate some randomness due to measuring
errors and due to unpredictable inhomogeneity of the material, or they might even be
regarded as stochastic processes with time-space dependence.

The telegrapher’s equation is formally equivalent to the so called hyperbolic heat
conduction equation (relativistic heat conduction equation) sometimes used instead of
classical parabolic heat conduction to account for the fact that speed of propagation
cannot be infinite and must be bounded by the speed of light in vacuum.

Some other interesting models related to the telegrapher’s equation concerning
random planar movements of a particle driven by Poissonian forces of the fluid are
given in [37].

Example 5.8 The nextexample is provided in [15] and concerns the study of the internal
structure of the sun. The Solar & Heliospheric Observatory (SOHO) project was run
by NASA and ESA by launching a spacecraft in 1995 with the mission to measure
the motion of the sun’s surface. From the pulsating waves around the sun’s surface
scientists would deduce the location of the origin of the shock waves and gain a
certain insight into the inner structure of the sun. Assuming that the shock sources are
randomly located on a sphere of radius R inside the sun, the dilatation is governed by
the Navier equation given by

Au(t, x; w) = c(x; 0)Op(x; W) (V : (p(x, w)O(_”OW)
+V.- f(t,x;w)), (t,x,w)eRx B, R) x L,

where B (0, R) is the ball centered at the origin with radius R, c¢(x; w) is the speed of
wave propagation at position x, p(x; w) is the density at position x (we account for

Birkhauser



77  Page 40 of 42 Journal of Fourier Analysis and Applications (2021) 27:77

measuring errors by letting ¢ and p be random), and f (¢, x; w) models the shock that
originates at time ¢ at position x.

According to the SOHO website the spacecraft was meant to operate only until
1998, but it was so successful that ESA and NASA decided to prolong its mission and
it is sending data obtained from the sun up to this date.

Finally we note the very important fact that in the theory of general relativity
Einstein’s equations can be converted into a symmetric hyperbolic system of equations
[43]. Some other papers also consider as an advantage to apply a stochastic approach
and treat diffusions in a Lorentzian manifold using stochastic differential equations in
the orthonormal frame bundle of the manifold [9]. Hence the results of Theorem 4.12
may be applied into a newly developing field of general relativity where the space
geometry incorporates randomness.
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