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Abstract

A new class of fractional-order parabolic stochastic evolution equations of the form
0 +A)Y X (1) =W2(),t €0, T], y € (0, 00), is introduced, where — A generates a
Co-semigroup on a separable Hilbert space H and the spatiotemporal driving noise W €
is the formal time derivative of an H-valued cylindrical Q-Wiener process. Mild and
weak solutions are defined; these concepts are shown to be equivalent and to lead to
well-posed problems. Temporal and spatial regularity of the solution process X are
investigated, the former being measured by mean-square or pathwise smoothness and
the latter by using domains of fractional powers of A. In addition, the covariance of X
and its long-time behavior are analyzed. These abstract results are applied to the cases
when A := L# and Q := L™ are fractional powers of symmetric, strongly elliptic
second-order differential operators defined on (i) bounded Euclidean domains or (ii)
smooth, compact surfaces. In these cases, the Gaussian solution processes can be seen
as generalizations of merely spatial (Whittle-)Matérn fields to space—time.
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1 Introduction
1.1 Motivation and background

Gaussian processes play an important role for modeling in spatial statistics. Typical
applications arise in the environmental sciences, where geographically indexed data
is collected, including climatology [3, 66], oceanography [8], meteorology [38], and
forestry [7, 43, 54]. More generally, hierarchical models based on Gaussian processes
have been used in various disciplines, where spatially dependent (or spatiotemporal)
data is recorded, such as demography [28, 62], epidemiology [48], finance [33], and
neuroimaging [56].

Since a Gaussian process (X(j)) ez is fully characterized by its mean and its
covariance function, second-order-based approaches focus on the construction of
appropriate covariance classes. In the case that the index set Z is given by a spatial
domain in the Euclidean space Z =D C Rd, the Matérn covariance class [54] is an
important and widely used model. The Matérn covariance function is given by

o(x,y) =2 [T M1 (kllx — Yliga) " Ku(kllx — Yliga), x,y €D, (1.1)

where K, denotes the modified Bessel function of the second kind. It is indexed by
the three interpretable parameters v, «, ot e (0, 00), which determine smoothness,
correlation length and variance of the process. It is this feature that renders the Matérn
class particularly suitable for making inference about spatial data [69].

When considering spatiotemporal phenomena, the following difficulties occur:

1. It is desirable to control the properties of the stochastic process named above (in
particular, smoothness and correlation lengths) separately in space and time. For
this reason, considering (1.1) in d + 1 dimensions is not expedient and it is a
difficult task to construct appropriate spatiotemporal covariance models, see e.g.
[22, 34, 36, 64, 65, 70].

2. Second-order-based approaches require the factorization of, in general, dense
covariance matrices, causing computational costs which are cubic in the num-
ber of observations. The two common assumptions imposed on spatiotemporal
covariance models to reduce the computational costs—separability (factorization
into merely spatial and temporal covariance functions) and stationarity (invariance
under translations)—have proven unrealistic in many situations, see [23, 55, 70].
In particular, Stein [70] criticized the behavior of separable covariance functions
with respect to their differentiability.

Owing to these problems, the class of dynamical models has gained popularity. The
name originates from focusing on the dynamics of the stochastic process which are
described either by means of conditional probability distributions or by representing
the process as a solution of a stochastic partial differential equation (SPDE). The
latter approach was originally proposed in the merely spatial case, motivated by the
following observation made by Whittle [73]: A stationary process (X (x))yep indexed
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by the entire Euclidean space D = R? which solves the SPDE
2 B _
(k> = A)"X(x) =W(x), xeD, (1.2)

has a covariance function of Matérn type (1.1) with v = 28 —d/2. Here, A denotes the
Laplacian and Wis Gaussian white noise. This relation gave rise to the SPDE approach
proposed by Lindgren, Rue, and Lindstrom [50], where the SPDE (1.2) is considered
on a bounded domain D C R? and augmented with Dirichlet or Neumann boundary
conditions. Besides enabling the applicability of efficient numerical methods available
for (S)PDEs, such as finite element methods [11, 13, 14, 21, 40, 50] or wavelets [16,
39], this approach has the advantage of allowing for

(a) nonstationary or anisotropic generalizations by replacing the operator k> — A in
(1.2) with more general strongly elliptic second-order differential operators,

(Lv)(x) = Kz(x)v(x) —V.(alx)Vv(x)), x €D, (1.3)

wherek: D — Randa: D — R‘:Xd are functions [6, 11, 13, 14, 21, 35, 40, 50];

m
(b) more general domains, such as surfaces [15, 40] or manifolds [39].

In the SPDE (1.2) the fractional exponent 8 defines the (spatial) differentiability
of its solution, see e.g. [21]. A realistic description of spatiotemporal phenomena
necessitates controllable differentiability in space and time. This motivates to consider
the space—time fractional SPDE model

(3 +LP) X(t,x) =W(t,x), t€l0,T], xeD,

1.4
X0, x) = Xo(x), x €D,

where L in (1.3) is augmented with boundary conditions on 9D, (Xo(x))xep is the
initial random field, W denotes space—time Gaussian white noise, and 7' € (0, 00) is
the time horizon. Whenever 8§ = y = 1, the SPDE (1.4) simplifies to the stochastic
heat equation and this spatiotemporal model had already been mentioned in [50] and
it was used for statistical inference in [18, 67]. The novelty and sophistication of the
SPDE model (1.4) lies in the fractional power y € (0, 0co) of the parabolic operator.
Notably, it is the interplay of the parameters 8 and y that will facilitate controlling
spatial and temporal smoothness of the solution process. For D = RY, this has recently
been investigated via Fourier techniques in [49], see also [4, 19, 44].

Besides the aforementioned benefits of the SPDE approach and in contrast to the
SPDE (3 + LP)X = W, considered for instance in [17, 30], the SPDE model (1.4)
furthermore exhibits a long-time behavior resembling the spatial model (1.2).

1.2 Contributions
We introduce a novel interpretation of (1.4) with Xo = 0 as a fractional parabolic

stochastic evolution equation, and correspondingly define mild and weak solutions
for it. To this end, we first give a meaning to fractional powers of an operator of
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the form d; + A, where —A generates a Cp-semigroup. Generalizing the approach
taken for y = 1 in [25, Chapter 5], we prove that mild and weak solutions are
equivalent under natural assumptions, and we investigate their existence, uniqueness,
regularity, and covariance. Our main findings are that the problem (1.4) is well-posed,
and the properties of its solution X with respect to smoothness and covariance structure
generalize those of the spatial Whittle-Matérn SPDE model (1.2) and relate to the
parameters 8, y € (0, 0o) in the desired way. Restricting the analysis to a zero initial
field is justified by our primary interest in regularity related to the dynamics of (1.4)
and the long-time behavior of solutions.

In comparison with [9, 10, 51, 57, 71]—the only previous works on an equation of
the form (9; + L)Y u = f known to the authors—the main contributions of this work,
besides considering a stochastic right-hand side, are the fractional power 8 in (1.4)
and the method of proving regularity using semigroups. As opposed to the extension
approach in [9, 10, 51, 57, 71], this setting does not require a Euclidean structure.

1.3 Outline

Preliminary notation and theory will be introduced in Sect.2. In Sect.3 we give a
meaning to the parabolic operator d; + A and its fractional powers in order to intro-
duce well-defined mild and weak solutions of (1.4) with X( = 0. Subsequently, we
analyze these in terms of spatiotemporal regularity. Section4 is concerned with the
covariance structure of solutions. Finally, in Sect. 5 we apply our results to the space—
time Whittle-Matérn SPDE (1.4) considered on a bounded Euclidean domain or on
a surface. This article is supplemented by two appendices: “Appendix A” contains
several technical auxiliary results used in the proofs of Sect. 3. “Appendix B” collects
necessary definitions and results from functional calculus.

2 Preliminaries
2.1 Notation

The sets N := {1,2,3, ...} and Ny := N U {0} denote the positive and non-negative
integers, respectively. We write s A (or s V ¢) for the minimum (or maximum) of two
real numbers s, t € R. The real and imaginary parts of a complex number z € C are
denoted by Re z and Im z, respectively; its argument, denoted arg z, takes its values in
(—m, w]. We write 1p for the indicator function of a set D. The restriction of a function
f: D — Etoasubset Dy C Disdenotedby f|p,: Do — E;theimage of Dgundera
linear mapping T is written as 7 Dy. Given two parameter sets &2, 2 and two mappings
F.,9: P x 2 — R, we use the expression .7 (p, q) S, 4 (p, q) to indicate that
for each g € 2 there exists a constant C, € (0, 00) such that # (p, q) < C, 9 (p, q)
forall p € &. We write Z# (p, q) ~4 9(p, q) if both relations, Z (p, q) Sq Y(p, q)
and 9(p, q) Sq¢ Z (p, 9), hold simultaneously.
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2.2 Banach spaces and operators

If not specified otherwise, E or F denote separable Banach spaces. We instead write
H or U if we work with separable Hilbert spaces and wish to emphasize this. The
scalar field K is either given by the real numbers R or the complex numbers C. A norm
on E will be denoted by || - || and an inner product on H by (-, - ). We write [ for
the identity operator. The notation E < F indicates that E is continuously embedded
in F, i.e., there exists a bounded injective map from E to F. The dual space of E is

denoted by E*. We write E_OE for the closure of a subset Eg C E with respect to the
norm on E; the superscript may be omitted when there is no risk of confusion. The
Borel o-algebra of E is denoted by B(E).

We write T € Z(E; F) if the linear operator 7: E — F is bounded. Whenever
E = F, we abbreviate .Z(E) := Z(E; E), and this convention holds also for all
other spaces of operators to be introduced. The space .Z(E; F) is rendered a Banach
space when equipped with the usual operator norm; the space of Hilbert—Schmidt
operators 25 (U; H) € .Z(U; H) is a Hilbert space with respect to the inner product
(T, ) pw:.nm =2 ;en(Tej, Sej)n, where (¢)) jen is any orthonormal basis for U.
We write T* € Z(F*; E*) for the adjoint operator of T € Z(E; F). In the case
that T € Z(U; H), we identify U* = U and H* = H via the Riesz maps, so that
T* € Z(H; U). An operator T € £ (H) is said to be self-adjoint if 7* = T, non-
negative if (Tx, x)g > 0 holds for all x € H, and strictly positive if there exists a
constant 8 € (0, co) such that (Tx, x)yg > 9||x||12q holds for all x € H.

A linear operator A on E with domain D(A) is denoted by A: D(A) S E — E
and its range by R(A). We call A closed if its graph G(A) := {(x, Ax) : x € D(A)} is
closed with respect to the graph norm ||(x, Ax)|lgca) := lIxllg + [|Ax|| £, and densely
defined if D(A) is dense in E. The definition ||x|Ipca) := ||(x, Ax)llG(a) yields a norm
on D(A). If G(A) C G(A) for another linear operator A on E, then A is called an
extension of A and we write A C A. If G(A) is the graph of a linear operator, then we
call this operator the closure of A, denoted A.

2.3 Function spaces

Let a measure space (S, S, u) be given. We abbreviate the phrases “almost every-
where” and “almost all” by “a.e.” and “a.a.”, respectively.

We say that a function f: § — FE is strongly measurable if it is the w-a.e. limit
of measurable simple functions. For p € [1, oc], the Bochner space of (equivalence
classes of) strongly measurable, p-integrable functions is denoted by L?(S; E). It is
equipped with the norm

(s IFONE du())” if p € [1, 00),

| fllLr(s;E) == :
esssupes I f (D llE if p = oo,

where ess sup denotes the essential supremum. The norm on L2(S; H) is induced by
the inner product ( f, 825 H) = fS(f(t), g@®)y du(r).

@ Springer



Stochastics and Partial Differential Equations: Analysis and Computations

Now let S be an interval S := J C R, equipped with the Borel o-algebra and the
Lebesgue measure. The space of continuous functions from J to E will be denoted
by C(J; E) or CY%9(J: E) and be endowed with the supremum norm if J is com-
pact. For o € (0, 1] and compact J, we consider the space C 0.@(J; E) of a-Holder
continuous functions with norm

”f”CO»Of(_];E) = |f|CO,a(];E) + 11 fllc;E), where
| Flevas. ) = If@ - fle

’ t,s€J, t#£s [t — 5|

is the a-Holder seminorm. For n € Ny and 0 < @ < 1, the space C™“(J; E) consists
of functions whose nth derivative exists and belongs to C%*(J; E). If J is compact
we use the norm || fl|cne (s £y = 1| f ™ llcoa s,y + i 1 © e £y, where f©
denotes the kth derivative of f. Moreover, we define C*°(J; E) := (), ey c™9(J; E).
We say that f € C™“(J; E) is compactly supported if the support of f, defined by

supp f :={t € J: F(O) 0],

is compact. The space consisting of such functions is denoted by C."“(J; E). If f
vanishes at a point ¢+ € J, then we use the notation f € Cg”f;}(J ; E). The spaces
C>*(J; E)and C&O{t}(./; E) are defined analogously.

For an open interval J, we say that u € L*(J; E) belongs to HY(J: E) if
there exists a function v € L2(J; E) such that [vme@)dr = — [ u(t)¢'(1)dr
holds for all ¢ € C2°(J; R). The function d;u := v is called the weak derivative

of u and the norm on H'(J; E) is lullgry. gy == (”””izu;E) + ||8,u||i2(J;E))l/2.
The completion of CZ°((0, o0); E) with respect to the norm || - || 1, 00: ) defines
the space H(i 0} (0, o0; E). Elements of H(}’ {0}(J ; E) are restrictions of functions in
Hg’{o}(o, 00; E) to J C (0, 00).

Whenever the function space contains functions mapping to £ = R, we omit the
codomain, e.g., we write L?(S) := L?(S; R) for the Lebesgue spaces.

2.4 Vector-valued stochastic processes

Throughout this article, (£2, F, P) denotes a complete probability space equipped with
a normal filtration (F;);>0, i.e., Fo contains all elements B € F with P(B) = 0 and
Fi =(\yo; Fs forall > 0. Statements which hold P-almost surely are marked with
“P-a.s.”.

We call every strongly measurable function Z: 2 — E a (vector-valued) random
variable, and the expectation of Z € L'(£2; E) is defined as the Bochner integral
E[Z] := f_Q Z(w) dP(w). An E-valued stochastic process X = (X (¢)):¢[o,7] indexed
by the interval [0, T], T € (0, 00), is called integrable if (X (¢));c[0,7] S L?(82; E)
holds for p = 1, and square-integrable if this inclusion is true for p = 2. It is said to
be predictable if it is strongly measurable as a mapping from [0, 7] x £2 to E, where
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the former set is equipped with the o-algebra generated by the family
{5, 1] x Fy:0<s<t<T, F; € F;} U{{0} x Fy : Fy € Fo}.

Given another E-valued process X = (X (t))ref0,17, we call X a modification of X,
provided that P(X (t) = X (1)) = 1 holds for all 7 € [0, T']. Moreover, X and X are
said to be indistinguishable if P(Vr € [0, T] : X(¢) = X 1) =1.

For a self-adjoint strictly positive operator Q € Z(H), (WQ(t)),Zo denotes a
cylindrical Q-Wiener process with respect to (F;);>0 which takes its values in H,
cf. [52, Proposition 2.5.2]; if Q = I, we omit the superscript and call (W (¢));>0 a
cylindrical Wiener process.

3 Analysis of the fractional stochastic evolution equation

The aim of this section is to define and analyze solutions to the following stochastic
evolution equation of the general fractional order y € (0, 00):

(B + A X(@t)=W2(), tel0,T], X(@0) =0. 3.1

We interpret this as an abstraction of (1.4) with Xy = 0. As noted in the introduction,
we restrict the discussion to a zero initial field, since we are primarily interested in
properties resulting from the dynamics of the SPDE (1.4), respectively (3.1), and the
long-time behavior for 0 <« T < oo of its solution. We also note that imposing
non-zero boundary data for fractional problems is, in general, highly non-trivial, see
e.g. the recent works [1, 5] on the fractional Laplacian.

In Sect. 3.1 we investigate the parabolic operator B, which is defined as the closure
of the sum operator d; + A on an appropriate domain. In particular, we consider the Cp-
semigroup generated by — B3, which is used to define fractional powers B? for y € R.
Interpreting the expression (8, + A)¥ appearing in (3.1) as BY, we use this result
to define mild solutions in Sect. 3.2. In this part, we furthermore introduce a weak
solution concept for (3.1), and prove equivalence of the two solution concepts as well
as existence and uniqueness of mild and weak solutions. Spatiotemporal regularity of
solutions is the subject of Sect. 3.3.

3.1 The parabolic operator and its fractional powers

In this subsection we define the parabolic operator B and fractional powers 5Y. We
start by formulating several assumptions on the linear operator A, to which we shall
refer throughout the remainder of this work. For an overview of the theory of Cp-
semigroups, we refer the reader to [31] or [61]. The complexification of a normed
space or operator is indicated by the subscript C; see Sect. B.2.1 in “Appendix B” for
details.

Assumption 3.1 Let H be a separable Hilbert space over the real scalar field R. We
assume that the linear operator A: D(A) € H — H satisfies
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(i) —A generates a Cp-semigroup (S(#));>0-
Sometimes we additionally require one or more of the following conditions:

(i1) (S(#))s>o is (uniformly) bounded analytic, i.e., the mapping ¢ — Sc(¢), where
Sc(t) := [S(¢)]c, extends to a bounded holomorphic function on an open sector
X, C C for some angle w € (0, ) (see Definition B.1 in “Appendix B”);

(iii) Ac admits a bounded H°°-calculus with wg~ (A¢) < %, see Definition B.3;

(iv) A has a bounded inverse.

Under Assumption 3.1(i), Lemma B.6 allows us to use several results from [31,
37, 61] for Cp-semigroups and their generators on complex spaces also for (S(¢));>0
and —A. For instance, by [31, Theorem II.1.4] and [61, Chapter 1, Theorem 2.2] the
operator A is closed and densely defined, and the Cp-semigroup (S(¢));>¢ satisfies

M e[l,00), weR: [SOlzm) = I1ScOl ) < Me™ Vi >0.
(3.2)

If the conditions (i), (ii) and (iv) are satisfied, then (3.2) holds for some w € (0, 00),
see e.g. [61, p. 70]. In this case, (S(¢));>0 is said to be exponentially stable. Moreover,
we note that Assumption 3.1(ii) is equivalent to the operator Ac being sectorial with
w(Ac) < % by Theorem B.2, and that consequently condition (iii) implies (ii) since
w(Ac) < wg=(Ac) by Remark B.5. Whenever the conditions (i) and (ii) are satisfied,
we have the following useful estimate (see [37, Proposition 3.4.3]):

Ve €[0,00) : [ASO Iz = I1ACScOll2(rey Set™ Vi € (0,00). (3.3)

As a first step towards defining the parabolic operator 13, we define the Bochner
space counterpart A: D(A) € L?>(0, T; H) — L*(0, T; H) of A by

[Av](¥) := Av(®), v eD(A), aa. ¥ €(0,7T),

) ) (3.4)
D(A) = L*(0, T; D(A)) := {v € L}0, T; H) : |Av()ll 20,1711 < 0}

The Cp-semigroup (S(¢));>0 on H, generated by —A, can be associated to a family
of operators (S(t));>0 on L?(0, T; H) in a similar way:

[S@OV](P) = SHv@®), t>0,ve L2(0, T;H), aa. v €(0,T). (3.5)

It turns out that (S(#));>0 < Z(L*0,T; H)) is again a Cop-semigroup, with
infinitesimal generator —A, see Proposition A.3 in “Appendix A”.

In addition, we consider the family of zero-padded right-translation operators
(T(1))r=0 on L>(0, T; H), defined by

[T(H](®) ;=3 —1), >0, veL*0,T;H), aa. v e (0,T), (3.6
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where ¥ € L?(—o0, T; H) denotes the extension of v by zero to (—oo, T'). As shown
in Proposition A.5 in “Appendix A”, also (7(#));>0 < L(L*0, T; H)) is a Co-
semigroup and its infinitesimal generator is given by —d,, where

3:D(d) S L*(0.T: H) — L*(0.T: H),  D(3) = Hy 4,0, T: H), (3.7)

denotes the Bochner—Sobolev vector-valued weak derivative. We point out that the
domain D(9;) = (0 T; H) encodes the zero initial condition of the SPDE (3.1).
Furthermore, note that it readily follows from the definitions in (3.5) and (3.6) that,
forallt > 0, every v € L%0,T: H),and a.a. ® € (0, T),

[SOTHID) = [TOS(HH]D) = SOV — 1),

i.e., the semigroups (S(¢));>0 and (7(¢));>0 commute.
We now define the sum operator 9, +.4: D(3;+.4) C L%(0,T; H) — L*(0,T; H)
on its natural domain, that is

(0; + Av = 0;v + Av,

1 5 (3.8)

v € D@3 +A) = Hy (0, T; H) N L°(0, T; D(A)),
with A and 9; as given in (3.4) and (3.7), respectively. The next proposition shows
that the closure of —(d; + .A) again generates a Cy-semigroup, namely the product
semigroup of (S(1));=0 and (7());o.

Proposition 3.2 Let Assumption 3.1(i) be satisfied. The closure B := 9; + A of the
sum operator 9; + A defined in (3.8) exists and —B generates the Cy-semigroup
(S(t)T(t));=0 on L*(0, T; H), which satisfies

ISOIlgw) fO<t<T,
S(t)I(t = TS =
ISOTON 2 20.17:my) = 1TOSON 220,17 HY) 0 I

where (S(t))r>0 and (1()):>0 are defined as in (3.5) and (3.6), respectively.

Proof By the commutativity of the semigroups (S(7));>o0 and (7(¢));>0, we may
conclude that (7(¢)S(1));>0 is a Co-semigroup whose generator is an extension of
—(8;+.A), and the domain of the generator contains Hol,{()} 0, T; HYNL2(0, T; D(A))
as a subspace that is dense with respect to the graph norm, see [31, Example I11.2.7].
Subsequently, Lemma A.2 shows that the generator is the closure of —(9; + .A).

Fix t € [0, T). The inequality | Z(\)St) |l 2 20.7: 1)) < 1S 2 (m) Tollows by
the contractivity of 7(¢) and the operator norm isometry from Lemma A.1(a). Now
we turn to the reverse inequality. By definition of the operator norm on £ (H), there
exists a normalized sequence (xy),en in H such that ||S@®)x, g > SOl 2y — %
holds for all n € N. Correspondingly, define the sequence (v,)nen in L2(0, T; H) by
v, (9) = (T — t)_l/Ql(o,T_t)(z‘})x,, for every ¢+ € (0, T) and all n € N. Note that
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lvallL20.7: ) = 1 for every n € N, and

ITOS@vnll 2071y = 1T =071 1) l200. 1 ISOxn = 1SONl 2ty — -

As this holds for all n € N, we conclude that ||’T(t)8(t)||g(Lz(0 7.1y = 1S .2m)-
The final assertion for t > T follows from the fact that 7(z) = 0 for ¢ >T. O

Remark 3.3 The closure B = 9; + A appearing in Proposition 3.2 raises the question
of when the sum operator itself is closed. The answer is intimately related to the subject
of maximal LP?-regularity; we refer the reader to [29] or [47] for detailed accounts of
this theory. In the Hilbert space setting, the sum turns out to be closed under Assump-
tions 3.1(i),(ii). Indeed, [9; ]c has a bounded H *°-calculus with wgeo ([9;]c) < 72r since
(7(1))s>0 and (7 (1))s>0 are contractive, see Definition B.3 in “Appendix B” and [42,

Theorem 10.2.24]. By Assumption 3.1(ii) and Theorem B.2, we have w(Ac) < %,
and the same follows for Ac by applying Lemma A.1(a) to its resolvent operators.
Thus, we may conclude with [47, Theorem 12.13] that [9; + A]c is closed, so that the
same holds for 9; + A.

We are now in the position to define fractional powers of the parabolic operator.
For y € (0, co) we work with the following representation (see “Appendix B.2.2”):

1 00 1 T
-y e y—1 _ -
B .= o) /(; s S(s)T(s)ds = _F(y) /(; s7TIS(s)T(s)ds.  (3.9)

Note that, for any y € (0, 00), this definition yields a well-defined bounded linear
operator on L2(0, T; H), since the product semigroup (S()7T(1))>0 Was seen to be
exponentially stable (in fact, eventually zero) in Proposition 3.2.

The next result shows that the pointwise evaluation of B~V f att € [0, T] is
meaningful, provided that y > %

Proposition 3.4 Suppose Assumption 3.1(i) and let p € (1,00), vy € (1/p, 00). Then

f=>%By,f, [Bypflt) = /(t—s)” 'S(t —s)f(s)ds Vit e[0,T],

(3.10)

I'(y)

defines a bounded linear operator, mapping f € LP(0, T; H) into Co 10y([0, T]; H).
Inparticular, ify € (1/2, 00), we have for the negative fractional parabolic operator
B~ defined by (3.9) when acting on f € L%(0, T; H) the pointwise formula

/(t—s)V 'S(t —s)f(s)ds Vrel0,T].
(3.11)

[B7Y f1(t) = [Zy2 1) = )

Proof By [25, Proposition 5.9], for p € (1, 00) and y € (I/p, 00), the operator &, ,
defined by (3.10) maps continuously from L?(0, T; H) to Co 0y([0, T]; H).
Next, note that for all f € L%(0,T; H) and a.a. ¢ € [0, T], we obtain by (3.9)
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[B7 f1)

oo t
%f s77S(s)T(s) f1(r) ds = L)/ s?7IS(s) f(r — s)ds

_ m)/ (t — )71 8(t — 5)f(5)ds = [By 2 £100).

Thus, by the first part of this proposition, for every y € (1/2, 00), we obtain that
R(B™7) € Co,103([0, T]; H) and the above identities hold pointwise in ¢ € [0, T]. O

Remark 3.5 Propositions 3.2 and 3.4 require only Assumption 3.1(i), i.e., that —A
generates the Co-semigroup (S(#));>0. Exponential stability or uniform boundedness
of (S(¢));>0 are not needed, since we consider linear operators on L?(0, T; H) (instead
of L2(0, oo; H)), allowing us to use uniform boundedness of (S(¢));>0 on the compact
interval [0, T'] to derive exponential stability of (S(¢)7(¢));>0.

In what follows, we may also consider the adjoint operator B~V* := (B77)*.
More specifically, we will use it in the next section to define a weak solution to the
fractional parabolic SPDE (3.1). The following lemma provides useful results for the
adjoint B~7* which are analogous to those for 577 in Proposition 3.4. For ease of
presentation, the proof has been moved to Sect. A.3 of “Appendix A”.

Lemma 3.6 Suppose Assumption 3.1(1) and let y € (1/2,00). The adjoint negative
fractional parabolic operator B~V* maps g € L%(0, T; H) into Co,i1y([0, T1; H),
and

[B77*gl(s) = e )/ (=)’ [SG -9 g)dr Vs €[0,T]. (3.12)

Finally, we note that B7"* = (B*) 7. To see that the fractional power on the right-
hand side is indeed well-defined, we use [61, Chapter 1, Corollary 10.6] and conclude
that —B* is the generator of the Cy-semigroup ([S(¢)7(¢)]*)>0, which clearly inherits
the exponential stability from (S(¢)7(¢));>0 since their norms are equal. The identity
is then obtained as follows,

1 00 * 1 00
—y* _ - V_l _ V_l i} ~ o
£ s <F(V)/o g S(S)T“)ds> =5 /0 ST ds = (B 7,

where the first and last identities are due to (3.9) and the second is a consequence of
the general ability to interchange Bochner integrals and duality pairings.

3.2 Solution concepts, existence and uniqueness

We now turn towards defining solutions to (3.1) for fractional powers y € (0, 00).
Recall from Sect.2 that (£2, F, P) is a complete probability space equipped with a
normal filtration (F;);>0, and that (WQ(t)),zo is a cylindrical Q-Wiener process on
H with respect to (F;);>0, where Q € £ (H) is self-adjoint and strictly positive.
Having defined and investigated the parabolic operator B, its domain and its frac-
tional powers, we are now in particular able to invert the fractional operator 5.
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Equation (3.11) suggests the following definition of a fractional stochastic convolution
as a mild solution to (3.1).

Definition 3.7 Let Assumption 3.1(i) hold and define, for y € (0, 00), the stochastic
convolution

t
Z,(1) = %V)/o (t — )18t —s)dW2(s), tel0, Tl (3.13)

A predictable H-valued stochastic process Z, := (Z, g))te[O,T] is called a mild
solution to (3.1) if, for all ¢ € [0, T'], it satisfies Z,, () = Z,, (), P-as.

We first address existence and mean-square continuity of mild solutions. Further-
more, we adapt the Da Prato—Kwapiefn—Zabczyk factorization method (see [24], [25,
Section 5.3]) to establish the existence of a pathwise continuous modification.

Theorem 3.8 Let Assumption 3.1(i) be satisfied and let y € (0, 00) be such that

T
35 €0, y): / ||zV*1*55(z)Q%||2$2(H)dr<oo. (3.14)
0

The stochastic convolution Zy (1) in (3.13) belongs to L*($2; H) forallt € [0, T]if
and only if (3.14) holds with § = 0. In this case, the mapping t — Z,, (t) is an element
of C([0, T1; LP(82; H)) forall p € [1, 00); in particular; there exists a mild solution
in the sense of Definition 3.7, and it is mean-square continuous.

Whenever (3.14) holds for some § € (0, y), then for every p € [1, 00) there exists a
modification of Z, with continuous sample paths belonging to L? ($2; C ([0, T]; H)).
In particular, the mild solution has a modification with continuous sample paths.

Proof We first consider the case § = 0 in (3.14). By the It6 isometry (see e.g. [52,
Proposition 2.3.5 and p. 32]), we obtain the identity

~ 1 T 1 1,2
sup 12,011, =—/ SO0 di.
t€[0,T] 7 L2 H) |F()/)|2 0 ” H‘ZZ(H)

Therefore, Z, (1) € L*(2; H) holgs for all # € [0, T] if and only if (3.14) is satisfied
with § = 0. The fact that r + Z, () belongs to C([0, T]; L?(§2; H)) for every
p € [1, oo) will be shown in greater generality in Proposition 3.18, see Sect. 3.3.3.

Moreover, note that Z,: [0, T] x £2 — H is measurable and (F;);¢[0,7]-adapted,
and that mean-square continuity implies continuity in probability, so that we may
apply [63, Proposition 3.21] to conclude that there exists a predictable modification
Z, of Z,. Then, Z,, is a mild solution to (3.1) in the sense of Definition 3.7.

Now suppose that (3.14) holds for some § € (0, y) and let p € (/s v 1, 00). By
the above considerations, Z/_(g and Z, exist as elements of C([0, T]; L?(£2; H)).In
particular, Zy_5 belongs to LP(0, T'; LP(§2; H)), hence to L”(£2; L?(0, T; H)) by
liubini’s theorem. For this reason, there exists a set 29 € JF with P(£29) = 0 such that
Z, s(-,w) € LP(0,T; H) for all w € 2§ = £2\£29. We recall the linear operator
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Bs,p: LP(0,T; H) — Co,10y([0, T]; H) from (3.10) and claim that the process Z,
defined for ¢t € [0, T] and w € £2 by

%t ) e (Bs.pZy—s](t, 0) if (t,w) € [0, T] x £,
AR ) if (1, w) € [0, T] x 2o,

is the desired continuous modification of Z,. To this end, firstly note that
for all o € £ the mapping 7 Z, (t, w) indeed is continuous and
Z belongs to LP(2; C([0, T]; H)) this follows from Proposmon 3.4 since
6 € (1/p, 00). In order to show that Zy is a modification of Zy, we fix t € [0, T]
and employ formulas (3.10) and (3.13) along with the semigroup property to obtain

Z,(t) = [Bs.pZy—s](t) = /(r—s)3 1St —$)Z,_5(s)ds

re)

— = [ —_ )8! — _ \y—6—1 _ 0
F(S)F(V—S)/O (t—5) S(t S)|:/0 (s—r) S(s —r)dw (r):|dS

1 t prs 5.1 st 0
m/o /o (¢ =" =TS = ) dWE) ds, Pas.
(3.15)

> T 11— 1,2
We set M7 := sup;cio.71 1Sl .2y, K1 := [y |17~ BS(t)Q2||$2(H) dt and find

t K . /2
/(; |:/0 ” (t—5)Ys =) 1s@ —r) 02 Hiﬂz(H) dr] ds
- t s | 1/2
< MT/O (t—s)3_1|:/0 [ =" 7s6 =102 2 dr:| ds
» t s . 1/2 7 S
— MT/O (t _ S)8—1|:/0 Hr)/—l—BS(r)Qj “;2(1—[) dri| ds < w <

This estimate shows that

s > 10,0 ()05 () — )N — YIS — ) Q2
e LY0, T; L*(0, T; A (H))),

and the stochastic Fubini theorem [63, Theorem 8.14] may be used in (3.15), yielding

5 1 T 5—1 y—8—1 0
Zy(l)—m‘/(; |:[ (l_s) (S_r) de|S(t—r)dW (r), P-a.s.

Using the change of variables u(s) := 5=~ and [59, Formula 5.12.1], we derive that

t—r

t 1 _
t—nr' / t =)0 s —rr 0 lds = / (1 —wd = ay = Ty —HI'e)
r 0 F(V)

’
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which shows that Z, 1 = Z,, (7) holds P-a.s. Since 7 € [0, T] was arbitrary this
implies that Z, is a modification of Z,, and completes the proof for p € (I/s v 1, 00).
The case p € [1, 1/s v 1] follows from the nestedness of the L7 (§2; C([0, T']; H))
spaces. O

In order to provide a more rigorous justification for the Definition 3.7 of a mild
solution to (3.1), we proceed as follows: We seek a further suitable solution concept
of a weak solution, which follows “naturally” from (3.1) using L?(0, T'; H) inner
products, and show that weak and mild solutions are equivalent.

For this, we first define the weak stochastic It6 integral for f: (0, T) — £ (H)
and g: (0,7) - H by

t t ~
fo(f(s)dWQ<s),g(s))H :=f0 fo()dWEC(s), re[0,T],

where [ | Q3 [f()1*g(s) |3 ds < oo and fy: (0, T) — L (H; R) is defined by

fe()x == (f(s)x,g(s))y Vx e H, Vse(0,T),

cf. [52, Lemma 2.4.2].

Definition 3.9 Let Assumption 3.1(i) hold and let y € (0, 0c0). A predictable H-
valued stochastic process Y, := (¥, (¢))efo, 7] is called a weak solution to (3.1) if it
is mean-square continuous and, in addition,

T
Vi € D(BY*) : (Yy,By*w)Lz(O,T;H):/O @wew), y(®),. P-as.(3.16)

Remark 3.10 For y = 1, a natural weak solution concept is the formulation given in
[63, Definition 9.11]: A predictable H-valued process (Y1 (?)):e[0,7] is a weak solution
to (31) if Supte[O’T] || Y] (t)”LZ(_Q,H) < X and, forallt e [O, T] and y € D(A*),

t
(Y1(1), Y)u = —/0 (Y1(s), A*y)g ds + (WC(1), y) . P-as.

Provided that Assumption 3.1(i) and (3.14) are satisfied, by [63, Theorem 9.15] an
H -valued stochastic process is a weak solution in this sense if and only if it is a mild
solution in the sense of Definition 3.7 with y = 1.

In the next proposition we generalize this result to an arbitrary fractional power y
and show that, under the same conditions, the mild solution in the sense of
Definition 3.7 is equivalent to the weak solution in the sense of Definition 3.9.

Proposition 3.11 Suppose that Assumption 3.1(i) holds and let y € (0, 0c0) be such
that (3.14) is satisfied. Then, a stochastic process is a mild solution in the sense of
Definition 3.7 if and only if it is a weak solution in the sense of Definition 3.9. Moreover,
mild and weak solutions are unique up to modification. If one requires continuity of
the sample paths, mild and weak solutions are unique up to indistinguishability.
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Proof First, we show that a mild solution Z,, is a weak solution. Note that mean-square
continuity follows from Theorem 3.8. Fix an arbitrary ¥ € D(BY*). Then,

1 i _
(ZV’BV*II/)LZ(O,T;H) = m/(; (A (t _S)y IS(t _S)dWQ(S)a [By*l//](t)>H dt

1 T T
= Ty)/o /0 0.0y — )7 718t —5)dW 2 (s), [B*y1(r)) , dr (3.17)

holds P-a.s. Here, we used that (fOT F(s)dwW<(s), X))y = fOT (f(s)dWE(s), x) g for
all f: (0, T) - Z(H) and x € H, which readily is derived from the definition
of the weak stochastic integral and the continuity of inner products. We now would
like to apply the stochastic Fubini theorem, see e.g. [63, Theorem 8.14], in order to
interchange the inner weak stochastic integral and the outer deterministic integral.
Again by the definition of the weak stochastic integral we have, fora.a. t € (0, T),

T T
/ (l(o,t)(s)(t—s)V_IS(z—s)dWQ(s),[BV*w](t))H:/ w(s,)dW2(s), P-as.,
0 0

where the integrand ¥ (s, ) : H — Risdeterministicand, fors, t € (0, T'), defined by

Y(s,D)x = (l(o,t)(s)(t — )7 Is@ — 9)x, [BV*W](t))H Vxe H. (3.18)

Thus, the usage of the stochastic Fubini theorem is justified if # — ¥ (-, t)Q% is in
L0, T; L?(0, T; £(H; R))). Given an orthonormal basis (g) jen for H, we obtain

[#6.00% oy 1z = 2ol (Lo @)t = 97715 = )03 g, 1B7v10)
j=1

< 100 &) =775t = 03|y, 4 1187 w10,
by the Cauchy—Schwarz inequality on H. From this, it follows that
1 r r 1,2 12
[t w007 Lo 11201 00 =/0 (/0 1. 007 | .y ds) dr
T t ] " . "
5/0 (/0 |t — )7~ S(t—s)Qz||‘%(H)||[By*w](t)”Hds> i
T/ pt - 2
:/0 (./0 5778202 s ds) 1By 10|, e
1 T 12 12
< T8V 2 0.7: 1) </0 [s*~'s(s)02 “fz(H) ds) .

where we used the Cauchy—Schwarz inequality on L?(0, T) in the last step. Owing
to (3.14), the integral in the final expression is finite. Applying the stochastic Fubini
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theorem to (3.17), taking adjoints in (3.18) and using the continuity of (-, - )y gives

1 T T
(Zy, B V) 120.7:1) = m[ f W (s, 1) dt dW2(s)

T
:/O < dw2(s), m/ (t — ) 7S — )T B”tﬂ](t)dt)H

T
:/0 (dWQ(s),[B_V*BV*w](s))H=/O @W2(s), ¥ (s),, P-as.,

where we used (3.12) in the third line. Therefore, Z, is a weak solution.
Conversely, suppose that Y, is a weak solution, let an arbitrary ¢ € L2(O, T; H)
be given and set ¢ := B~ "*¢ € D(BY*). Substituting this into (3.16) gives

T
(Yy,f/;)Lz(o,T;H):/O @W2@), [B77*¢1(1),, P-as.

Let (Z), (t))re[0,1] be the stochastic convolution in (3.13). Since the condition for the
stochastic Fubini theorem still holds after replacing B *y by ¢ in (3.18), the proof of
the previous implication can be read backwards to see that

Vo e L20.T; H) : P((Yy. ®) 20720 = Zys D 1200.1:m)) = 1.

By separability of H, also P(Y), = Z in L2(0, T; H)) = 1 holds so that by Fubini’s
theorem Y, = Zy in L%(0, T; L2(.{2 H)) follows. Since both Y, and Z are mean-
square continuous, this shows that, for all # € [0, T'], Y, (t) = Z y (@) in L2(.Q H).
Therefore, for all ¢+ € [0, T'], we have that Y, () = 4 (t) P-as., i.e., Y}, is a mild
solution.

It thus suffices to prove uniqueness only for mild solutions. By Definition 3.7, mild
solutions are modifications of the stochastic convolution ZV in (3.13), hence of each
other. If two mild solutions are moreover known to have continuous sample paths,
then they are indistinguishable by [63, Proposition 3.17]. O

3.3 Spatiotemporal regularity of solutions

We now investigate spatiotemporal regularity of the mild solution Z, in Defini-
tion 3.7. We start by stating our main results, Theorem 3.12 and Corollary 3.13,
in Sect. 3.3.1. In Sect. 3.3.2 we derive a simplified condition for spatiotemporal reg-
ularity, which is easier to check in applications and sufficient whenever A satisfies
Assumptions 3.1(i),(iii),(iv), see Proposition 3.14. In addition, we explicitly discuss
the setting of a Gelfand triple V < H = H* — V* in the case that the operator A
is induced by a (not necessarily symmetric) bilinear form a: V x V. — R which is
continuous and satisfies a Garding inequality. Section 3.3.3 is devoted to the proof of
Theorem 3.12.
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3.3.1 Main results

In Theorem 3.12 below, the temporal regularity of the (weak or mild) solution is
measured by the differentiability n € Ny as well as the Holder exponent T € [0, 1).
Spatial regularity is expressed by means of vector spaces which are defined in terms
of fractional powers of A (see Sect. B.2.2 in “Appendix B”) as follows:

HX = D(Am), (x, y)HX = (Ao/zx, Ao/zy)H, o € [0, 00).

For o € (0, 00), HX is a Hilbert space provided that Assumptions 3.1(i),(ii),(iv) are
satisfied. In this case, we have the embeddings I-'IX/ s I-'I;‘7 < Hforallo’ > o > 0.
Note, in particular, that we do not need to assume that A is self-adjoint.

Theorem 3.12 Suppose that Assumptions 3.1(1),(ii) are satisfied and let n € Ny,
o €[0,00)andy € (U;r +n, oo) where r € [0, o] is such that Q% e Y(H, I-'I/g).
In the case that o € (0, 00), suppose furthermore that Assumption 3.1(iv) is fulfilled.
Under the condition

T
fo |75y 0 ||2$2(H;Hz)dt < oo, (3.19)

the mild solution Z, (or, equivalently, the weak solution Y,) in the sense of
Definition 3.7 (or 3. 9) belongs to C™0([0, T1; L”(.Q H"))for every p € [1, 00).

If additionally y > n+t + 7 and A"+T+7_VQ2 € 4 (H, HX) are satisfied for
some T € (0, 1), then we have Z,, € C"™* ([0, T']; L?(£2; HX))for every p € [1, 00).

An application of the Kolmogorov—Chentsov continuity theorem, see e.g. [20,

Theorem 3.9], allows us to (partially) transport the temporal regularity result of
Theorem 3.12 to the pathwise setting, as seen in the next corollary.

Corollary 3.13 Suppose that Assumptions 3.1(1),(ii) are satisfied. Let o € [0, 00),
r e [0,0] y € (";r,oo) and © € (0,1) be such that Q% e Y(H; I-'Iz) and
y =1+ % Ifo € (0, 00), suppose also that Assumption 3.1(iv) holds. If the condition

L r. 12
|aT+2 VQZH.zz(H;Hzﬁ/O |71 07| ;i) At < 00

is satisfied, then for all p € [1, 00) and every T’ € [0, T) there exists a modification
y of the mild solution Z,, (or, equivalently, of the weak solution Y, ) in the sense
of Definition 3.7 (or 3. 9) such that Z has t'-Holder continuous sample paths and

belongs to L?($2; %7 ([0, T'; Hg)).

Proof We first invoke Theorem 3.12 with n = 0 and 7 € (0, 1) to establish that Z,
belongs to CO*’([O, T1; L9(82; HX)) for every q € [1, 00). The result then follows
by choosing g > 1 sufficiently large, applying the Kolmogorov—Chentsov continuity
theorem (see e.g. [20, Theorem 3.9]), and using nestedness of the L? spaces. O
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3.3.2 Assimplified condition and its application to the Garding inequality case

Whenever also Assumption 3.1(iii) holds, it is possible to replace the condition (3.19)
by one which is simpler to check in practice. In this case, the operator A satisfies
square function estimates (see Sect. B.2.3 in “Appendix B”), one of which is used to
prove the next result.

Proposition 3.14 Let Assumptions 3.1(1),(iii),(iv) be satisfied. Suppose that the con-
stants 0,8 € [0,00) and y € (% + 6, oo) N [% + 5+ %, oo) are given, where

r € [0, o] is taken such that Q% e Y(H,; H:\). Then,
o0
—1-4 1 2 _ 5+l_ 1 2
fo (124 S@)Q? ||,%<H;Hg)dt S A2 02 ||$2(H;H;;)'

Proof Applying Lemma B.7, see “Appendix B”, witha :=y — § — % € (0, 00) and
X = A%"‘H%_VQ%y € H for y € H shows that

oy —1=8 gy—6—1 s+ioy At o2 4 s+ioy AL 112
/0||t AT IS (A2 sz||sztN(y,5) A%tz Q2y||HZ Vy e H.

Summing both sides over an orthonormal basis for H and using the Fubini—Tonelli
theorem to interchange integration and summation on the left-hand side yields the
desired conclusion. O
Remark 3.15 Proposition 3.14 shows that under the additional assumption that Ac
admits a bounded H °°-calculus with wge (Ac) < %, which e.g. is satisfied whenever

A is self-adjoint and strictly positive, it suffices to check that y > n + w and

_ . . 1 1 .
y >n+ w and that the Hilbert—Schmidt norm || A"T*T277 Q 2 |2 ) 18

bounded to conclude the regularity results of Theorem 3.12. This condition coincides
with the one imposed in [46, Section 4, Theorem 6] to derive regularity in the non-
fractional case y = 1 for p = 2,0 =0,n =0and 7 € [0, 1/2].

Corollary 3.16 Let$ € [0,00) and y € (% + 3, oo) Suppose that A satisfies Assump-
tion 3.1(1) and that there exists a constant 1 € [0, 00) such that A=A + nl satisfies
Assumptions 3.1()(iii),(iv) and A*27Y Q3 € 5 (H). Then, the mild solution Z,,
in the sense of Definition 3.7 exists and belongs to C ([0, T1; LP($2; H)) for every
p € [1,00). If 8 > 0, then for every p € [1, 00) there exists a modification of Z,, in
L?(82; C([0, T]; H)) which has continuous sample paths.

Proof Note that S(¢) = e TS‘\(I/)\ holds for every ¢+ > 0, where (§(t)),20 denotes the
Cop-semigroup generated by —A. Hence, by Proposition 3.14 we find that

T T
fo 177175007 |y iyt < 7 /0 |7 717281) 02| %, gyt
S T | A3 01 |2 < -

The claim now follows from Theorem 3.8. O
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We illustrate the utility of Corollary 3.16 in the following example. It is concerned
with the case that the operator A is induced by a bounded bilinear forma: VxV — R,
where V < H is dense in H, and a is not necessarily coercive on V; see also [37,
Section 7.3.2]. We note that this setting applies to a variety of important applications,
including symmetric and non-symmetric differential operators of even orders.

Example 3.17 Let (V, (-, -)y) be a Hilbert space which is densely and continuously
embedded in H. Suppose that A: D(A) € H — H is induced by a bounded bilinear
form a: V x V — R which satisfies a Garding inequality, i.e., there exist constants
o, o1 € (0, 00) and n € [0, co) such that

la(u, v)| < aqflullviv]v Vu,v eV, (3.20)
a(u, u) > aollully — nllul? VueV. (3.21)

The Garding inequality (3.21) can be interpreted as coercivity of the bilinear form
a(u, v) := a(u, v)+n(u, v)y on V, associated with A=A +n1, while (3.20) implies
that @ is bounded. The complexified sesquilinear form a¢: Ve x Vo — C, which is
defined analogously to (B.2) and induces the operator Ac, inherits the boundedness
and coercivity from a. Thus, there exist @y, &1 € (0, 00) such that

lac @, v)| < a1 llullvellvlive Vu,v € Vg,
Re dc(u, 1) > dollull, Yu € Ve.
Therefore, a0||u||2 < Reac(u,u) < lac(u,u)| < oel||u||v(C < %Rea(c(u u)

follows for every u € V(c If Vo # {0}, these estimates imply that &g < o) and

[ Im ac (u, u)|

2
|

= = 2
= Vlac, ) — [Redc, w)? < <OT2 - 1) Re dc(u.u) Vu € Ve.
0

This shows that —Z@ generates a bounded analytic Cp-semigroup (§C (t))¢>0 of con-
tractions on Hg, cf. [60, Theorem 1.54], where we used that (—o0, 0) C p(gc) by
[60, Proposmon 1.22]. Applymg [42, Theorems 10.2.24 and 10.4.21] and using that
a)(A(c) € [0, %) because (Sc(1))s=0 is bounded analytic (see Theorem B.2), we find
that A admits a bounded H*-calculus of angle wy~(A¢) = w(Ac) € [0, Z). Thus,
we are in the setting of Corollary 3.16. In particular, the existence of a mean-square

continuous mild solution to (3.1) for y > % follows if ||;4\%’V Q% |2y < o0.

3.3.3 The proof of Theorem 3.12
We split the proof of Theorem 3.12 into several intermediate results. Before stating and
proving these, we introduce the following function, which generalizes the integrand

in (3.13) used to define mild solutions. Given a € R, b € [0, c0) and o € [0, 00),
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define @, (0, 00) — Z(H; HY) by

Gup(t) = 19APS(1)Q2, 1 € (0, 00). (3.22)

Note that a mild solution Z, in the sense of Definition 3.7 satisfies the relation
1 ! ~
Viel0,T]: Z,(t) = —/ D,_10(0 —s)dW(s), P-as.,
’ royy o 7’

where W(t) = Q’% W2(r),t > 0, is a cylindrical Wiener process.

The first result quantifies spatial regularity of the continuous-in-time stochastic con-
volution with @, 5 in L (2; HK)-sense. Recall from Sect. 2 that (W (¢));>0 denotes
an (arbitrary) H-valued cylindrical Wiener process with respect to (F;);>0.

Proposition 3.18 Let Assumption 3.1(i) hold. Suppose that the constants a € R,
b,o € [0,00) and T € (0, 00) are given. If ¢ # 0, then suppose moreover that
Assumptions 3.1(ii),(iv) are satisfied. If the function ®, p, defined in (3.22) belongs to
L%(0,T; % (H; HY)), i.e.,

T
2
/0 ||¢“’b(t)||$2(H;H§)dt < 00,

thent — [y ®qp(t —s) dW (s) belongs to C([0, T1; LP(2; HS)) forall p € [1, c0).
Proof We first note that the assumption @, j, € L%, T; 4 (H: I-'IX)),combined with

the Burkholder-Davis—Gundy inequality (see [52, Theorem 6.1.2]) and the continuous
embedding

L*(2; H) < LP(2; HS), pell,2), o€l0,00), (3.23)
imply that f(; @, p(t —s)dW(s) indeed is a well-defined element of L”(£2; I-.IX) for
allr € [0, T] and every p € [1, oo)‘.

It remains to check the L?(§2; H{)-continuity of ¢ > fot D, p(t —s)dW(s). For
fixedt € [0, T) and i € (0, T — t], we split the stochastic integrals as follows:

t+h t
/ Dy p(t+h—s)dW(s) —/ D, p(t —s)dW(s)
0 0
t+h t
- / Byt +h —5)dW(s) + / [yt + I — ) — Pyt — AW ().
t 0

For p € [2, o0), the Burkholder—Davis—Gundy inequality yields

t+h t
/ Bup(t +h —5)dW(s) + / [Bup(t + I — 5) — Bup(t — )] AW (s)
t 0

LP($2;HS)
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t+h ) 1/2
Sp |:/ ||¢a,b(t+h_S)||$2(H;Hz)d5j|
t

t 1/2
Dy p(t +h —5) — g p(t — )| d
+[/0 1Pt +h=5) = Papt =9y, . 4 S]

h 1/2 t 12
— 2 2
—[/0 ||¢a,b(u)||$2(H;Hg)du} +[/O ||<1>a,b<r+h>—¢a,b<r>||fz(H;Hg)dr] :

where u :=t+h —sandr :=1t —s. Since @, , € L0, T; % (H; HX)) the first
integral tends to zero as & | 0 by dominated convergence. The second term tends to
zero by Lemma A 4, see “Appendix A”.

Fort € (0, T]and h € [—t, 0), the difference of stochastic integrals can be rewritten

using fol = 0t+h + ff+h Thus, we obtain, for every p € [2, 00), the bound

t+h t
H/ Dy p(t+h—s)dW(s) — / Dy p(t —s5)dW(s)
0 ' 0

LP(2:HS)

—h 1/2 1 12
< @45 ()% o dr| + g p(r +h) — g p()II s dr
~PLfy b e miag) b @b N (1A S)

where we again used the change of variables r := ¢t — 5. Both terms on the last line
tend to zero, again by dominated convergence and Lemma A .4, respectively.
Finally, we note that the result for p = 2 implies that for p € [1, 2) by (3.23). O

Furthermore, we obtain the following result regarding the temporal Holder
continuity of the stochastic convolution with the function @, j in (3.22).

Proposition 3.19 Suppose that Assumptions 3.1(1),(ii) are fulfilled, let T € (0, c0),
ae (—%, oo) b,o €[0,00)and T € (0, a+ %] N0, 1). If o # 0, then suppose also
that Assumption 3.1(iv) holds. If A=~ 24T Q1 € Ly (H; HS) and @, is defined
by (3.22), then t — fot D, p(t — 5)dW(s) belongs to CO%T([0, TT; LP($2; HX)) for
all p € [1, 00).

Proof Fort € [0,T) and h € (0, T — t], we obtain

t+h t
H/ Pyt +h—s)dW(s) — / D, p(t —s)dW(s)
0 0 LP(_Q;[-']X)

=<

t
fo [Bap(t +h —5) — Byt —5)]dW(s)

Lp(2;HY)

t+h
+/ Dy p(t+h—s)dW(s)
t

LP(2;HY)
g(p,a,r) h* ”Aiai%ﬂ?+r Q% ”,ZQ(H;I-'IX)

by Lemmas A.6 and A.7, see “Appendix A”. The analogous result for the case that

t € (0, T]1and h € [—t, 0) follows upon splitting [, = éJrh + fzt+h and applying the

lemmas with7 :==r+h € [0,T)and h:= —h € (0,T —7]. O
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We now investigate temporal mean-square differentiability. To this end, we need
the following estimate which is implied by (3.3): For all a € R, b € [0, c0), we have

1

Ve e[0,00): [ Pap®Oxllu Se r“—fUA”—CQ%xHH Vx € D(A"¢Qz). (324

The next lemma records some information about the derivatives of @, j in (3.22).

Lemma 3.20 Ler Assumptions 3.1(1),(ii) be satisfied, and let a € R, b, o € [0, 00). If
o € (0, 00), suppose furthermore that Assumption 3.1(iv) holds. Then, the function
D, defined by (3.22) belongs to C*°((0, 00); L (H; HY)) with kth derivative

k

k k
d h—i ; 1
37 Pab® =D Cajut " TPAMISH02 =Y Caj kPamijy bt O,
j=0 j=0

(3.25)

where Cq j k== (—l)j(];.) ]_[i.:]j(a —(k—j)+i)foraeR, j,keNy j<k
Moreover, if r € [0, 2b + o] is such that Q% € Y(H; H:‘) and n € Ny satisfies

n <a-—b— %", then @4 has a continuous extension in C"([0, 00); £ (H; I-'IX))

with all n derivatives vanishing at zero.

Proof Since (S());>0 is assumed to be analytic, S(-) is infinitely differentiable from
(0, o0) to Z(H), with jth derivative (—A)’ S(-) and, for z € (0, 00), & := %,

[A+55()] V() = [S(- — a3 5()] V(1)
= (=AY S(t — ) APTTS(e) = (= 1)T AITPTTS(1).

Here, the limits fpr the deriva'tive_:s are taken in the .Z(H) norm. This is equiva-

lent to [AS(-)]Y(r) = (—1)7 AJTPS(r) with respect to the £ (H; HYF) norm. The

expression for the kth derivative of @, ;, thus follows from the Leibniz rule.
Nowletr € [0, 2b+0],n € Ngbesuchthatn < a—b—%" and Q% € Y(H; Hg).

2
To prove the second claim, we derive that forall k € {0, 1,...,rn}and t € (0, c0)
dk k , . o— 1
) _k gDa,b(t) . — Z Ca’j,kta*(k*])Ab+]+T S(I)Aj Qj
d L(HHS) 0 Z(H)
_h—p_o=r 1
Saokre) N0 g

by applying (3.24) to each summand with ¢ := b + j + %5~ > 0. Furthermore,
sincea —k —b— 55 >a—n—b— %5~

25+ > 0, the above quantity tends to

zero as t | 0. Hence, extending ¢t +— % ®,.p(t) by zero at t = 0 gives a func-
tion in C ([0, 00); Z(H; I-'IX)) for all k € {0, 1, ..., n}. Inductively it follows then
that the kth derivative of the zero extension is the zero extension of the original kth
derivative. O
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Proposition 3.21 Leto € [0, 00), and additionally require Assumptions 3.1(1),31i),31v)
whenever o € (0, 00). Suppose that ¥ € Holﬁ{o}(O, T; £ (H; HY)) and let W' denote
its weak derivative. Then, for every p € [1, 00), the stochastic convolution

t
t— / Ut —s)dW(s)
0

is differentiable from [0, T] to LP ($2; I:IX), with derivative

t

t
d% lI/(t—s)dW(s):/ 't —s)dW(s) Vi el0,T]. (3.26)
0 0

Proof Fort € [0,T) and h € (0, T — t], we can write

] t+h t t
—[/ lI/(t—i—h—s)dW(s)—/ llf(t—s)dW(s)] —/ 't —5)dW(s)
0 0 0

h
_ TPt +h—s)—W(E—s)
- [

-yt — s)i| dW (s)

1 t+h
+Z/ W+ h—s)dW(s)
t

= Ilh+ + Ithr.

Fort € (0, T] and h € [—t, 0), we instead have

1 t+h t t
—[/ Ut+h—s)dW(s) — / v(t — s)dW(s)] — / vt —s)dW(s)
0 0 0

h
_/Hh U(t+h—s)—¥(E—s)
~Jo [ h

— gt — s):| AW (s)

l t t _ _ _
——/ lI/(t—s)dW(s)—/ W —s)dW(s) = I} + 10 + 1.
h Jivn +h

We first deal with the terms Izhi. Note that ¥ € H017 {0}(0, T; 4(H; HX)) implies
¥(u) = fou w'(r)dr for all u € (0, |h|), see [32, §5.9.2, Theorem 2]. In conjunction

with the Burkholder—Davis—Gundy inequality (combined with the embedding (3.23)
if p € [1, 2)) and the Cauchy—Schwarz inequality, this leads to

1/2
h* 1 2
127 | Lo icigy o W[ /O ||w(“)||$2(y;ﬂg)d”}

1 A u 2 12
/ /
< T [/0 (/(; ¥ (V)”,%(H;Hz)dr) du} < 1l 20, g 000: i)
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Moreover, we find that

t 12
h™ ’
||13 HLP(Q§HX) S,p |:/t+h ”w (t S)”f(H Ha d }
A 5 1/2
l l
= [/0 I (”)“,%(H;Hg)d"} = 197020, 1n: 2a1: ) -

Since ¥’ € L*(0,T: 25 (H; HY)), we have that /Il 2 4y, 24155y — O as

h — 0 by dominated convergence. Thus, it remains to deal with the / lhi terms. For
the case of positive /#, we find using the definition of the difference quotient D), (see
Eq. (A.6) in Sect. A.4 of “Appendix A”) that

Ne@+h—s)—¥(E—s5)

h — ¥t —s)

Lupresay

-1/

/
= I1Dn¥ =Wl 20,0 25(H: 7))

Y(u+h) —¥@w

2 12
dsi|
L (H HY)
2
—y’
7 ()

I/2
. duj|
B (H;HY)

For the case of negative &, we arrive at

~ t+h
”Ilh ”Lp((z;Hg) Sp |:/0

-

/7
= IDn¥ =¥l 2 51 -

Wt +h—s)—W(—s)

i — @/t —s)

Y+ h) —¥u)

2 1/2
. dsj|
L (H; HS)
2
—yg’
p ()

1/2
. du:|
S (HHS)

The convergence limj,_,q ||/ lhi lLr(g: ey = 0 follows then from Proposition A.8. O
We are now ready to prove Theorem 3.12.

Proof of Theorem 3.12 We first cl;lim that the mild solution, viewed as a map-
ping Z,: [0, T] — LP(Q;HX), is n times differentiable and, for every

ke{0,1,...,n}and all r € [0, T, its kth derivative satisfies
1
k (k)

where <D( )1 o is the kth derivative of @), o given by (3.25), and W is the cylindrical

Wiener process W(t) =072 WQ(t), t > 0. We prove this by induction with respect
to k. For k = 0, the identity (3.27) follows from Definition 3.7 and (3.22). Now let
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k €{0,1,...,n — 1} and suppose that Z,, is k times differentiable and (3.27) holds.
Then, the induction hypothesis and Lemma 3.20 show that, for all € [0, T],

k+1 t
_d gy, d 1 ®) 4
_dtk+l Zy(t) = 5 ZV (t) = E Ty) A ¢y—1,0(t —s5)dW(s)
. / ic @ (t —s)dW(s), P
y—1,j,kLy—1—(k—j),j1T —§ s), -a.S.
T Tdh &

Fixing an arbitrary j € {0, 1, ..., k}, it suffices to verify that ¥ = @, _1__}),;
satisfies the con(/i\itions of Proposition 3.21, so that (3.26) holds for the cylindrical
Wiener process W. Indeed, having proved this for an arbitrary j, by linearity

dk+l
T L0 = F(y)/ ch Lk D)1y, (€ = $) AW (s)

%ﬂf I —5)dW(s), Pas.,

follows, where the latter identity is an equality of the operator-valued integrands.
Using (3.3) with ¢ := b, the identity A% &g (1) = 29(t/2) AP S(1/2) AT S(1/2) Q2
and a change of variables u := ¢/2, we observe that

T 1/2
2(a—b a 12 dr
”djﬂ,b”Lz(O,T;fz(H;HX)) S(a,b) I:,/() (I/Z) (a )||A2S(t/2)Q2 ”fz(H)?:I
" (3.28)

T
dr
2
= [/0 |I¢a—b,o(l/2)II‘ZZ(H;HX)K} =N Pa-bollL20.7:.2m:1%))
holds for alla € R and b € [0, 00). For ¥ = ®,,_|__ ), ; we use (3.28) to obtain

”lp”LZ(O,T;fz(H;HX)) Srk) ||¢y—l—k,0||L2(0,T;$2(H;Hg))-

The norm on the right-hand side is finite by (3.19), since k < n — 1 < n. Next, noting
thaty —1—k— 5= > y —n— %= > 0, the second assertion of Lemma 3.20 implies
thatr > ¥ (1) has a continuous extension in Co (0} ([0, T1; £ (H; Hg)). Furthermore,
also by Lemma 3.20, ¥ is differentiable from (0, T) to .Z(H,; I-'IX), with derivative

=@ —1—=k—=jNPy-1-Gk—j)~-1.j — Py—1-Gh—j).j+1-
Applying the triangle inequality and (3.28) then shows that
||‘1’/||L2(0,T;$2(H;Hg)) S(V,k,j) ”(DV*I*(kJrl),O”LZ(O‘T;Zz(H;H;{)y

where the norm on the right-hand side is finite by (3.19), as k + 1 < n. Since
also % (H; HY) — Z(H; HY), Lemma A.9 implies that ¥ is an element of
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H&{O}(O, T; 4 (H; HX)). Thus, we may indeed use Proposition 3.21, and the
differentiability follows.

It remains to show that the nth derivative Z, T (Holder) continuous, i.e., that

Z)(,") CcO7([0, T1; LP(£2; Hg)). To this end, we use (3.27) and (3.25), and write

Vi € [0, T]: z<">(r)—mz . 1,,,/ 1)) (t — ) dW(s), P-as.

The case T = 0 (i.e., continuity) follows after applying, for all j € {0, 1, n},
Proposition 3.18 witha =y —1 —(n— j)and b = j. Note that @, _1_(,_j), ; 1ndeed
is an element of L2(0, T; % (H; H")) forall j € {0, ..., n}by(3.19) and (3.28). For
1€ (0,y—n— 5]0(0, 1), the Holder continuity of Z)(,") follows from Proposition 3.19
which we may apply, forall j € {0,1,...,n},witha=y —1—-(n—j)and b = j,
since A"THI—Y Q% € % (H; HY) is assumed. ]

4 Covariance structure

In this section, we study the covariance structure of solutions to (3.1). More specifi-
cally, we consider the mild solution process (Z, (t));c[0,7] from Definition 3.7. The
covariance structure of Z, will be expressed in terms of the family of covariance
operators (sz (s, 1))s.ce10.71 S £ (H) which satisfies, for all s, ¢ € [0, T], that

(Qz,(s,0)x, y)n = E[(Z,(s) — E[Z,, ()], X)u (Z) (1) — E[Z, (D], y)u] Vx,y € H.

Note that this family is well-defined whenever Z,, is square-integrable, e.g., under the
assumptions made in Theorem 3.8. Note also that E[Z,, ()] = 0 forall ¢ € [0, T].

We present three results on the covariance operators of the mild solution Z, . The
most general result is Proposition 4.1, which provides an explicit integral represen-
tation of Qz, (s, t). Corollary 4.2 is concerned with the asymptotic behavior of the
covariance operator Qz, (7, 1) as t — o0o. Subsequently, in Corollary 4.3 we consider
a situation in which the covariance is separable in time and space, and prove that the
temporal part is asymptotically of Matérn type.

Proposition 4.1 Let Assumption 3.1(i) be satisfied and y € (0, 00) be such that (3.14)
holds. The covariance operators (Q z, (s, 1)s,re0,1) of Z, admit the representation

SNt
Qa@0=7éﬁﬁ [(s — )t — N 7'S@ = QIS —NI*dr. (4.1

Proof Square-integrability of Z,, is a consequence of Theorem 3.8 and (3.14). In order
to prove the integral representation (4.1), fors € [0,T],r € (0,s) and x € H, we
define f(s,r; x) € Z(H; R) by

[0z =FI @ (s =) 'St =nN")u, z€H.
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We proceed similarly as in [45, Lemma 3.10] and obtain (4.1) from the It isometry
combined with the polarization identity:

s t
E[(Zy(5), ) (Zy (1), )] =E [/0 fs,r x)dWQ(r)/O f, y)dWQ(w}

SAL
:/O (S 00 F(.r1)0%) o o A

1
I'(y)?

SNt
/0 [(s = r) (& =TS = r)QIS(s = I*x, y) dr.

Then, (4.1) follows from exchanging the order of integration and taking the inner prod-
uct, which is justified since (0, sA7)3 r— [(s —r)(t —r)]Y 1St —r)Q[S(s —r)]*x
is integrable by (3.14). O

By imposing more assumptions on the operator A, one can obtain explicit repre-
sentations of the asymptotic covariance structure of Z,, as t — 00, as the next two
corollaries show. Note that, if (3.14) holds for § = 0 and T' = o0, in Definition 3.7 the
stochastic convolution Z, and the mild solution Z, are well-defined on the infinite
time interval [0, co). It is thus meaningful to consider the asymptotic behavior.

Corollary 4.2 Let Assumptions 3.1(1),(ii),(iv) be satisfied and let y € (1/2, 00). Suppose
that (3.14) holds for 6 = 0 and T = oo. If for every t € [0, 00) the operator S(t) is
self-adjoint and commutes with the covariance operator Q of W2, we have

lim Qz,(t.0) =Ty = D[2Val ()] A" 0 in Z(H).

Proof Starting from the identity (4.1) for a fixed t = s € [0, c0), we recall self-
adjointness of the operators (S(#));>0 and the commutativity with Q to obtain that

t
Qz,(t, 1) = F(?x)2/0 t =YVt —r) QS —r)dr
t - =2 e
= F()/)Z/O (t—r)Y 2082t —2r)dr = F(y)2/0 u?’ " QSwu)du,

where we also used the semigroup property and the change of variables u := 2(¢t — r).
Now we interchange the bounded linear operator Q with the integral, and pass to the
limit # — oo in £ (H), which by (B.3) with o := 2y — 1 € (0, 00) gives

Jim 07, (1.1) =27 T @y — DIF(NI AT Q

=Ty —1)[2v7T ()] a2 0.

The last equality is a consequence of the Legendre duplication formula for the gamma
function (see e.g. [59, Formula 5.5.5]) applied to I"'(2y — 1) = I"'2[y — 1/2]). m|
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Corollary 4.3 Suppose the setting of Corollary 4.2 and let A := «1 for k € (0, 00).
Then the covariance function of Z,, is separable and its temporal part is asymptotically
of Matérn type, i.e., there is a function 0z, : [0, 00) x [0, 00) — R such that

Vs, 1 €[0,00): Qz,(s,1) =0z2,(5,1) 0,
%—y 1-2y

VAl (y)

Remark 4.4 On the right-hand side of (4.2), one recognizes the Matérn covariance
function (1.1) with smoothness parameter v = y — 1/2, correlation length parameter «

and variance 0> = k! 72V I'(y — 1/2)[2ﬁf()/)]_1-

Vh e R\(0):  lim oz, (1.1 +h) = (K|h|)y_%Ky_%(K|h|). 4.2)

Proof of Corollary 4.3 For s,t > 0, the integral representation (4.1) yields

SNt
07, (s.1) = f [(s = Nt — e CH2 41 0 = 0, (5.1 Q.
0

r(y)?

where we moved the bounded operator Q € .Z(H) out of the integral. Next, we fix
h € (0, 00), let ¢ € [0, 0o) and perform the change of variables u := h + 2(t —r),

1-2y

I'(y)?

2t+h
QZV(l,l-i-h) :QZy(t+h,l) = / [(u-i-h)(u—h)]y*le*"” du.
h

Thus, by passing to the limit 1 — oo, we obtain

1-2y 00 ) -1
. _ _ =1 —ku
zlino]oQZV (t,t+h) = F(V)Z/h (u h ) e “"du
21-2y _ 21-2r QY3 (y)
= 2 Lfur (1 = 1) Moo )] K) = S LK, (eh),
r() TO? Jmer—t 0

where L[ f](x) denotes the Laplace transform of the function f: [0,00) — R
evaluated at «, and the last identity follows from [58, Chapter I, Formula 3.13]. O

5 Spatiotemporal Whittle-Matérn fields
In this section, we demonstrate how the results of the previous Sects.3 and 4 can be
related to the widely used statistical models involving generalized Whittle-Matérn

operators (1.3) on H = L2(X), where X = D C R? is a bounded domain in the
Euclidean space (see Sect. 5.1) or a surface X = M (see Sect. 5.2).

5.1 Bounded Euclidean domains

Throughout this subsection, let @ = D C R? be a bounded, connected and open
domain. In order to rigorously define the symmetric, strongly elliptic second-order
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differential operator L, formally given by (1.3), as a linear operator on L?(D), we
make the following assumptions on its coefficients k : D — Randa: D — ngxnfl, as

well as on the spatial domain D C R,

Assumption 5.1 (Euclidean domain—minimal conditions)

(i) D has a Lipschitz continuous boundary 9D;
(ii) a € L®(D; R4:Y) is strongly elliptic, i.e.,

sym

36 >0: essinf & a(x)E > 0|2, V& e RY;
xeD R

(iii) k € L*®(D).
Under these assumptions, we introduce the bilinear form

ar: Hy(D) x Hy(D) > R, ar(u,v) := (@Vu, Vv) 2(p) + (K71, v) [2(p).

which is symmetric, continuous and coercive. We say that u € H (D) belongs to the
domain D(L) of the differential operator L if and only if |a (u, v)| <u vl 12(p) holds
forallv e HO (D). In this case, we define Lu as the unique element of LZ(D) which
satisfies the relation ay (u, v) = (Lu, U)LZ(D) forall v € Hé (D).

By the Lax—Milgram theorem the inverse L~ e 2L*(D); HO1 (D)) exists and
canbe extendedto L~ € & (H& (D)*,; HOl (D)). Moreover, it is a consequence of the
Rellich—Kondrachov theorem (see [2, Theorem 6.3]) that L~ is compact on L?*(D).
For this reason, the spectral theorem for self-adjoint compact operators is applicable
and shows that there exist an orthonormal basis (e;);jen for L*(D) and a non-
decreasing sequence (A ;) jen of positive real numbers accumulating only at infinity
such that Le; = A je; holds for all j € N. Furthermore, the eigenvalues of L satisfy
the following asymptotic behavior, known as Weyl’s law [27, Theorem 6.3.1]:

Aj=~ T VjeN. (5.1

In this setting, for two differential operators L and L on L2(D) with coefficients a, «
and @, K, respectively, we obtain the following corollary from the regularity results in
Sect. 3 for spatiotemporal Whittle—Matérn fields, where A := Lf and Q := L.

Corollary 5.2 Let , 8,0 € [0, 00), set r := % Ao if>0andr =0 if 8 =0, and
suppose thatn € No, t € [0, 1) and y € (n + %, oo) are such that

y = n+ BHOVED gng gy > 4y gn 4o B0, (5.2)

Let L: D(L) € H}(D) — L*(D) and L: D(L) € H} (D) — L*(D) be symmet-
ric, strongly elliptic second-order differential operators as defined above, cf. (1.3).
Suppose that Assumption 5.1(i) holds for D ¢ RY, and that the coefficients a,kof
L and d, K of L satisfy Assumptions 5.1(ii),(iii). Assume further that L and L diag-
onalize with respect to the same orthonormal basis (e;) jeN for L2(D), i.e., there
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exist non-decreasing sequences (1) jen, (X i) jeN of positive real numbers such that
Lej = )je;j andLe] =X e]forall] eN.

Then, setting A = Lﬁ and Q = L~ %, the mild solution Z, to (3. ]) in the
sense of Definition 3.7, see also (1. 4) belongs to C™* ([0, T]; LP(£2; H")) for
all p € [1, 00). If the above conditions hold with n = 0 and t € (0, 1), then for
every p € [1,00) and all t" € [0, t) the mild solution Z, has a modification

Z, € LP(22; CO7 ([0, T1; HY)).

Proof By the spectral mapping theorem for fractional powers of Operators, see e.g. [53,
Section 5.3], we obtain that Ae; = Lﬁej = )»Be] and Qe; = L~ Yej = A e;j.Inpar-
ticular, it follows that A inherits the self—ad_]omtness and strict positive- deﬁmteness
from L. This readily implies that 0 € p(A). By [42, Proposition 10.2.23] we see
that Ac admits a bounded H®°-calculus of angle wy~(Ac) = 0, showing that
Assumptions 3.1(i)—(iv) are satisfied for A.

Furthermore, we note that, for every o, s € [0, c0), we have that H? = Hzﬁ and
the spaces H; and HI% are isomorphic. The lat~ter fact follows fromNthe asymptotic
behavior (5.1) of the eigenvalues (A;) jen and (4;) jen, since L and L have the same
eigenfunctions. Thus, we obtain that Q% =L %e¢ Z(H, Hg) C Y(H; Hg).

Since y € (3 +n,00) N[ L, 00) is assumed, by Proposition 3.14 (see
also Remark 3.15) the condition (3.19) of Theorem 3.12 is equivalent to requiring that
ATV QY € S (H: HY).

Since also y € ("5’ + n, oo) N [n + 1T+ % oo), we therefore conclude with
Theorem 3.12 that it suffices to check that the quantity

HA%-HH—H—%— ”L ( +n+r+§—y)

VQ Hfz(H) ||.,¥}2(H)

(1+n+r+——y)~_ (5.3)
Z J 2 2 )‘ja

= ﬁ(+++ )
ZZ”L n+t+5-y

/:

zeJ“H

is finite. Indeed, applying Weyl’s law (5.1) to both L and L, it follows that

)

%Ajﬂ(%+n+r+%*y)kj Saby.omt) Z]%[ (n+r+l+T”)—l3V—%}
=1

so that (5.3) is finite if and only if (5.2) holds, as we assume. Then, for all p € [1, 00),
Theorem 3.8, Theorem 3.12 and Proposition 3.14 yield the existence of a mild solution
Z, € C™7([0,T]; LP(82; I:IX)), which is unique up to modification. The last assertion
forn =0 and 7t € (0, 1) follows from Corollary 3.13. ]

The spatial regularity obtained in Corollary 5.2 is measured by means of the spaces
I-'IX =H f 7. It would be more practical to express this in terms of fractional-order
Sobolev spaces H*(D), s > 0. This raises the question of how H ; and H’(D) relate.
The answer to this question depends on the smoothness of the coefficients a, k and of
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the boundary 0D. We therefore introduce two additional sets of assumptions: Assump-
tion 5.3 is only slightly more restrictive than the minimal conditions of Assumption 5.1,
whereas Assumption 5.4 requires a high degree of smoothness.

Assumption 5.3 (Euclidean domain—H 2(D)-regular setting)

(i) D is convex.
(i) a: D — Rfyﬁd is Lipschitz continuous, i.e.,

laij(x) — aij(NI S lx — yllge ¥x,y €D, Vi, je{l,....d}.

Assumption 5.4 (Euclidean domain—smooth setting)

(i) The boundary 9D is of class C;
(ii) a;j € C°(D) holds forall i, j € {1,...,d}, i.e., for all entries of a;
(iii) ¥ € C>®(D).
The results of the next lemma are taken from [21, Lemma 2] and [12, Lemma 4.3].

Lemmab5.5 Let L: D(L) C HO1 (D) — L*(D) denote a symmetric second-order
differential operator defined as above, cf. (1.3). Then, the following assertions hold:

(a) If Assumption 5.1 is satisfied, then Hlf — H*(D) for all s € [0, 1]. Moreover,
the norms || - ”Hi and || - || gs(p) are equivalent on Hz fors € [0, 11\{1/2};
(b) If Assumptions 5.1 and 5.3 are fulfilled, then

(Hi Nl - gy) 2 (H @ N HyD), || - lms) Vs € [1.2];

(c) If Assumptions 5.1 and 5.4 are satisfied, then we have H 1 <> H*(D) for all
s € [0, 00), and the norms || - ”HZ’ | - s (D) are equivalent on Hz for every
s € [0, c0)\ &, where € := {2k + 1/2 : k € Ny} is called the exclusion set.

Combining Lemma 5.5 with the results of Corollary 5.2 shows that the mild solution
Z,, is an element of C™* ([0, T']; L7 (£2; HB (D))), provided that o8 € [0, s], where
s’ € [1, 00) is prescribed by the smoothness of the coefficients a, « and the boundary
0D via Lemma 5.5(a), (b) or (¢). Note that we do not have to take the exclusion set &
into account, as we only need the embedding H | = H°(D).

Lastly, we consider the covariance structure of the mild solution, as treated in the
abstract setting in Sect.4. The most illustrative results are the asymptotic formulas
presented in Corollaries 4.2 and 4.3, which we translate to the current setting in
Corollary 5.6. We see that (Whittle-)Matérn operators are recovered as marginal spatial
or temporal covariance operators.

Corollary 5.6 Consider the setting of Corollary 5.2 with L = L ie, Q:=L"" Let
a, B € [0,00) and y € (1/2,00) be such that By > %(% —a+ ,3), and let Z,, be
the mild solution in the sense of Definition 3.7. Then the asymptotic marginal spatial
covariance of Z,, satisfies

lim Qz,(t.0) = I'(y = D[2Val ()] LA in 2(LX(D)).
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For B = 0, the covariance of Z,, is separable in the sense that there exists a function
0z,: [0, 00) x [0, 00) — R such that

Qz,(s,t) =0z,(s,t) L™ Vs,t € [0, 00),

and for all h € R\{0} we have
lim Qz, (.1 +h) =227 [Val ()] WY 2K, _y(A) L™ in Z(LA(D)).
t—00 Y—3

Proof Existence and uniqueness of the mild solution Z, follow from Corollary 5.2
with L = L andn = v = o = 0. Recall from its proof that A satisfies all of Assump-
tions 3.1(1)—(iv). Moreover, A = LP# is self-adjoint and Q = L™ € . (L3(D))
commutes with A, so that it also commutes with S(¢) for all r € [0, c0), cf. [37,
Theorem 1.3.2(a)]. All assertions follow thus from Corollaries 4.2 and 4.3. m]

Remark 5.7 The asymptotic results obtained in Corollary 5.6 are in accordance with
the marginal spatial and temporal covariance functions derived in [49, Section 3,
Proposition 1 and Corollary 1] for the case of the differential operator L = ysz —A
acting on functions defined on all of R2, where y; € (0, 0c0). Note that, in order to
exploit Fourier techniques, in [49] the “time” variable ¢ is an element of the whole
real axis, ¢ € R, instead of only its non-negative part.

Remark 5.8 Corollaries 5.2 and 5.6 explain and justify the roles of the parameters c,
B and y. They control three important properties of spatiotemporal Whittle-Matérn
fields. Besides the temporal and spatial smoothness, measured respectively by the
quantities n+71 and o, we identify a third degree of freedom: The degree of separability,
expressed by the ratio % € [0, co]. Indeed, if % = o0, i.e. B = 0, we observe that
the covariance of the field is separable and that its temporal and spatial behavior are
exclusively governed by the parameters y and «, respectively. In contrast, if £ = 0, i.e.
a = 0, the SPDE is driven by spatiotemporal Gaussian white noise and the “coloring”
of its solution is fully determined by the fractional parabolic differential operator

(3 + LF)".
5.2 Surfaces

In this subsection, we provide a brief demonstration of how the above results can be
extended to spatiotemporal Whittle-Matérn fields on more general spatial domains.
More precisely, we consider a smooth, closed, connected, orientable and compact 2-
surface M immersed in R? and endowed with the positive surface measure vy on
B(M), induced by the first fundamental form. An important example of such a surface
is given by the 2-sphere, M = S?.

On H := L*(M), we consider the following analog of the symmetric, strongly
elliptic second-order differential operator from Sect. 5.1, formally given by

Lu:=—V - (@Vyu) +x>u, ueD(L) < L* (M),
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where V(- and V denote the surface divergence and the surface gradient, respec-
tively. We record the precise conditions on the surface M and on the coefficients a, «
in Assumption 5.9 below; with regard to smoothness, they are analogous to the setting
of Assumption 5.4 in the case of a bounded Euclidean domain.

Assumption 5.9 (Surface—smooth setting)

(i) ais a symmetric tensor field, i.e., a(x): Ty M — Ty M is linear and symmetric
for all x € M, where T, M denotes the tangent space of x. Moreover, a is
smooth and strongly elliptic in the following sense:

30>0: VieM, VEeT,M: £ aé >0|I5]2s.

(i) The coefficient k : M — R is smooth and bounded away from zero, i.e., there
exists kg € (0, 00) such that |« (x)| > «¢ for all x € M.

The conditions in Assumption 5.9 are sufficient to ensure that L: H L] — (H Ll)*
is boundedly invertible, and has a compact inverse on L%(M). This allows us to
find an orthonormal basis (e;) jen for L?(M) and a non-decreasing sequence of pos-
itive real eigenvalues (A;);en of L accumulating only at infinity, as in Sect. 5.1.
Moreover, fractional powers L? are well-defined for all 8 € R, the sequence of eigen-
values still satisfies Weyl’s law (5.1) (with d = 2), and a spectral mapping theorem
holds, cf. [72, Theorems XII.1.3 and XII.2.1]. These facts are sufficient to repeat
the proofs of Corollaries 5.2 and 5.6 yielding the analogous results, with d = 2
and other obvious modifications to the conditions. In particular, the analog of Corol-
lary 5.2 on the surface M implies regularity of the solution process in the space
C™7([0, T LP(82; HP (M))).

An important difference from the (smooth) Euclidean setting of Assumption 5.4
is that under Assumption 5.9, the Sobolev space H* (M) and H ; are isomorphic for
every s € [0, 00), see [72, Example XII.2.1]. In other words, the absence of a boundary
d.M implies that one does not need to exclude the exception set & from the admissible
exponents s in the analog of Lemma 5.5(c).
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A Auxiliary results

Throughout this section, H denotes a separable Hilbert space which, if not specified
otherwise, is considered over the real scalar field R.

A.1 Bochner counterparts

The first lemma records relations between a linear operator A: D(A) € H — H
and its Bochner space counterpart A which is defined on a subspace of L%0,T: H),
where T € (0, 00).

LemmaA.1 Let T € (0,00) and A: D(A) € H — H be a linear operator on a real
or complex Hilbert space H. Consider the associated operator A on L*(0, T; H) as
defined in (3.4). Then, the following hold:

(a) A is bounded if and only if A is bounded, and in that case we have

1Al 220.7: 1)) = 1Al 213
(b) A is closed if and only if A is.

Proof 1f A is bounded, then the inequality [ All #1200 7.1y < IAll.z@m) is easily
verified. Now suppose that A is bounded. Then for all x € H we have

lAx g = 1T~ 10.1) ® Axll 200,711y = IAT 10,1y ® )l 20,7 1)

= ||A||$(L2(0,T;H))||T_I/21(0,T) ®X||L2(0,T;H) = ||A||$(L2(0,T;H))||X||H-

Here, given f: (0, 7) — R and x € H, the function f ® x: (0, T) — H is defined
by [f®x](t) := f(t)x forallz € (0, T). We thus find that A is bounded with operator
norm [|All 2y < Al 212001 1y)» Which finishes the proof of (a).

To prove part (b), first let A be closed and let the sequence (v,),cn in D(A) be
such that v, — v and Av, — yin L?(0, T; H). We need to prove that v € D(A) and
y = Av. Let (v, )ken be a subsequence such that v,, — vand Av,, — yin H,a.e.in
(0, T'), so that by the closedness of A it follows that v() € D(A) and y(¥) = Av(?})
fora.a. 9 € (0, T). From the latter we obtain that y = 4v, which is meaningful since
v,y € L%(0, T; H) yields that v € D(A).

Now let A be closed and let (x,),en in D(A) be such that x,, — x and Ax,, — y
in H. This implies the following convergences in L>(0, T'; H):

1o @xy = Lo1) ® X,
A, 1) ® x1) = 100.1) ® Axy = 10,7y ® y.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Stochastics and Partial Differential Equations: Analysis and Computations

Since A is closed, we deduce that 19,7y ® x € D(A) and 10,1y ® y = A(L0,1) @ x),
from which we may conclude x € D(A) and y = Ax. Hence A is closed. O

The following lemma is generally useful for determining the domain of a generator
of a given Cp-semigroup, and it will subsequently be used to show that the Bochner
space counterpart of a Cp-semigroup is again a Co-semigroup, see Proposition A.3.

LemmaA.2 Let (S(1))i>0 be a Co-semigroup on H with infinitesimal generator
A:D(A) € H — H.IfA: D(A) € H — H is alinear operator satisfying A € A
and D(A) is dense in D(A) with respect to the graph norm || - o) then A = A.

Proof Let (x, Zx) € G(K) and choose a sequence (x,),en in D(A) such that x, — x
in D(X). Using the fact that A C ;f, we have (x,, Ax,) = (x,, Zx,,) — (x, Zx)
with respect to the product norm on H x H, which shows that (x, Zx) € G(A).
Conversely, for any (x, y) € G(A) there exists a sequence (x,),eN S D(A) such that
(xp, Xxn) = (xp, Axy) — (x,y)in H x H. Since A is closed as tlle generator of
a Cp-semigroup, see [31, Theorem II.1.4], we find that (x, y) € G(A). This proves
G(A) = G(A). O

PropositionA.3 Let T € (0, 00) and let Assumption 3.1(1) be satisfied. The fam-
ily (8(t))i>0 of operators on LZ(O, T; H) given by (3.5) is a Co-semigroup with
infinitesimal generator — A, as defined by (3.4).

Proof First note that the operators (S(7));>0 are well-defined in the sense that they
map elements in L%0,T; H) to L2(0, T; H). In fact, Lemma A.l(a) shows that
1SN #r20.7: 1)) = IS@) |2 () holds forevery r > 0. We now check that (S(2))>0
is a Cp-semigroup. Clearly, S(0) = I and the semigroup property holds. Let M > 1
and w € R be as in (3.2), so that

Vhe[0,11: St)l.gm) < Me ™™ < Me™V0 = .
To show strong continuity, let x € H, h € (0, 1) and note that
IS(h)x — xI% < 21S(x11% + 20x113 < 2(M* + 1)lIx]1%.

By dominated convergence, limp, o [[S(h)v — vl 2 7.y = 0 for v € L0, T; H).
Next we investigate the infinitesimal generator of (S(t))t>o, which we denote by
—A for the time being. We wish to show that A=A letxe D(A) and consider

2 2

1
‘E(S(h)x—x)—i—Ax +2)Ax )3,
H

< ZH%(S(h)x —X)

H

To bound the first term, we use [61, Chapter 1, Theorem 2.4(d)] and note that, for
every h € (0, 1), we obtain

2 1 h 2
= H—f S(s)Ax ds
H 0

=

2

2 2
< M7||Ax .

h
/ IS(s)Ax| g ds
h 0

H %(S(h)x —X)

H
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The two previous displays show that, for v € L2(O, T;D(A))and all h € (0, 1),

[

This justifies the use of the dominated convergence theorem to conclude that

2
do < 2(M?* + 1)l Av|3,
H

Q.

1
(SI@) = v(@) + Av(D) o <

~ . I .
—Av = %111& E(S(h)v —v)=—Av in L°(0,T; H),

ie,—AC —Aasv e D(A) = L*(0, T; D(A)) was arbitrary. Since D(A) is dense
in L%(0, T; H) (by density of D(A) in H), and S(r) maps D(A) to itself for each
t > 0, Proposition II.1.7 of [31] implies that D(A) is dense in the domain D(.A4) of the
generator of (S(¢));>0 with respect to the graph norm || - || p(i)- Applying Lemma A.2
and noting that A is closed by Lemma A.1(b) completes the proof. O

A.2 Translation operators

LemmaA.4 Let U be a real and separable Hilbert space and let J := (0, T') for some
T € (0, o). For every u € L%(J; U) we have that

Ai_rf}) luC- +h) —ulp2e,.0) = 0.

Here, we define for each h € R the interval J,, == ((=h) V0, T A(T —h)) C J and
u(- + h): Jy — U denotes the function u shifted to the left by an increment h.

Proof Let v € C2°(J; U) and fix an arbitrary ¢ € (0, 0o). Choose a compact inter-
val [a, b] C [0, 00) such that supp(v(- +h) — Uljh) C [a, b] forall h € [-1, 1]. By
the uniform continuity of v, there exists a § € (0, 1) such that, for all 2 € (-6, §) and
every t € Jy, the estimate ||[v(f + k) — v(t)|ly < +/¢/(b — a) holds. Thus,

oG +h) = v }20;,.0) < & Vh € (=8,0).

This shows the desired convergence for functions in the space CZ°(J; U), which is
dense in L%(J; U); indeed, since the set of U-valued measurable simple functions is
dense in L2(J; U) [41, Lemma 1.2.19(1)], it suffices to note that the scalar-valued
function space C2°(J) is dense in L2(J ) [2, Corollary 2.30]. Combined with the
fact that the translation operator is contractive from L2(J; U) to L?(J; U) (and thus
bounded, uniformly in /), the result extends to L2(J ; U). O

Proposition A.5 Suppose that T € (0, oo). The family (I(t));>0 < L2, T; H))
definedin (3.6) is a Cy-semigroup whose infinitesimal generator is given by —9;, where
0y is the Bochner—Sobolev vector-valued weak derivative on D(9;) = HOI’ 0} 0,T; H).

Proof For each ¢t > 0, it is clear that 7(¢) is a well-defined contractive linear map on
L%(0, T; H). Furthermore, it follows readily from the definition (3.6) that 7(0) = I
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and that the semigroup property is satisfied, since for all s, > 0, v € LZ(O, T; H)
and a.a. ¥ € [0, T] we have that

[T Ts)](P) = [Ts)o] (@ — 1) =B — 1 — 5) = [T + 5)v](P).

The strong continuity follows from Lemma A.4 for i 1 0.

Next, we turn to the generator of (7(¢));>0. To this end, let an arbitrary
v e C((0, T]; H) be given and note that its extension by zero to (—oo, T'], again
denoted by 'lz,vis continuously differentiable with classical (and hence weak) deriva-
tive 99V = dyv by the compact support of v in (0, T']. Fix an arbitrary ¢ € [0, T].
The funfc\t_i/on t — V(% — t) is continuously differentiable on [0, co) with derivative
t > —dyv (¥ —t) by the chain rule. Thus, the fundamental theorem of calculus gives

t t
THv@) —v(@®) =00 —1) = V(W) = —/ dpv(® —s5)ds = —/ [7(s)dyv](¥) ds
0 0
for every ¢ > 0. It follows that
t
Tty —v = —/ T(s)ogvds.
0

Furthermore, we know from [61, Chapter 1, Theorem 2.4(b)] that if R denotes the
generator of (7(¢));>0, then we have

t
Tty —v = Rf T(s)vds,
0

hence, combining the previous two displays yields
t t
R/ T(s)vds = —/ T(s)0yvds. (A.1)
0 0

Setv; := %fé T(s)vds fors € (0, 00). It follows that v; — 7(0)v = vin L2(0, T; H)
ast | 0, see e.g. [61, Chapter 1, Theorem 2.4(a)]. Dividing both sides of (A.1) by
t € (0, o0) and letting ¢ | 0, one obtains

1 [ 1 !
Rv, =R ;/ T(s)vds = —?/ T(s)dyvds — —T(0)dyv = —dyv.
0 0

Since R is assumed to be the generator of a Cp-semigroup, it is in particular closed by
[31, Proposition II.1.4]. Combined with the convergence v; — v and Rv; — —dgv
ast | 0, this yields v € D(R) and Rv = —dp v, hence —dy [coo(0,11;H) € R.

As C°((0, T]; H) is dense in L%, T; H) and

T)CP((0, T]; H) € C°((0, T1; H)
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for all t > 0, we have that C2°((0, T]; H) is dense in D(R) with respect to the graph
norm of R by [31, Proposition II.1.7]. It is evident from the respective definitions that
I - llogy = I - | 510, 7: 1) These observations together imply

D(R) H'(0,T;H)

D(R)=Cx((0, T]; H) = =C>((0, T]; H) = Hj0.T: H). O

A.3 The proof of Lemma 3.6
Proof of Lemma 3.6 Analogously to [25, Proposition 5.9] it can be shown that the
operator defined by the right-hand side of (3.12) maps functions in L0, T; H) to

Co,i71([0, T1; H). Now we prove the identity in (3.12). Let f, g € L*(0,T; H) be
arbitrary. By (3.11) and continuity of the inner product (-, - )y, we obtain

T
BV, &) 20.1:m) =/0 (IB7 f1(0), g (1)) ,; dt

T
2/0 (%y) /O’(t—s)ylsa—s)f(s)ds,g(r))ﬂdr

1 T T
r'(y) /0 /o (Lo @) =) 78 =) £(5). (1), ds dr.
(A2)

Next, we would like to use Fubini’s theorem to exchange the order of integration. By
(3.2) the semigroup (S(¢));>0 is uniformly bounded on the compact interval [0, T'],

My = sup,cio.71 I1SO gy < MeT" V0 < 0.

We then use the Cauchy—Schwarz inequality on H and on L?(0, T) as well as the fact
that y > % to find

T T
/0 /0 (Lo ()@ — 5718 = 5)£(5). g(1)) | ds dr

T gt
sMT/O /O(r—s)y”nf(s)qus g ()l dt

T t !
< Mr ||f||L2(0,T;H)/0 </0 (t — )22 dS)

— L“(0,T;H g(t)”Hdt
J2y—1 ( ) 0

My TY
= 7%aD N fll20.7: )18 L2072 ) < OO-

/2
lg(®)lg dt
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This justifies changing the order of integration in (A.2), which gives

1 T T
BV ror:m = WA /0 (L, (O =) 1St —5) f(5), g()), drds

1 (T T
- TV)/ / (£, 1y (O — )Y ST = 9)]*g(1)) ,; de ds

/ (f() ﬁ/ t =)' - 91 g(r)dr) ds,

where we interchanged integrals and inner products as before in the last step. O

A.4 Holder continuity and weak derivatives
Recall from Sect.?2 that (W (¢));>0 denotes an H-valued cylindrical Wiener process.

Lemma A.6 Let Assumptions 3.1(1),(ii) be satisfied. Suppose that a € (—%, oo),
b,o €[0,00)and Tt € (0, a—+ %] N (0, 1) are given. If o # 0, then suppose moreover
that Assumption 3.1(iv) holds. Let &, (0, 00) — Z(H; HY) be defined by (3.22)
and let J := (0, T) for some T € (0, ). Then, for all p € [1,00), t € [0, T) and
heJwithh <T —1,

t
” fo [@as(t +h —5) — By p(t — )] AW (5)

LP(2;HS)
Stran B [ATTTHQT] e

Proof We first use the Burkholder—Davis—Gundy inequality (combined with nested-
ness of the L? spaces if p < 2) to bound the quantity of interest Z,,

t
L .= H/ [¢a,b(t +h—s)— Pup(t — S)] dW(s)
0

LP($2;HS)

t 12
S [ /O 1Pap(t +h =) = Papt =)y, 4 e, ds}

t 12
_ _ 2
= [ /0 1@ 0+ h) = P @, e du] , (A3)
where we also applied the change of variables u := t — s. For every u € (0, 1),

Lemma 3.20 implies that @, ,(u + -) is differentiable as a function from (0, &) to
Z(H; HY) with derivative @, , (u + -) and, moreover, r > [|®, , (u +T)”$(H3HX)
is bounded on [0, 4]. We conclude that @, ,(u + -) € HY0, h; L(H: HY)), so that
by [32, §5.9.2, Theorem 2] the identity

h
Pap(u+ h) — Pap(u) = / @, ,(u+r)dr
0
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holds as operators in .2 (H; HX). We now estimate (A.3) by exploiting this relation,
moving the norm inside the integral, applying formula (3.25) for the derivative of @, j,
and using the triangle and Minkowski inequalities, which gives

t| ph 1/2 t ) 1/2
LS, [/0 /0 1956 + Pl gy 11119 dr du] 5[/0||a|F(u)+G(u)| du]

t 1/2 ¢ 12
slal[/ |F(u)|2du} +[/ |G<u>|2du} , (A.4)
0 0

where

2

h
Fu) = / 1ot + 1) g gz, fag) dr - and
0
h
G(u) = f ”q)a,h-i—l(u"_r)”B%(H;HX) dr.
0

Using Minkowski’s integral inequality (see e.g. [68, §A.1]), we obtain

t 12
[/ |F(u)|2du:|
0

t h 2 12
= | Pa—1.6W + 1) o py. oy A7 du]
AR R P

h t 5 12
< D, o d d
< [ 1t gy ] o
1/2

h t
— 2(a—1) +i S _a—typyr A12
_/0 [/o (4 ) VAT + 1) AT TQZ!’$2(H)du] ar

Since the semigroup (S(¢));>0 is assumed to be analytic, by (3.3) the estimate

” A“TITTS(u 4 1) AT a3 g ||$z(H)

— _l+ g _ _l+b+ 1
Stap (+n) T ATTI | ) (A-5)

follows, where we also used the assumption that a + % — 7 > 0. We conclude that

h 1/2
dr
0

Ut |F(u)|2dui|l/2 <o ||Afa7%+b+fQ%H$2(H;HX)f |:/t(u+r)213 du]
0 : . hE poo ’ 12
=< HAiaierbJerj ”yz(H;HX)/O |:/r TR dﬁi| dr
! —a—}+b+t )3 b
= S IO gy [
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— 1 h‘L’ ||A7a*%+b+f Q%

T2 — 21

Similarly, we can bound the integral fot |G (u)|* du in (A.4). Again by Minkowski’s

||%<H;Hg)'

integral inequality and analogously to (A.5), noting that a + % —T>a+ % —7>0,
we find that

h
) “¢a,b+1 (u + ”)”gz(y;ﬁg) dr

t 12 t 2 1/2
[/ |G(u>|2du] _ U du]
0 0

h t 5 12
< [ oo d d
< [/0 1901 @+ i u] r

hr et 3 o | i 2
T e e A

h t /2

—a-—1L 1 _
S |47 2+b+’Q2H,z2<H;Hx>/o [/0 @+ Sdu} @
1

1 1
< ht A—a—§+b+r 3
T T/2-21 ” Q

||$2(H;FIX)'

LemmaA.7 Let Assumptions 3.1(1),(ii)) be satisfied. Suppose that a € (—%, oo),
b,o €[0,00) and 1 € (O, 1A (a + %)] are given. If o # 0, then suppose fur-
thermore that Assumption 3.1(iv) holds. Let J := (0, T) for some T € (0, oo].
Then, for all p € [1,00),t € [0,T) and h € J with h < T — t, the function
Dap: (0,00) — L(H; HY) in (3.22) satisfies

5(1)’0,‘[) h‘L’”A—a—%-Fb-FT

t+h
/ D, p(t+h—s5)dW(s)
t LP($2;HY)

1
Q2 ”,s,ﬂz(H;Hg)'

Proof We apply the Burkholder—Davis—Gundy inequality (combined with nestedness
of the L? spaces if p < 2), the change of variables u := ¢ 4+ h — s, and obtain

t+h 2
/ @y p(t +h —s5)dW(s)
t

LP(2;HS)
t+h ) h 5

Sp/ |I¢'a,h(t+h—S)Ilgz(H;Hx)ds=/0 |I¢a,b(u)||fz(H;HX)du
t

h
1 o 1 1
— / u2a ||Aa+7—fs(M)A7—a—§+b+T Qi ||%(H) du
0 ;

< —a—L+b+t k2 " 2t—1 h*" —a—ripar A1 2
Swn 4 H by e [ u= a0l e

where we could proceed as in (A.5), since a + % — t > 0is assumed. This completes
the proof. O

Proposition A.8 provides a useful relation between the weak derivative and the

difference quotient.
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Proposition A.8 Ler U be a real and separable Hilbert space and let J .= (0, T) for
some T € (0, 00]. Suppose that W € H'(J; U) and let W' € L*(J; U) denote the
weak derivative of ¥. For h € R\{0}, let J, C J be as in Lemma A.4 and define the
difference quotient Dy ¥ : J, — U of ¥ by

Y(t+h) —¥()

[Dp¥](t) := — foraa.t e Jy. (A.6)

Then, we have limj ¢ | Dpn¥ — ¥’ 12y,.0) = O.

Proof Suppose that ¥ € E, where we set E := C®([0,T];U) if T < oo and
E :=CX([0, 00); U) if T = oo. Then, fixing an arbitrary 4 € R\{0}, we have that

h
[DyY]1(t) = %/ vt +s)ds VteJy, (A.7)
0

holds by the fundamental theorem of calculus, where we use the convention that
foh =—/ ho whenever h € (—t, 0). Applying the Cauchy—Schwarz inequality gives

2
=

1 [h 1 [h
IDR®1(0)1I7 < E/o W' (t + 5) v ds E/o I/ (t + )17 ds

1 h
= E/ W't + )5 ds Vi € Jy.
0

The absolute value can be removed in the last step by the integral sign convention.
Integrating this expression over ¢t € J;, and using Fubini’s theorem, we obtain that

IDR¥ 1175 5,0 = f] DR 10117 dr
h

1 h / 2 _ 1 " l 2
<= 1/t + )| dsdt = — 19/t + 5)|13 dt ds.
h )y, Jo hJo Ju
(A.8)

For all s € (0, ) (resp., s € (h, 0) if h < 0), the change of variables r := t + s gives

/ 1/t + )7 dt = f 1 ()l dr < / 1" O dr = 191720

I Jn+s J

Hence, we can bound the inner integral in (A.8) independently of s, which implies
DR 1200 < 19 152000y < W31 oy (A.9)

This estimate shows that the linear operator Dy, is bounded from (E M M a U))

to L?(Jy; U) for all h € R\{0}. By density of E in H'(J; U) (see [26, XVIIL.§1.2,

Lemma 1]), the above estimate holds for all ¥ € H(J; U).
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Suppose again that ¥ € E. We recall (A.7) and find
1 h
[Dp¥]() — W' (1) = E/ (W't +s)—¥'@)ds Vi€ (A.10)
0

By the compact support of D, ¥ and ¥’, there exists a bounded interval K C [0, c0)
such that

supp(Dp¥ —¥'|;,) € K Vhe[-1,1].

Furthermore, by uniform continuity of ¥’ € C°°([0,T]; U) (respectively, of
P’ e CX([0, 00); U)), for every ¢ € (0, 00), there exists some § € (0, 1) such that
%' &) —¥'llu < eif |§ —n| < 8. Thus,

I[Dp¥])(t) — W' (Dlly <& YVt e,
follows for all & € (—§, &) by (A.10) and, consequently,
| D — lI/’||L2(Jh;U) <k | Dp¥ — lI//||Loo(Jh;U) — 0 ash — 0.

This proves the assertion for functions ¥ € E. The general case for ¥ € H'(J; U)
follows then from density of E and the A-uniform bound (A.9): Given ¢ € (0, 00),
we may choose v € E such that |¥ — v| g1y < %, and hg € (0, 0o) such that
Do — V'l 25,0y < § forall h € (—ho, ho). Thus, we obtain

| Dy — l1’/||L2(Jh;U) = IDr(¥ =Vl 2y,;0y + 1 Drv — U/”Lz(Jh;U) + v - lp/HLz(Jh;U)
=2 = vl oy + 1P = vl g0y <&

for all i € (—ho, ho), which completes the proof. m|

LemmaA.9 LetJ := (0, T) for some T € (0, oo]. Suppose that E and F are real sep-
arable Banach spaces satisfying E — F.Ifu € Hol’{o}(J; F)andu,u' € L>(J; E),
where u’ denotes the F-valued weak derivative of u, then u € H&’{O}(J; E) and its
E-valued weak derivative coincides with u' almost everywhere in J.

Proof Let .#¢: L'(J; E) — E and #r: L'(J; F) — F denote, respectively, the
E-valued and F-valued Bochner integrals over the interval J. Given an arbitrary
¢ € C°(J), the assumption u € H'(J; F) implies Zr(pu’) = — I (¢'u), and we
wish to show S (¢pu’) = — g (¢'u). To this end, we claim that .Z and #F coincide
on L'(J; E) — L'(J; F) and we apply this fact to ¢u’ and ¢'u. To verify the claim,
fix an arbitrary f € L'(J; E). By definition of .#g, there exist E-valued measurable
simple functions (f,)nen satisfying f, — f in L'(J; E) and Z£(f,) — J£(f)
in E. For all n € N, it follows from the respective definitions and the inclusion £ C F
that f;, is an F-valued measurable simple function and that . ( f,) = £ (f,). Since
E — F,weobserve that f, — fin L'(J; F) and Z¢(f,) = Le(f) — JE(f)in
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F,hence Z¢(f) = I (f). We conclude that u € H'(J; E) and the E-valued weak
derivative coincides with u’ a.e. in J. Now it remains to prove that u € Hol, {0}(J s E).
Note that u € H()l,{O}(‘] ; F) is equivalent to the statement that the unique continuous
representative u € C (7; F) of u, which exists by virtue of [32, §5.9.2, Theorem 2],
vanishes at zero, _cf. [32, §5.5,;Theorem 2]. Similarly, fromu € H 1 (J; E) we obtain a
functionu € C(J; E) < C(J; F) such that u =  a.e., hence & = i by uniqueness.
In particular, #(0) = 0 and thus u € Ho (0}(J; E). O

B Sectorial linear operators and functional calculus

In this appendix, several definitions and results regarding sectorial linear operators,
semigroups and functional calculus are recorded. We refer the reader to [31, 37, 42,
61] for more details on these topics.

Throughout this section, A: D(A) € H — H denotes a linear operator whose
negative — A generates a Cp-semigroup (S(¢));>o on a separable Hilbert space H. The
corresponding scalar field is given by the complex numbers C in Sect. B.1 and the real
numbers R in Sect. B.2.

B.1 Sectoriality and H*-calculus

Let H be a Hilbert space over the complex scalar field C.

Definition B.1 We say that A € C belongs to the resolvent set p(A) if and only if
R(x, A) := (A — A)~! exists in .Z(H). The set 0(A) := C\p(A) is called the
spectrum. A is said to be sectorial if there exists an w € (0, 7r) such that

0(A) € X, and sup{|AR(k, A)||l .z : € C\X,} < oo, (B.1)
where X, := {L € C\{0} : argA € (—w, w)}. The angle of sectoriality w(A) is
defined as the infimum of all w for which (B.1) holds.

Theorem B.2 The operator A is sectorial with w(A) € [0, 7/2) if and only if (S(t)):>0
is (uniformly) bounded analytic.

Proof The claim follows from [42, Theorem G.5.2], noting that D(A) is dense in H
since —A generates a Cyp-semigroup, see [31, Theorem I1.1.4]. O

Given ¢ € (0, ), we say that a holomorphic function f: ¥, — C belongs to
HOOO(ZJ(p) if and only if there exist constants & € (0, o0) and M € [0, co) such that
|f @] < M(|z|* Alz|™*) forall z € X,. If A is sectorial and ¢ € (w(A), 7), then

1
f(A)ZZT/ FORE, A)dg,  f € Hy(XZy),
Tl 9z,

is well-defined, i.e., the £ (H)-valued Bochner integral is convergent and independent
of v € (w(A), ¢). We call the mapping f +— f(A) the Dunford calculus for A; it is
an algebra homomorphism from H§®(X,) to £ (H), see [37, Lemma 2.3.1(a)].
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Definition B.3 Let A be a sectorial operator and ¢ € (w(A), ). Then A is said to
have a bounded H°(X,)-calculus if there exists a constant C € (0, 0o) such that
I f(Dllgw <C SUp.ex, | f(2)|forall f € H(S’O(E(p). The angle wpy~ (A) is defined
as the infimum over all admissable ¢ € (w(A), 7) in the above definition.

For operators acting on a (complex) Hilbert space, the admissibility of a bounded
H-calculus can be characterized by the following theorem. It is taken from [37,
Theorem 7.3.1]; see [42, Theorem 10.4.21] for a generalization to non-injective A.

TheoremB.4 Let A: D(A) € H — H be injective and sectorial. Then

2 7 AR
lxllz ~r Ilf( )XIIHt xeH
0

holds for all non-zero f € Utpe(w(A),n) HG°(Xy) if and only if A admits a bounded
H®(Xy)-calculus for some (o, equivalently, for all) ¢ € (w(A), ).

Remark B.5 Since wp~(A) is defined as an infimum over angles contained in the
interval (w(A), ), any operator admitting a bounded H*°-calculus satisfies that
wg=(A) > w(A). This inequality is also true for operators on a Banach space,
defined analogously to Definition B.3. Theorem B.4 implies that the reverse inequality
holds for operators on a Hilbert space with a bounded H(X,)-calculus for some
¢ € (w(A), ). Indeed, in this case, the same holds for all ¢ € (w(A), ), hence
wg(A) < w(A) upon taking the infimum. We thus have wg=(A) = w(A).

B.2 Complexifications, semigroups and fractional powers
In this subsection, H denotes a real Hilbert space.
B.2.1 Complexifications

The complexified Hilbert space Hc is defined by equipping the set H x H with
component-wise addition and the respective scalar and inner products

(a + bi)(x,y) := (ax — by, bx + ay), x,y € H; a,beR,
(e, ), W, V) e = @, )y + (v, Vg +ily, wg — vyl x,y,u,ve H. (B.2)

In the sequel, we will write x + iy := (x, y) € Hc.

A linear operator A on H similarly gives rise to a complexified counterpart Ac on
Hc by defining Ac(x +iy) := Ax +iAyon D(Ac) = {x +iy : x,y € D(A)}. It
follows readily from the above definitions that T +— T¢ € Z(Z(H); Z(Hg)) is
an inverse-preserving and isometric algebra homomorphism. Analogous results hold
for unbounded operators, taking natural domains into account. We have the following
relation between semigroups and complexifications.

LemmaB.6 The family (S(t));=0 < ZL(H) is a Co-semigroup if and only if
Sc@®))i=0 € ZL(Hc) is a Co semlgroup In this case, their respectlve generators
—A:D(A) C H— Hand— A D(A) C Hc — Hc satisfy Ac = A
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Proof If (S(7));>0 is a Cp-semigroup, then clearly Sc(0) = I and
Sc(®)Sc(s) =[SE)S)]lc = Sc +s5), Vs, t>0.
Moreover,
Sc()Sc(s) =[S()S($)]lc = Sct +5) ast |0

for¥ = x + iy € Hc. The reverse implication is readily established by identifying
every x € H with x +i0 € Hc.

Suppose that (S(¢));>0 and (Sc(¢))s>0 are Co-semigroups with respective genera-
tors —A and —A. Then ¥ = x + i y € D(Ac) is equivalent to the existence of the two
limits —Ax = lim; g %(S(t)x —x)and —Ay = lim, o %(S(t)y — y) in H. Thus,

- RN B A i
AcX = Ax +iAy = 1t1¢r51[7(x S(t)x) + t(y S(t)y)}

=i l(A Sc(n)X) = AX.
_r%ltx_ (c()x)_ X,

where the limits in the previous display are taken with respect to || - || . O

B.2.2 Fractional powers

Let @ € (0, 00) be given. If (S(¢));>0 is exponentially stable, that is, (3.2) holds for
some w € (0, 0o), then we define negative fractional powers of A by

1

—o . > a—1
AT = F(a)/o 7 S(¢) dt, (B.3)

non-negative powers by A% := (A~*)~! and A? := I. By using Lemma B.6 and
interchanging the bounded operator [ - J¢ with the Bochner integral, we find

—o _ 1 * a—1 _ A
[A7™]c = _F(ot) /0 t*7 Sc()dt = A" Va € (0, 00),

and the same relation can be derived for arbitrary powers o € R. This definition of a
fractional-order operator Af. is adopted in [61, Chapter 2, Section 6] and is equivalent
to the Dunford-type definition used in [37], see Corollary 3.3.6 therein.

B.2.3 A square function estimate

The following square function estimate is central to the proof of Proposition 3.14.
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LemmaB.7 Let A satisfy Assumptions 3.1(1),(iii),(iv). Then, for a € (0, 00),

o a—1 4a 2 2
/O 1972 A°S()x |}, dt =a lIx]I3; Vx € H.

Proof Given a € (0,00) and ¢ € (w(A), 7/2), the function f(z) := z%¢~* belongs
to Hy®(X,) and we have the identity f(tAc) = t*AGSc(t) = [t*A*S(1)]c; see the
proof of [37, Proposition 3.4.3], which is applicable to our definition of fractional
powers as remarked in Sect. B.2.2. By invoking Theorem B.4, we find

© dr © dr
[0 | [raAas(;)]cx”iIC - = /0 | ftAc)x Hi,c — Ra ||x||%{C Vx € Hc.

Applying this equivalence to x 4 i0 for all x € H finishes the proof. O
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