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Abstract

In this paper we propose a phenomenological model for the formation of an interstitial
gap between the tumor and the stroma. The gap is mainly filled with acid produced by the
progressing edge of the tumor front. Our setting extends existing models for acid-induced
tumor invasion models to incorporate several features of local invasion like formation of gaps,
spikes, buds, islands, and cavities. These behaviors are obtained mainly due to the random
dynamics at the intracellular level, the go-or-grow-or-recede dynamics on the population scale,
together with the nonlinear coupling between the microscopic (intracellular) and macroscopic
(population) levels. The wellposedness of the model is proved using the semigroup technique
and 1D and 2D numerical simulations are performed to illustrate model predictions and draw
conclusions based on the observed behavior.

1 Introduction

Irrespective of the sufficiency or deficiency of oxygen supply, cancer cells exhibit excess use
of glycolysis [43], [46]; this is the so-called Warburg effect. The reason may be: (i) reduction
in the number of mitochondrian after successive replication [46], (ii) evolutionary selection of
glycolytic phenotype under hypoxic and stressful conditions prevalent in tumor [3I]. These
combined with the enhancement of acid extruders, like MCT, NHE, NDBCE, H'-ATPase,
result in excretion of the acidic metabolic byproducts on the extracellular region [43]. Further-
more, the tumor local environment being poorly and erratically vasculated results in reduced
dissipation of interstitial acid [47, 43]. Altogether, the cancer local environment becomes rela-
tively acidic compared to the normal physiological levels. As a consequence, there is a twofold
boon for cancer cells: (i) the relatively alkaline intracellular pH (pH;) [43] [48] promotes cell
proliferation, evasion of apoptosis, cytoskeleton remodeling, etc. due to rapid acid extrusion
[48, [16], 27], and (ii) the relatively acidic extracellular pH (pHe) results in degradation of ECM
fibers, p53 induced apoptosis of stromal cells, metastatic dissemination [48] 36, 22]. The acidic
pericellular pH also results in accumulation of cathepsin B near the cell membrane and the
subsequent release of active cathepsin B on the extracellular side [38]. This in turn stimulates
the production of proteolytic enzymes. Because of evolutionay selection of stable invasive phe-
notypes [52], cancer cells themselves are not negatively affected by acidic pHe. To summarize,
the reverse pH gradient plays a significant role in contributing to the malignancy of the cancer.
The latter can be qualitatively categorized based on its strength of invasion which in turn can
be judged based on the histological patterns generated by a progressing tumor. Infiltrative
growth pattern (INF) classification is one such classification scheme, as defined by the Japanese
Gastric Cancer Association [1[20]. Based on this, invasion can be assigned to three categories:

1. INFa : An expanding tumor core with a clear separation between its boundary and the
stromal cells.

2. INFb : An intermediate stage of tumor expansion with or without clear separation from
the stromal cells.
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3. INFc : An expanding tumor core whose boundary cells have infiltrated the stromal cells
and there is mixing of tumor and stromal cells.

The INFa stage marks the appearance of a gap between cancer cells and stromal cells. This
gap may be composed of the cellular byproducts secreted mostly by the cells on the progress-
ing boundary of the tumor core. This progression can be either due to cell proliferation or
due to spatial movement induced by random motion or taxis [39, [12]. In either case the cells
rely on glycolysis for energy production [46] [44] [3], as a result of which the gap consists of
acidic metabolites. The acidic contents enhances in turn cell motility [36] by making room for
movement through degradation of ECM fibres [38] [15] and inducing apoptosis in normal cells
[22].

To our knowledge the first account on an acidity-induced gap was given in [14], where a
reaction-diffusion model with solution-dependent diffusion coefficient was proposed and ap-
proximate travelling wave solutions were obtained under appropriate conditions. The existence
of the gap (in the case of human squamous cell carcinomas of head and neck) was histologically
verified with the success rate of 14/21. More recently a slightly modified version of the model
in [I4] was proposed in [30] and using asymptotic analysis the parameter space was classified
for different invasive behaviors of cancer cells mediated by extracellular acid. Thereby, the
dependency of the gap on the model parameters was established, finding that gaps occur in
mildly aggressive cancer cells (i.e., cancer cells having competition strength and acid induced
mortality rate similar to that of normal cells). On the contrary, in [14] the parameter depen-
dency for the gap suggested its presence only in the case of aggressive cancer cells (i.e. cancer
cells inducing high mortatility rate for normal cells via extracellular acidity). This contrast
and a thin 67% success rate of the experimentally observed gap in [14] may suggest that its
appearance is not a common phenomenon of cancer invasion and may vary from one type of
cancer to the other. Moreover, the differences in the model equations point out that additional
nonlinearities and cellular uncertainties may provide dynamics rich enough to generate acid
induced infiltrative patterns.

Motivated by these observations we rely on the go-or-grow hypothesis (see [11}, [13]) to propose
a highly nonlinear stochastic model for the gap formation between cancer and stromal cells.
Here we use acidity as the key ingredient regulating the appearance and disappearance of a
gap. Also the nonlinear coupling between the proton dynamics and cell-population dynam-
ics leads to interesting infiltrative patterns of tumor cells. The model builds on the one we
proposed in [19] and extends a deterministic setting proposed in [4I] to describe the inter-
dependent behavior of normal tissue and tumor under the effect of intra- and extracellular
proton evolution: the present model includes most of the features therein and moreover ac-
counts for cross diffusion between cancer cells and extracellular protons and for randomness
in the intracellular proton dynamics. In Section 2] we setup the model then prove in Sections 3]
and E| its wellposedness by using the semigroup theory, which is convenient for the analysis in
LP? spaces. Moreover, the mild-form representation of solutions enables us to handle general
a.s. continuous Gaussian processes. Numerical simulations are performed in Section[f]in order
to verify the model predictions and to get a glimpse of different infiltrative patterns of cancer
cells induced by acid dynamics. We conclude this work in Section [§] with a short discussion
of the main findings. The Appendix contains definitions of the employed function spaces,
properties of operators, and some results needed in the proofs.

2 Modeling

In this section we present the equations describing the biological phenomenon of interest and
justify the terms involved. The involved variables H;, H., C, and N have the following
meaning;:

e (C denotes the population density of cancer cells; it is measured in cells/vol.
e N is the population density of stromal (normal) cells; it is measured in cells/vol, too.

e H,; represents the concentration of protons in the intracellular region of a cancer cell; it
is measured in Mol /vol.

e H. is the concentration of protons in the extracellular region due to cancer cells; it is
measured in Mol /vol, too.



The system of equations describing the dynamics of the proton concentrations and cell popu-
lation densities writes:
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where H;, H., C and N are given in Subsection of the Appendix.

2.1 Intracellular proton dynamics (IPD) described by :

Cells have various regulators to maintain their intracellular pH in the optimal range [8], [37];
membrane transporters are among those. In cancer cells the Warburg effect is accompanied
by upregulation of NHE (Na® and H™ exchanger) and NDBCE (Na® dependent C1~-HCO3
exchanger) activities [48] [16] 34], which enables them to keep their pH; relatively alkaline. The
functions 71 and T% (see Figureand Figure, modeled based on [49] 50} 5] and [19], rep-
resent the efflux of intracellular protons across the cell membrane due to NHE and NDBCE,
respectively. Both 71 and T» depend of course on the proton concentrations H; and H.. The
countermechanism of intracellular acidification due to AE (C17-HCO3 or anion exchanger) is
modeled by the function T3 (see Figure , which depends on H; and H. as well and relies
on [49, 50} [5] and [19], too. For simplicity, we ignore the effects of the MC (monocarboxylate)
transporter family.

The pH; is also regulated by buffers and acid sequestration by intracellular organelles like
mitochondria, lysosomes, nucleus, etc., [8 [37]. The corresponding loss is characterized by the
function @ (see Figure. The production rate of acid due to metabolic activity (mainly aer-
obic glycolysis) is represented by g1 (see Figure, which is a function of tissue vasculature v.
For simplicity, we ignore the spatial dependence of v, hence it serves as a model parameter. &;
is a stochastic process which phenomenologically accounts for intracellular fluctuations affect-
ing the proton dynamics. These may be due to: (i) uncertainty of the effects of various other
biochemical process, (ii) random biochemical process like gene expression, random behavior
of membrane transporters, etc.

Since we only account for protons expressed by the cancer cells, their production and cross-
membrane flux must depend on the tumor cell density. As previously stated, cancer devel-
opment and spread is controlled by both cell proliferation and movement, the latter being
influenced by taxis and diffusion. In both cases the cells rely on glycolysis for energy pro-
duction [46] [44] [3]. This in turn endorses the idea that acid dynamics is more pronounced at
the tumor’s invasion edge. The flux modulation function J shown in Figure [2c|is designed to
capture this behavior and it also characterizes the above mentioned dependence on the cell
density. In Figure K¢ denotes the carrying capacity of the tumor cell population; for the
significance of the other parameters involved in the model we refer to Table [2}

2.2 Extracellular proton dynamics (EPD) described by (1D):

Since the intracellular protons lost (or gained) via membrane transporters correspond to those
gained (or lost) on the extracellular side, the functions Ti, 7> and T35 describing membrane
transporters are the same with those in , however with an opposite sign. The loss term
with the rate g2 represents the dissipation of protons through the blood vessels. Therefore,
g2 > 0 is dependent on the tissue vasculature v. The Laplace operator in the next term models
diffusion of extracellular protons. Thereby, vp is the effective proton diffusion coefficient in
the presence of densely packed cells.

The nonlinear operators V-(gVC) and V-(hVN) for non-negative functions g and h character-
ize the effect of proton repulsion from highly dense regions of cancer and normal cells towards
less dense regions. These terms phenomenologically capture the accumulation of extracellular



Figure 1: Functions representing NDCBE and NHE transporters effects

(a) Ty as a tunction of H; and He (b) T3 as a function of H; and He (¢) T3 as a tunction of H; and H,

Ti(H.H,) T(H,H,)

= =
et
P
Vo s o e S
W oSNNS
=SSN

VOl s
4o "'-‘t\\\\\\\\\\\\‘\\

Figure 2: Functions used to model production and decay of protons
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protons near the invasion front of the tumor. The movement of protons away from the tu-
mor region can be, for instance, seen as the pushing of protons towards the areas of low cell
density by the movement and proliferation of tumor cells. The latter reduces the interstitial
(extracellular) space containing the protons, hence driving them towards the regions of lesser
pressure. Alternatively (in order to account for such repulsive effects also in the normal tissue)
one could conjecture the existence of a repulsive force due to the electrical potential of the
interstitial space: the latter having a positive potential relative to the intracellular space [9], it
generates a positive electric field pushing away the (positively charged) protons. El From this
perspective, the choice of the flux (RVN) is motivated by Planck’s flux equation [23] (2.112)]
J x H.V¢ where ¢ denotes the electrical potential. In our case the potential is taken to be
proportional to the normal cell density N. Effects of density and orientation of cells on an
electric field have been experimentally put in evidence e.g., in [32]. In our context it seems
reasonable to assume the cells to form a more or less permeable ’barrier’ for the electric field.
Yet another reason for the repulsive effects could be that the protons buffered by the solution
form larger molecules which are unable to easily diffuse into the normal tissue, as they do in
a region with very few cells, hence the healthy tissue provides some kind of ’resistance’. The
latter is supposed to increase with the gradient of the normal cell density.

The cancer cell repulsion coefficient g is a non-negative function of H;, H. and C, which is
supposed to have the following properties: (i) it is directly proportional to the density of
cancer cells and the concentration of extracellular protons. However, for fixed H; and large
values of C' and He, it saturates to some upper asymptotic value (see Figure and Figure
4Db). (ii) As a function of Hj;, for fixed values of C' and He., it behaves like a Gamma function
(see Figure [3a] and Figure [4a)).

The normal cell repulsion coefficient h is a non-negative function of H. and N. It is directly
proportional to the density of normal cells and the concentration of extracellular protons, how-
ever, for large values of N and H., it saturates to some upper asymptotic value (see Figure

59.

IVoltage potentials and their influence on cancer development have been addressed e.g., in [10] (see also the
references therein), but there seems to be no concrete reference to this conjecture of a proton-repulsive electric field.
However, it is in a certain sense supported by the fact that cancer cells possess depolarized membrane potential
[54], hence the protons could be pushed by further positive charges (like e.g., K¥1).




Figure 3: Repulsion coefficients g and h as functions of their corresponding variables
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Figure 4: Repulsion coefficient g as a function of one of the variables H;, H, and C
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2.3 Cancer cell population dynamics (CPD) described by (2¢):

The growth of the cancer cell population is characterized by the intra-species competition
term C(1 — C/Kc¢), where K¢ is the carrying capacity of the cancer cell population. This
logistic-type growth is modulated by a proliferation function A; and a recession function As.
Both functions depend on H;, H. and on the difference H. — H;. The proliferation function
models the enhancement of mitosis if the intracellular region is favorably alkaline [48] and if
the difference between the intra and extracellular pH is not too large. Similarly, the recession
function models cell death due to highly acidic or too alkaline intracellular pH and highly acidic
extracellular region [40, [17] 25]. Moreover, the supports of A1 and Az are (nearly) disjoint,
which qualitatively captures the behavior of cells either dying or growing. These features of
A1 and A, are depicted in Figures [5a] and [5b}

The production of acid by the cells at the outer proximity of the tumor core causes degradation
of stromal cells [48][43][38] 22]. On the other hand, the increased extracellular acidity enhances
the movement of the cells at the tumor edge [48] [3] [36] 22]. This behavior is captured by the
term modeling pH-taxis (i.e., the movement bias towards increasing H.); here, however, the
term involving —AH, for a (signed) cross-diffusion of protons is neglected.

The taxis coefficient b is a non-negative function of both H; and H.: it is nonzero on a compact
region of the (H;, He) plane and attains its maximum when the difference He — H; is optimal,
i.e. when a reversed pH gradient (still at a favorable level) is attained. Figure depicts
its qualitative properties. Moreover, its support is (nearly) disjoint from the supports of the
proliferation and recession functions A; and As respectively. Thus, it incorporates the Go-or-
Grow-or-Recede (GGR) behavior of cancer cells [LT, [13] (see Figure[5d). Finally, it is made to
depend on the spatial variable such that the velocity is zero on the boundary and maximum
at the center of the domain. This is merely a modeling simplification which allows us to retain
the standard no-flux Neumann boundary condition.

The spreading behavior of cancer cells is modeled by a nonlinear diffusion operator. The
diffusion coefficient a is inversely proportional to cell densities C' and N and proportional
to the product between H. — H; and the cancer cell density C. It is uniformly bounded
from below by a positive constant m, and the support of a — m, is a function of H;, H.
and C with fixed values of N as shown in Figure [f] Additionally, the diffusion coeflicient is
uniformly bounded from above by some finite constant M,. Before ending this subsection, we
would like to remark that our choices of GGR functions and of the diffusion coefficient are
phenomenological, only relying on qualitative biological facts, as no data were available for
fitting. Hence, these particular choices are arguable and others are possible as well.



Figure 5: Go, grow and recede functions
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2.4 Normal cell population dynamics (NPD) described by :

The dynamics of normal cells is essentially governed by growth and decay terms without
spatial migration. The normal cell depletion is mainly due to interaction with cancer cells and
with the extracellular acid. The first term in models the degradation of stromal cells by
non-acidic proteolytic enzymes (like Cathepsin B, MMP, urokinase, etc..) secreted by tumor
cells [38] 22| [29] 24 [42] [6] and is taken to be proportional to the cancer cell density. The next
term models the decay due to acid [15] [35] [5I] by a logistic degradation term modulated by
the function As. We use this type of decay instead of the more common linear multiplicative
one since we want the effect of acid to be maximum when the normal cell density is bounded
away from its carrying capacity. The last term describes logistic growth modulated by the
function A4(He, v Nan ). The growth function phenomenologically captures the effect of an open
buffer system and the immunity response depending on the concentration of H. [26, [45]. The
parameter v, =~ controls the amplitude of the growth rate at the alkaline regions of the tissue.
Both Az and A4 are positive functions whose qualitative behavior is as shown in Figure

3 Analysis of the stochastic multiscale model

Let I = (0,7] C R4 be a finite time interval and ©® C R™ (n € {1,2,3}) be an open bounded
spatial domain with sufficiently smooth boundary. Furthermore, let (2,.4,P) be a complete
probability space and (A:)t>0 be a normal filtration with 91, the system of all P-nullsets,
contained in Ag. Let £ : I X Q — R be a P-a.s. continuous, real-valued, A:-adapted, centered
Gaussian process with independent increments and p-Holder continuous covariance function.



Figure 6: Support of a — m, as a function of H;, H., C and N. The normal cell density N is kept
fixed at different increasing values.
(a) a as a function of H;, He and C = 1 with N = 0 (b) o as a function of H;, He and C =1 with N = 0.3
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Figure 7: Diffusion coefficient a as a function of H;, H. and C, N, respectively.
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Figure 8: Growth and decay functions A4 (dotted) and Az (solid line), respectively.
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Then for each ¢ € Q\MN we have the following non-dimensionalized system:

d
aHi:J(C)[_TI_T2+T3—Q+QI]+’Y§ J(C)ngt, inl x®
(2a)
H;(0,¢) = Hio(s), in®
B .
gy He = J(OTy +To = To] = qaHe 475 A + 7,V (gvc) Y- (hVN), inIx®
(2b)
H.(0,¢) = Heo(s), in®
VH.(s) n=0, on I x 09
B .
ot = - Y, A1 T Ya, A2 YaV - \Q — b e’ , mn
C=C1-C)(ny M +7,.A2) +7V - (aVC bWH, - VC Ix®
(2¢)
C(0,5) = Co(s), in®
VC(s)-n =0, on I x 99
d .
SN = _WNCN+N(1—N)(—7A3A3+7A4A4(7A4’1)), in I xD
(2d)
N(0,5) = No(s)- in D.

For the concrete rescaling relations used in the nondimensionalization we refer to Subsection
in the Appendix. To avoid overloading the notations we will omit in the writing the
dependencies of the coefficients in the transport and (cross-)diffusion terms on the solution,
but will keep these in mind everywhere in the following.

3.1 Assumptions about coefficients:

First we shall make some assumptions about the coefficients involved in the diffusion, repulsion.
Let 1 < p < oo and s € R. In the following H,(®) denotes the Bessel potential space (see
Definition[2]in the Appendix) and W** (D) is the usual Sobolev space of non-integer exponent.

Model parameters =: The parameters appearing in the model are represented by the
vector 2 := (2,,,Z,,)T. The two sub-vectors =, and =,, are defined as follows:

- T 7
=R = ('VNv'YAl77/\2’%\3’%\4’%\4.1 ,’Vg) € R

consists of the growth and decay constants appearing in the reaction terms and

Er = (Vo Yor Vs Yas 1) € RY

consists of the repulsion, diffusion and advection constants. As already indicated in the def-
inition, £, and E,, are strictly positive real numbers. For the functional relevance of the
involved components, please refer to Table[2]

Properties of the repulsion coefficients ¢(C, H., H;) and h(N, H.):
1. g(t) = g(C(t), He(t), Hi(t)) € HZ(D) whenever C(t), Hc(t) € H}(D), t € I.
2. h(t) == h(N(t), Ho(t)) € H2(D) if N(t), Ho(t) € HX(®), t € I.

3. g and h are uniformly bounded w.r.t. each of the independent variables ¢, z, and w:
lg| < My < oo and || < Mj < oco.

4. g(t) and h(t) are Lipschitz continuous in Hy (D) if Hi(t), He(t), C(t), N(t) € H, (D).

In the following we will omit in the writing the dependence on t of the components of the
solution vector u := [H;, H., C, N]7 belonging to function spaces of the form H, (D), s> 0.



Properties of the diffusion coefficient a(H;, H.,C,N):
1. 0<my, <a< M, <.
2. If He, H;, C and N € H3,(D), then a belongs to Hs,(D), too.
3. a is Lipschitz continuous in L?(®) if H;, He, C and N are in H21p (D), with p > n.

Properties of the go, grow and recede coefficients b(H;, H.), A1(H., H;) and
AQ(HE,HZ'):

1. 0 < b <My, 0 <A1 <My, |[A2] < Ma, and Az < 0, where My, Ma,, and My, are
bounded constants.

2. If H; and H. belong to Hglp(ﬁD) then b, A1 and Az belong to Hglp(ﬁD), as well.
3. b is Lipschitz continuous in L?(®) if H;, He, C and N are in H;p (D), with p > n.

Properties of the reaction terms T(H;, H.) and Q(H,):
1T <M, <00,0<Q <M, < oo.
2. If both H; and H. are in H21p () then T and @ are in H;p (D).

3. T and @ are Lipschitz continuous in H;p (D) norm if the corresponding dependent func-
tions H. and H; are in Hzlp(CD).

Properties of the growth and decay terms A3(H.) and A4(H,):
L O0<As <M, <00, 0<As<M,, <o
2. If H, is in H, (D) then Az and A4 are in H, (D).
3. As and A4 are Lipschitz continuous in H;p (D) norm if H, is in H;p (D).

Properties of the flux modulation function J(C):
1. J e L®(D).
2. If Cis in H,,(9) then J is in H, (D), with |[J|[m1 (o) < M, (k.). Here M;(Kk.)
P

represents a positive and polynomial order function of kc with kc being a constant
occurring in the following sections below.

3. J is Lipschitz continuous in the H;p (®) norm if C is in H,jp (D).
Further properties of the above functions: The functions J, T} (j = 1,2,3), and Q
are such that (with the notations to follow) Ry (Hj, -, ) > 0 in a small neighborhood of H; =0
and R:(0,-,-) =0.

We will use the following notations for the reaction and source terms involved in our model:

T(Hl, He) = T1 (H“ He) + 712(]{1'7 He) — Tg(Hi, He) (3a)

Ry (H;, H.,C) := J(C)[-T(Hi, H.) — Q + q1] (3b)
Ry(H;, H.) = J(C)T(H;, H,) (3¢)
Ry(H, C, N) = C(1 = C) (7, A1+, Az (3d)
Ri(H.,C,N) := —7,CN + (—%3 As + 7, A4)N(1 ~N) (3e)

Using the above assumptions, the proof of the following lemma is straightforward.

Lemma 3.1 (Lipschitz continuity of Ri1, R2 and R3). Let H;, He, C' and N be in H;p (D), with
p > n. Then Ri and Ra are Lipschitz continuous in H;p (D), and Rs is Lipschitz continuous
in LP (D).



3.2 Generating operator:
With the previous notation u := [H;, H., C, N]7, define the operator A(u) as

A 0 0 0

o 4 0 of [a o0
AMw=14o o B B~ [0 B} )
0 0 0 B
with
B B
— A 0 B = {0 B]
A._{O AQ] :

B1 = qgf’}/DA

A (C) == —J(C), Bo(C. H.) = —V - (4(C, H.)V)

AQ(C, N) = ’)/NC+ (A3 — A4)(1 — N)

Bs(C, H., N) = —V - (a(C, He, N)V) + g3

where g3 is an arbitrary positive real constant introduced to render Bs to be an injective op-
erator. The constants involved in the vectors Z, and E,, above are from now on absorbed
in the respective diffusion, taxis, repulsion etc. coefficients. The original notation for these
coefficients will be preserved in order not to overload the presentation.

3.2.1 Uniformly continuous operators and their domains:

Lemma 3.2. Let N(w), C(w), and He(w) be in C([0,T); HZ(D)) for every w € Q. Then
As(w,t) : H2(D) — HZ(D), p € (n, o0], is a bounded linear operator. Moreover, it generates
the following uniformly continuous semigroup

e J§ Ax(w)ds _ o= J§ Ay O@)HAs@)-As@)A-N@)ds 4 [g. 7]

Proof. Indeed, since HZ(D) is a Banach algebra for p > n, for any w(w,t) € H2(D) we get
that

[A2(w, wllmz(o) = [I[Vx C(w) + (As(w) = Aa(w)) (1 = N(w)]w|[m2(0)
< ’YNkc + kA3)4 (1 + kN)Hw”Hg(Q)-
Hence,

HAQ(wvt)Hl:(Hg(@)) S kAg < 00, a.s. Vt € [O,T] (5)
where £(HZ(D)) denotes the space of bounded linear operators form H7 (D) into itself, the
constants K (t), kA34(t)7 and Kk (t) are upper bounds (in HZ(®) [f) for C, H., and N,
respectively, and kA2 =y ko + kA3 L1+ k), with

k. := sup k.(t), k, = supk, L (D), k, := sup k,(¢).

te[0,T) S te[0,T)

Now for the semigroup claim, let w(w,t) = €~ Jo A2(@.9)dsy, Then it is easy to see the semigroup
property and the following differentiability property:

Do, 1) = — Ag(w, Dw(w, ).
dt
The following estimates are easily obtained:

||e— fot A2(w,s)dsH£(H%(®>> < ekA2T

ootk

[ A2(w, ) H >

— [F Ag(w,s)d L(HZ (D))

||e o0 A2(w,s S_1||£(H127(D>>§Z
k=1

<rk,, ek, (6b)

o i Astomis _ e I Ao o) < e, e”kAz . (60

So the uniform continuity follows from the boundedness of As,. |

2In the following, depending on the context, the norms with respect to which the upper bounds kc (®), k

A3 4 (t)v

and kN(

t) are represented may differ from H2 (D). In general, the norms are taken with respect H3(D) with s € R

such that either H3 (D) < H2(D) or H3(D) — H21p (D) or Hy(D) — L*(D).
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Lemma 3.3. For T € (0,00), let C € Lw(Q;C([O,T};HZ%BI(Q))) with B’ > % and ¢ €

L?(Q;C(]0,00); R)) be a Gaussian process with p-Hélder continuous covariance function (0 <
p < %). Then for each w € Q, Ai(w,t) : H;p(@) — H;p(@), p > n, is a bounded linear
operator. Moreover, for each w € € it generates the following uniformly continuous semigroup:

e- fot Aj(w,s)ds _ ef(f J(C(w,s))€s(w)ds
Proof. First fix w € Q, then the mapping ¢t — &(w, t) belongs to C([0,T],R). So
[Ax(w, Ywllay o) = 16:(w)I (Clw, t)wllmy ) = [(WIIIT(Clw, )llmz @ llwlay o)

<M, (ko)l&@lllwlay (o)

Hence
||A1(w,t)||£(H; ) <k, (1) (7)
IOl (001 (o) < Ko (8)
where
kAl (w,t) = [&e(w)[M,, kA1 = kUTMJ: M, =M, (kc + kQC)a
Ko, = sup o(t), o(t) = E(l&(w)?)%.
te(0,T]

Now the semigroup claim follows like in the previous case for each w € € fixed, with the
following estimates (using Lemma |7.3):

+ Kk’
leJo Artdds) <k, €, (9a)
L2 (Q;L(H;p(@))) !
oo t*| A (W, DIE a1 (o) Kk’
le- JE Ar(s)ds 1] < Z ' 2p <\ Jt kAle x| (9b)
L2 (n;n(H;p(zv))) = k!

2

: k
et 4105 _ g Jg Artords) )s<kaT|t—r+T|t—r|“>\/kA1e2 A (90)

L2 Q:L(H} ()

3.2.2 Sectorial operators:

Let H,(®) denote as before the LP-Bessel potential space with s € R and 1 < p < oo. In
order to characterize the domains of the operators involved in the aanalysis below, we need
the following subspace of H, (D) (which can be identified with the Sobolev space W*? (D), see
Remark 3| in Subsection :

0
H) n = {ue H7(D) : 8—3 =0}.

Sectorial property of B;

Consider the operator By := g2 — s A, with D(B;) = HiN. We would like to find out
whether it generates a semigroup on LP(®). Now we get the following sectorial property of
B (see Definition [1] in the Appendix):

Lemma 3.4. The operator By is a sectorial operator with spectral angle kg, < 5. The
resolvent Rx(B1) satisfies the following inequalities:
1
RA(B <————  ReA<O
H >\( 1)||E(Lp(©)) = |Re )\l + 2 €A S
Mg,
[BA(B1)ll(Lr o) < N Re A <0, A#0, (10)
v, np

where Mp, = %B?ﬁ + 2.
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Proof. Firstly, due to Theorem 2.4.1.3 in Grisvard [18] we get that, for —\ large enough,
By — X is a bijection from H y (D) onto LP(D). This immediately gives us that

R(B1 — A) = LP(®). Additionally, we get that B; is a closed operator. Secondly, since B is
also accretive (see [53] Lemma 2.3) we get that B; is m-accretive. This implies that Bj is
non-negative. Thirdly, since L? (D) is reflexive, we also get that B; is densely defined.
Finally, from [53] Lemma 2.3, we get that for all u € L?(D),

[Im (Biu, u™)| Vp P <
[Re (Biu,u*)| = 26, vp—1

where 6, :=min(gz2,7, ) and u* € F(u), i.e. u” is an element of the duality set

F(u) :={u* € (L?(D))": (u*,u) = Hu||2Lp<®) = ||u*||%Lp<D))/} of w. This implies that the

numerical range W(B1) := {{Biu,u) : uw € D(By), ||ul]| = 1,4 € F(u)} (see [33]) of B is
g

v P
. . b
contained in the sector of angle x, < arctan %, VT

operator with spectral angle k, < 7. The estimates are again a consequence of Proposition
2.1 [53]. It is important to observe here that the sector angle x p, and the constant Mp, are
independent of w € Q. n

< g Thus B; is a sectorial

Sectorial property of Bs

Consider the operator Bs := g3 — V - (aV) with D(Bs) = H? y. Like in the case of the
operator By, we want to find out if Bs generates a semigroup on L?(®). The following

Lemma gives its sectorial property.
Lemma 3.5. Let a(w,t) € Hzlp (D) be Lipschitz continuous such that My > a > mg > 0 for
allt >0 and w € Q. Then the operator Bz := —V - (a(w,t)V) + g3 is a sectorial operator on

L? (D) with a uniform spectral angle Kp, < 5 for allt >0 and w € Q. Its resolvent satisfies
the following estimates:

<
~ |Re A| + g3

M
| Rx(B3) |l cLr @y < |TB|37

| R (Bs)l (e o)) Re A <0,

ReA>0, \#£0, (11)

Mg np .
where, Mp, := s—"L= +2, 6, = min(gs, ma).
2533 Vp—1 3

Proof. Since a € H;p (D) and Lipschitz continuous, we can again apply Theorem 2.4.1.3
from Grisvard [I8] and get that Bs — X is a bijection from H y (D) onto LP(D) for —\ large
enough. Therefore, by the same arguments as in Lemma [3.4] we get that Bs is a sectorial

operator with spectral angle Kp, < arctan (%Maingil) < 5 and the claimed estimates for its
B3

resolvent hold. Again it is crucial to observe here that the sector angle £, and the constant
Mp, are independent of w € Q. |

Sectorial property of B
Using perturbation results we now obtain the sectorial property of the matrix operator B.

Theorem 3.6. Consider the operator Ba in and let g(w) € B([0,T); H,(D)) (i.e., g is
uniformly bounded, see Definition|4)), for every w € Q with T >0 andr > 1+ % and p > n.
Then the operator B is sectorial on LP (D) x L? (D), with spectral angle

kg Smax(ky , kg ) < 5. Its resolvent satisfies the following:

Rx(B1) Rx(B1)B2Bj3'B3Rx(B3)
B) =
ExA(B) { 0 R(Bs)
MB c
1R (B1) | 2(Lr@)yxLr(@)) < DR A€ {Zxg U0}, (12)

where My := max (MBl,MB3 + Mg, (1+ M33)||BQB3_1HLp(D)). Moreover, its domain is
given by

D(B) = D(B1) x D(Bs) = H,x x Hpn

12



Proof. First note that B1 = —y_ A + g2 is a sectorial operator on L”(D) with spectral angle
kB, < % and domain D(By) = H. (D). The operator Bs = —V - (aVu) + g3 is sectorial,

too, with spectral angle < % and domain D(Bs) = H} n(D).

Now, if Bz € L(D(B3); L?(®)) then by Theorem 2.16 [53] we get that B is a sectorial
operator of L”(D) x LP(D) with domain D(B) = H7 x x H: y. To this end we let
u € D(Bs). Then
IV - (g(w, ) Vu)llp < [[Vg(w, 1) - Vullp + llglleo [ Aull
< Vg, O)ll2p[Vullzp + llg(ws )lloo llull 22 o)

< ko pllg(w, )y lull w2 o) + l9@w, Dllzrgo) lullmzoy  (13)

< ko pllg@)ll a0, rs:mz0n lull 2 (0) < o0,

where we used the embeddings H, (D) — H,jp (D) and Hp (D) — L>(D) (see [M] and [53],
respectively). Thus D(B3) C D(Bz) and as a consequence B; is a bounded linear operator
from D(B3) to LP(®). This implies that (B7 D(B)) is densely defined and a closed
operator. Moreover, since Re (Bzu?, (u?)*) > 0 for u*> € D(Bs) and (u?)* € F(u?), for
u= (v, v?)T € D(B:1) x D(B3) with u* € F(u) we have that

Re (Bu,u*) = Re (Biu', (u")*) + Re (Bau?, (u®)*) + Re (Bzu?, (u?)*)
> 6, (uh, (w')") 46, (u?, (u?)7) > 0.

1

and
Im (Bu,u*)| _ [Im (Biu', (u')")| + [Im (Byu?, (u®)")[ + [Im (Bsu?, (u?)")]
[Re (Bu,u*)| = |Re (Biul, (u')*) + Re (Bau?, (u?)*) + Re (Bsu?, (u?)*)|
< (’YD + My + Ma)np < 0.
(6, +05,)2vP—1
Thus B is m-accretive and its numerical range W (B) is contained in a sector of angle
(v, +Mg+Ma)np

(g, 795, )2Vp 1
The resolvent estimate follows directly from the matrix column norm and the resolvent

estimates of By (see (10)) and Bs (see (T1)). [ |

Corollary 1. For every t € [0,T] and w € §, the operator —B(w,t) defined above generates
the analytic semigroup € *BEY on L(LP(D) x LP(D)), fulfilling the following properties:

1. For every fizred t € [0,T] and w € Q, the mapping z — €~ "Bt ¢ L(LP(D) x LP(D)) is
an analytic function of z € Yz s

arctan ( ) < 5. Thus B is a sectorial operator with spectral angle kg < 5

P

o
2. For every k' > kg, the semigroup is uniformly bounded with respect to z € ig_nl -0,
i.€.
187"l 2(1r (o) xr (o)) < M.

The upper bound M,,/, though it may depend on f%,ﬁ/ - E%*“B , 1s independent of t
and w.

3. For every fized t € [0,T] and w € §, the mapping z e*Bt) s strongly continuous

at0, ie. € "B 51 as2—0 forallz € EKB — 0. The constant M,.» > 1 is uniform for
allt €10, T] and w € Q.

Proof. Due to the sectorial property of B(w,t), the resolvent estimate , and the
denseness of D(B(w,t)) C X, we can apply Theorem 5.2 of Pazy [33] to get the required
claim. -

This allows us to define the two parameter semigroup Us(t, s), for all t > s > 0, called the
evolution operator. It serves us to represent the mild solution to the system of equations (2))
which will eventually turn out to be the strong solution to the abstract Cauchy problem (20)
below.
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4 Construction of local solutions:

Let ,
o _JmP®), ifo<p <
H, (N)(:D) '7 26’ i ol ’
’ I‘Ip,]\](g)7 lf j < ,8 S 1,
then define Z, := H;‘?N)(’D) for a € [0,1], Z := HZ(D), and Y := Hzlp(’D). Now the product

space Z is defined as:

Z:=H, (D) x Hy (D) x HjﬁN)(sa) x Hjﬁm(sa)

o I'XZPxZPxZ' =Y XY X Zg X Zg.

Let u:= (u',u? v, u")T, and k € {1,2, 3,4}, then we define the following spaces (see
Definitions [4] and [5| for the notations used):

ZHT) = {u’C s uy is As;-measurable, u* € L? (Q; B([0,TY; Zk) N C?O}([O,T]; Zk)> } (14)
Next, we need the following non-empty closed subsets of Z* (T):
KNT) := {ul € ZNT) : u' (0) = uy, E(||u1||2BY)% < P,

E[( sup () —u (s)||y)2]

t<s [t — s|%+“
t,s€[0,7]

[N
IA
F
—
—~
=
()
@

K*(T) := {u2 € ZX(T) : for a.a. we Q, u*(0,w) = ug(w),

lu* (W)l < Pr,  sup

2 2
Hu (w,t) —u (st)Hz < Pz},

t<s |t - S‘“
t,s€[0,T]
(16)
For k € {3,4} we define
KT = {uk € Z(T): for aa. weQ, u*(0,w) = uf (W), |u*W)|B, < Ps,
k k
k [[u” (W, t) = u®(w, s)llz,
I ()llB,, <P, sup T <Py
t,5€[0,T]
(17)

where P, P> and Ps are some nonnegative constants and the constants u, a, 3, 6, and v are
such that

/ R A —
O<py <p:=1-d, v:i=1 } (18)

1>a>ad' >0>60>>p>1
These relationships will be assumed to hold throughout the whole Section
Therefore, 0 < ' < min(B, ) < 8. We also denote

Z(T) := Z1(T) x 2%(T) x Z3(T) x Z4(T),
(19)
K(T) := KNT) x KX(T) x K3(T) x KX(T).

4.1 Abstract Cauchy problem:

Now we formulate the equation system in terms of an abstract Cauchy problem.

{iu(w, t) + A(u(w,t))u(w,t) =r(u(w,t)), inX,t>0,foreachw € Q. (20)

u(wv O) = uO(w)7
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where X := LP(D) x LP(D) x LP(D) x LP(D), u:= (H;, N, H.,C)", and

r(u(w,t)) J(ui) (= T(ui,ui) + @1 — Q(uy))
o | P, | 0 )
r(u(w,t)) P lulw t) | J(ud) T(u}, u3) +V - (hVu?)
ra,0)) (= ud) (il ud) + Aa(uf ) + g3 uf =0V - Vu

(21)
Next we collect some estimates for 7' and for the vector r>* := (r3 r?).

Lemma 4.1. Let the functions J, T, Q, A1, A2, f, and g satisfy the assumptions in
Subsection . Then for each w € Q, r'(w) maps K(T) into C*([0,T];Y), while r**(w)
maps K(T') into C*([0,T]; XB), where Xp := LP(D) x LP(D). This in turn yields that r
maps KK(T) into F**([0,T]; X) (for this space see Definition @

Proof. Since Y is a Banach algebra, if v € K(T') then by hypothesis we directly get that all
the functions involved in r' are also in By := B([0,T];Y) (see Definition . Consequently,

Irelly < 1T @D NIT (e o)y +a+ 1Qwi)lly
= ts[lépﬂl\nll\y < NI@HB, IT@ 0B, + @+ [Q(WYI5,
€10,

= HTIHBY < lev krl = ksuf(MJ My +aq1 + MQ)) < oo, (22)

where K, ¢ < oo is an sufficiently large constant However, in view of the nonlinearities in
r® we have that

8 g < (AL (0 0) + A (v, 000 (1= v ooy + @10 oy + 1BV - V0
17T} 0) + @20 coy + VA VRl oga, + 1AAGE 1
<MIITI,, + My, + M) (e, + [612,)) +Melle? L, ot
+asllvlls,, + Ihll,, 10 o)

3,4 4 412 4 412
= e llxs < (lv7lls,, +11v7lE, JTls,, + M, +My,) (1 lls,,, + o ”Bze/)

M, Nl +aletls, , +Ikls, 1075,
= s, <k, < oo, (23)
K . = Keus ((P1 + P2k, +k, )+ MM, +MP + Pi(gs + kh)).
Using and Lemma we can apply Kolmogorov—éensov—Loéve theorem to get the
existence of p-Holder-continuous modification of the processes A1, A2 and J. Then due to

the uniform boundedness of A;, A2 and J the Holder semi-norms can be estimated
(independent of w) as

i E

‘ < . 21
t,:el?tl)),T] |t — s|~ SR 4 S (24)
s<t
Similarly,
i —rilly
t,ssel%),T]W — Ll < o9, (25)
s<t
where

k L= 3( sup kL 1 (t)) (P + P), kL s = sup kL .3 (), k = sup kL » (t),
2 . . )

Lor te[o,T te[0,T) Lrd te[0,T)

kL’r3,4 = 4(P1 + P2)(kL’T3 + kL’T4)7

with the constants depending on P;, P», and the bounds of the coefficient functions involved
in R> and R3. [ |

3The constant ksu ¢ appears in a few more estimates below. In each case it represents an (arbitrarily chosen)
sufficiently large positive real constant.
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The proof of the following lemma is easily obtained from the assumptions about the
coefficient functions made in Subsection [3.11

Lemma 4.2. Let the functions a, g, As, and A4 be in Hzlp (D). If v € K(T), then for each
w € Q, the operator Ay (w) is in C*'([0,T], L(Y)). Moreover, independently of w, the
operators Az and B belong to C%' ([0, T), L(Y)) and C%'([0,T], L(D(B); X)), respectively.

4.2 Evolution operator:

In order to solve the Cauchy problem we first introduce (locally) its mild solution and
then show that this is in fact the strong (local) solution. To this end we need to establish the
corresponding evolution operator. The following lemmas achieve this goal.

Lemma 4.3. As before, let

Xg := LP(D) x LP(D),
and v € K(T). Then for each w € Q, Ug(w,t, ) is a two parameter semigroup, called the
evolution operator. It is an element of L(XB) and it is defined like in Theorem 3.8 in [53].
Moreover, if B1(w,t), Ba(w,t), and Bs(w,t) are Ai-measurable then Us is A¢-measurable.

Proof. For v € K(T) Theorem Corollary [I} and Lemma [£.2 hold true. This in turn
verifies the structural assumptions in Section 4.1. of [53] for v = 1. As a result Theorem 3.8
of [53] gives the required claim. As the operator Ug(t, s) is the limit of the evolution
operator Ug,, (t, s) associated with the Yosida approximation B, (t) of B(t), the
Ai-measurability claim holds due to Bi(t), B2(t), and Bs(t) being A:-measurable and the
limits of these A;-measurable functions being again A;-measurable. |

Lemma 4.4. Let
Xa :=H, (D) x Hp(D),

and for each w € Q, let u(w) € K. Then Ua(w,t,s) defined as

— |Uai(t,s) 0
Ua(w,t,s) = 0 Un, (t,5)]
UA1 (w,t, 8) — e fst Aq(w,r)dr — efst J(C(a.),1‘))§(¢1.),7‘)d7‘7 (26)
U, (0,1, 5) = @ S A2(ndr _ @ [1lry Clor) =(As(@m)=As@m)A=N@rldr — (g7)

is an element of L(XA) and a uniformly continuous semigroup. Moreover, if A1(w,t) and
Az(w, s) are Ai-measurable then Ua, and Ua, are Ai-measurable as well.

Proof. Since v € K implies that u* € L>(Q; C([0, T]; Z*)), Lemmaand Lemma
imply that the operators A;(w) and As(w) are bounded in the uniform topology and that
they generate the respective claimed uniformly continuous semigroups. The
Ai-measurablility claim holds due to Ai(t) and A2(¢) being A;-measurable and the limits of
measurable functions being still measurable. |

Upon combining the above two lemmas we get the following theorem:

Theorem 4.5. Let
X :=Xa X Xp,

and for each w € Q, let v(w) € K. Then U(w,t,s) defined as

Uy, (w,t,s) 0 o”
U(w,t,s) = 0 Ua,(w,t,s) o”
0 0 Us(w,t,s)

is an element of L(X) and it forms a strongly continuous semigroup.
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4.3 Approximate solution:
For v € K(T'), T > 0 consider the following approximation of the Cauchy problem :

(28)

{;tu(w, t) + Av(w, t))u(w,t) =r(v(w,t)), inX,te (0,T], for each w € Q
u(w,0) = up(w)

This is a non-autonomous inhomogeneous problem, which can be solved uniquely (for each
fixed w € Q) due to Theorem and its mild solution is given by

u(w,t) =U(w,t,0) ug —1—/0 U(w,t, s)r(v(w,s))ds, (29)

with U(w,t,s) := U(w, v(t), v(s)) being the evolution operator for the operator A(v(w,t))
and B(v(w,t)), respectively. For the sake of clarity, we write out the mild solution
componentwise:

ul (W) = u! (w, t) = Ua, (w, £, 0)ul + /0 U (0,15 (v(w))ds (30a)
uf (w) = u?(w,t) = Ua, (w, t,0)up (30b)
w(w) = ut (W, t) = Us(w, t,0)ud® + /0 t Us(w, t, )12 (v(w))ds (30¢)
where,
re =1 (v(w,s) = J(v3) (= T(vs, 03) + a1 — Q(v3)) (31a)

34 _ TS(V(OJ, s)) _: J(v}) T(vl, v3) + Gov? + V- (RV3) (31b)
ri(v(w,s) ) \vi(1 —vd) (Ar(vl,v3) + Az(vl,v3)) + gsvi — bV - Vot |

Lemma 4.6. Let v € K(T) and up”* := (ud,u$)” € D(B§) be Ao-measurable, 1 > o > 6,
28> 28 =1+ 25 and t € [0,T]. Then for each fized w € Q and E € RE?, the vector
wrt (W) = (uf(w), uf(w))T solves the abstract Cauchy problem
%uf’4(w) +B(v(w, t))ud?(w) = (v(w, b)), nXs, t>0

u?(w,0) = upt (w).

Moreover, for each w € Q0 we have that
u™ € C(0,T]; Xs) N C (0, T]; Xn), B(ve)*u™ € C((0,T]; Xs), (32)
with
Iy + B u* ey < Keur (IBE U lxs + 10 o)

(33)
0% s + B < K (1B + % )

Proof. For v € K(T) and 28" := 1+ %, we see that the repulsion coefficient

g € B([0,T]; H** (D)) and the diffusion coefficient a € B([0, T]; H2 (D)) satisty

m, < a < M,. Therefore we can apply Theorem and get that B(v) is a sectorial
operator with uniform spectral angle kg < 7 and its resolvent is satisfying the uniform
upper bound (12)). Moreover, D(B(v:)) = D(B(vo)) for all t € [0, T].

Since uy* € D(BY), for t € [0,T], the mapping ¢ — B(v¢)B(v,) ! is u-Holder continuous for
any fixed s € [0,7] (due to the Lipschitz continuity of B proved in Lemma. Therefore,
we can apply Theorem [7.5| with r®>* € C*([0,T],X5) (due to Lemma, thus

3t e FO""/([O7 T;XB), >0 > B, u>p and v = 1, to get the required claim.

Finally, the solution process u}™* is .A;-measurable, since u>™* is Ap-measurable and
integration of an A;-measurable function yields an A;-measurable function. | ]

Lemma 4.7. Let ¢ € L*(Q;C([0,00); R)) be a centered Gaussian process with j-Holder
continuous covariance function, v € K(T'), and u(l)’2 € Z' x Z? be Ao-measurable. Then for
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each w € Q and E € RY? the vector u}?(w) := (uf (W), ui(w))” solves the abstract Cauchy
problem

%u,}z(w) AV )W) = PP (v(w,b),  inXa, t>0

u"?(Q,0) = up?(w).
Moreover, for each w € Q0 we have that
u'? € C([0,T]; Xa) NC'((0,T); Xa), A(v)u"? € C([0,T];Xa), (34)
with

,2

d
la™llmy, + 150 My, + 1AM 2], < Ker@)(llug®lxa + 10" (V)] pow). (35)

Proof. Since v* € L>(Q; C*([0,T]; Zy')), from Lemma and Lemma we get that
A(w,t): H,le (D) x H2(D) — H;p (D) x H2(D), p > n is a bounded linear operator which
generates an uniformly continuous semigroup. This, along with the Lipschitz continuity of
the reaction terms, yields the existence of a unique mild solution. The C! regularity of the

mild solution in turn yields the existence of the strong solution. Finally, the solution process
ut1 2 is Ai-measurable, since u(l)’2 is Ap-measurable. The estimates for the claimed

regularities can be obtained in a standard way; details are included in Stepl.1 of the task
validating the fact that the mapping defined in below has a fixed point. |

4.4 Construction and properties of a fixed point mapping:

In the light of Lemmas and @ our next task is to show that the approximate solution
converges to the actual solution. To this aim we observe that the equation can be
seen as a mapping of a function v in K(7T') into u (hopefully also in IC(T")). Therefore we
define the mapping ®(v(t)) as

t
d(v(w,t)) :=u(w,t) = U(w,t,0)ug(w) +/ U(w,t,s)r(v(w,s))ds (36)
0
Now the aim is to show that ® : K(T') — K(T') is a fixed point mapping in Z.

4.4.1 Stepl: ® maps K(T) into K(T):

Since ® is a vector mapping with ® = (&1, ®2, ®3, $4)7, we prove the claim
componentwise, i.e. for each @y, k € {1, 2, 3, 4}.

1.1 Verification of u!(w) € K(T): In order to prove the regularity properties of u' we

need to assume that the process (£;); has independent increments and either ud is
deterministic or the o- algebra generated by uj is independent of As.

1.1.a Boundedness: ,
(@) = B1(v(w, 1)) = Uy (@, 1, 0)ub(w) + / U, (w,t,8)r! (v(w))ds
0

t
_ eld TheE @y +/ eI TR @ (o)) ds
0

t t t
= Jlui @)y < 1€5 Iy flus @)y +/0 1% Iy [l (v(w, )|y ds
= [ui@)lls, < (€65, lus@)lly + I (vw))lls, 167 |8, T (37)
2 [ton2 1 1 2
= Efflus(@)l5, | < E[|€7 IIBY](EIIUOIIY + I (V(w))IIByT)

ke, €Ker (Bl + I (v(@)llo, 7). 59)

Thus u' € L? (Q;B([O,T];Y)) and E[Hu1||QBy]% < Py for T > 0 small enough.
1.1.b Hoélder continuity:
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t
up —up = By (vi) — B1(vs) = [Ua, (t,5) — 1u; —I—/ Ua, (t,7)re(v)dr
= [efst Armdr _ ! 4 /t el Aol (Y dr
= fluf = ullly < [ 2O ]| iy
Y

+ sup (( sup He]TAl(p)dp

T€[0,T] relr,T)

(s nw)) [ ar

By using and 7' € L*=(Q; B,.), we get that

1,1 9 ef: Ai(m)dr _ 1 2 (9
]E[( sup [Jug Uls”y) ] §T172“E[( sup I Hy) ||U2H23 ]
t,s€[0,T] |t — s|2TH t,s€[0,T] [t — s Y

s<t s<t
B[ o,

) k.. ko
T 2K € 2T (Bl Juoll} ] + Elllus3, ] + Ellr 13,1

+ TR [He.fJ A1(p)dp

(NN EE)
k.., Kk
ST e (20 4K ) o

Ly —ul(s 271
Therefore, u* € L? (Q; C’*‘([O,T];Y)) with E[(sup t<s M) ] < PforT>0

1
t,5€[0,T] lt—s|2tH
small enough.

1.1.c Boundedness in F?*: Let w € Q be fixed, then

Ay (w, t)ug (w) = —J (v} Erus .
Using we immediately have that
k2

£2,7 |

2
Ef|Avui||B, ] < MK, . €

Due to Lemma (in particular the Lipschitz continuity of A;) and due to the Holder
continuity of uf and & (a.s.) we get that A;(t)u'(t) is Holder continuous, as a result of which
A1 (w, yug — Ar(w, s)usly < 1 A1(w,8) = Ar(w, )]y lluslly + 1AL, B)lly lug (@) = us (@)l
< & (@), 0" (w,8) = v (w, 8)lly + M, 16 — Ellluzlly

+M, & llut (w) = ug @)y -

Due to , , and to the py-Holder continuity of the covariance function of &, we get
that

B[(ap IO ) @y g o

t,s€[0,T] |t — s|r

Thus, we have Ajul € L? (Q; CH([0,T7; Y)) This immediately ensures that
Ayl € L2 (Q;Fﬂ’“([O,T];Y)) for B € [0,1] with 8/ > > 0.

1.1.d C' continuity: Let w € Q be fixed, then

t+h thh
Upyp — Ut = [eft Arleds 10 4 / el Avnydr ra(v)ds

t+h A

:>%[U%+h—u7ﬂ:%[i(tk—() / Al Utds

h/ fH'h Aq(7)dr I(V)dS.
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Due to the a.s. continuity of vf in Y and the uniform continuity (for a.e. w € Q) of the
semigroup Uy, (t,s) in Y with respect to both ¢t and s, by taking the limit h — 0 we get

d

27 (@) = Ar(w, )uy () + 7 (vw)).

Due to the continuity of A;(¢t)ui and r'(v;) in Y, we get that for a.e. w € Q,
u'(w) € CH((0,T);Y).

1.2 Verification of u?(w) € K(T): Analogously to u'(w) € K(T).

1.3 Verification of u**(w) € K(T):

1.3.a Boundedness: For each w € 2 we have

B0 _ (2 _ o, o450 NGO
<u4<t>> . (qn(v(t»)UB( ’“)( ) / Usli ( v<s>>)d
_ ug’4 + (e*t(B(“D)) _ 1)u0’ + (Usn(t,0) — e*t(B(Vo)))qu

+/0 UB(t,s)[r3’4(v(s))—r3’4(v(t))]ds+/0 U (t, 5) — €0 BED 134y (1)) ds

t
Jr/ [e*(t*@(B(Vs)) _ e*(t*S)(B(Vo)}r374(v(t))ds + [e*t(B(Vo)) _ 1]B61r3’4(v(t))
0

= u ()l g0 <l lls,a + (€7 FMY — g s + | (Us(t,0) — €7 EC))ug
0’ o’ 0’

+H/Oi UB(t,s)[r3w4(v(s))7r3’4(v(t))}dSHZ+H/Ot[UB(t’s)7ef<tfs)(B(vs))}r3,4(v(t))ds’

3,4
ZG’

t
+ H/O [e*(tfs)(B(vS)) _ e*(t75)<B(v0)]r3,4(v(t))ds o + H[eft(B(vo)) _ 1}B611‘3'4(V(t))’

z3*
Now let us estimate each term on the right hand side.

Term?2:

@00 —1yui|| | <Ko [Bluo) e B — 1jud

Z,; XB

<k , e—t(B(ug)) —_11B 6—a B «a 3 4
<k 1B C0) B0
53l (2 129)]
kg 9’kBo ot 9||B( 0)” 34||XB
= ||l e — g < KoKy, T B0
z3
Term3:
[vet.0 - e @i, . < koo [Bvo) Un(e,0) - 7|
XB
= koo [Bvo) [Un (2,0) — €~ P B(vo) || [Bvo) ui )|
( B) XB
153l (3.87)]
< k979/ kB(J,G,a tafeﬂw'kl"B(vo)o‘ug’4(w)"x
B
= s (t,0) - e ®CNudt| <Ko ki, T [Bvo) ud @)
z3! B
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Term4:

/o Us(t,s)[r>*(s) — v>*(t)]ds

<kow [ [Boovntes)] 6 -]

Zg,/4 L(XB) Xg
53(3.81)] t
< kg,gz/(t—s)_e(t—s)”H(t—s)_“[r3’4(5)—r3’4(t)}H ds
0

XB

t
<Ko [ Knpolt= 9" sup |69 x4~ o) as
0 s<t, XB
t,s€[0,T]

t
< kg,glthgkrsA (t— S)‘uieds
0

Kook, Ky
- p—0+1

B_3,4
z;,

pn—0+1

/0 Us(t,s)[r>*(s) — v>*(t)]ds

:> ‘

Termb5:

¢
/ [Us(t,s) — e t=Bvapddgg
0

B(vo)/[Uv(t,8) =€ IR ds

L(Xp

t
< / ko,e’
3,4 0
z3;

153(3.87)] t L
< k9,9/|‘r3,4||BXB/ kBtg(t_S)H-‘—y 1-6 4
0

S kBt‘ng,G’ tu+u79 Hr3,4
pw+v—=0

|Bxy, (since p+v—0-1>-1)

< kBt,ngﬁ/ T,/,+1/—9 H
~ut+v-—90

B_3,4
zy;

= ‘ 1‘3’4||BXB.

t
[ Wn(t.s) - e IR
0

Term6:

B(Vt)G[UB(t, 5) _ e—(t—S)(B(Vs))]H

t
/ (@ (=B _ o= (t-9)(Bvo) |34 g
0

LLP(D

t
< / ke,e/
3.4 0
z3;

153L(3.91)) t
< Kaa I g [ o (90 s
0

t
N / (e (9B _ @ (t-9)(Bvo) )4 g < Ko o/ kBt,@ TR0 |3
0 ' 734 T optv—90 *B
9/

Term?T:

e-t(Br) _q B—1r3,4’ <k, . |lie-t®vo) _ 11 -1 P34

i L P o)l
= [le= @ — B et < ook, T Iy
23’4

o/

Altogether, we get that Hu3’4||st,4 < Py for T > 0 sufficiently small.
Moreover, due to the estimate and by setting

(B3 s + 6% ()l s ) < Ko (IBF U I + 6% (W) o ) < Py < 00
we also get that ||u®*||z, < Ps.
1.3.b Holder continuity:

t
urt —udt = 9 (v,) — 3 (vy) = [U(w, vi, vs) — 1]ud? +/ Us(w, vi, v, )rot (v)dr
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[l = ud ¥l < |[Un(t ) — € P BV T B(v) ud|

3,4
ZB,

+ 1o =B 1B (v.) T B(v.) 5’4’23,4*/ Us(t, e (v)]|
0’ t o

Estimating each term on the right hand side similarly as above we obtain

g 9y »
sup — 0 < T°(lu>*||5 +|lr B
T T+ 1 (9 ).
from which it follows that .
= a2 s
sup — X < P,
t,s€[0,T] [t — s|»

for T' > 0 sufficiently small.

4.4.2 Step2: ¥ is a contraction in Z(T):
Let v! and v? be in (7). Then ¥ (v§) : K(T) — K(T), where

Vf k k r Vf
U= w(v) = (izgva and ff :=f(vf) = <T4Ev?

t t
Wl - WP = (UL (1,0) — UA(t, 0)ud + / (Ut s) — UB(t, s))lds + / U3 (t, ) (£} — £2)ds.
0 0

Let u3’4 € D(B§), with 1 > a > 8 > 0. Now taking the Z3*-norm and using the embedding
D(BY) < Z3, under the conditions (I8)), we get with the notation B1(t)? := B(vi(2))*:

IBY (6)[¥; — ¥i]lxn < IBY(1)[(Us(t,0) — Us(t,0)uy”]lxz +/0 IBY ()[(Us(t, s) — Us(t, s))£:]l|xp ds

t
+ [ IBLOWAC (8 )] xods
= Terml + Term2 + Term3

Terml: Firstly, using the Yosida approximation B, (¢) of B(¢) and its associated evolution
operator Ug,, (t), we have that (for the properties of Ug,, see Section 5 in Chapter 3, [53])

Ub, (t,0) - U, (t0) / LU (t,9)U3, (5, 0)ds
= [ Vb, (9B ()R, (5,0 ~ U, (,9)Bn(6)B, (5,0)ds
0

- / U, (t,)BL7 (5)BY.0 ()[BT A (5) — B3A(8)]Ban(5)U,. (s, 0)ds.

Therefore,

B{,.(t)(Us, (t,0) - Us, (t,0))B5 5 (0 / BY . ()Us, (t,5)B1.” (s)BY .(s)[B15.(s) — B3, (s)]
% Ba,(s)UZ, (s,0)B5 % (0)ds. (40)

Now due to the following properties:
1. (t,8) — Un(t,s) is continuous in the uniform topology Vs, t € [0,T], s < t.
2. Un(t,s) — U(t, s) strongly in Xg, with s <t,s,t € [0,T].

3. t— U(t,s) is continuous in the strong topology for ¢t € [s,T], s € [0,T'). Similarly,
s+ U(t, s) is continuous in the strong topology for s € [0,¢], t € (0,T].

4. The mapping s Bf’nUén(t, s), for fixed t € (s,T7] is continuous in the uniform
topology with HBfnUllg (t, S)H < Kous|t — 5|77, Moreover, s +— (t —s)™% € L'([0,1]).
’ n XB

Finally, nynUé” (t,s) "= BYUS(t, s) in the strong topology.
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5. The mapping s — Bz(s)Ug(s,0)B 7”‘(0) for fixed t € (s,T] is continuous in the
uniform topology with HB2 YUR(s,0)B H < Keugls|®t € L1([0,t]). Moreover,

B2(s)UZ(s,0)B5 % (0) "= Ba(s)UB (s, O)B (0) in the strong topology.

we can pass to the limit n — oo on both sides of (40 and use Lebesgue’s dominated
convergence to get

Bf(t)(Ué(tO)—Ué(tﬂ))Bz_a(O):/O BY (1)Us(t,5)B1~"(5)B1 (s)[B7 ' (s) = By ' (s)] (41)
x Ba(s)Ug(s,0)B3 *(0) ds, (42)

from which follows
t

IBY ()[(Us (t,0) — Ua(£,0)) By * (0)lexp) < Keus [ (t= )" 71" vi(s) = vi*(s)l|xp ds.
0

This in turn implies that
IBY () [(Us(t,0) = U (£, 0))uo]llxs < [IBY ()[(Us(t,0) — U (£, 0)) B~ £(xp) 1B uollxz

t
Sksufl\B“uonB/O (t =) "7 TV (s) = v (5)Ixpds
(43)

Term2: Using the Yosida approximation B, (t) of B(t) and its associated evolution
operator Uy (t) along with Lebesgue’s dominated convergence, we get that

/0 B (1)[(U(t, s) — U (t, s))£)ds = / BY (1)U (t, 7)B1 (r)[B; () — B3 (7)]
X (BQ(T) /OT U'(r, s)f(s)ds) dr. (44)

where we re-expressed the integral on the right hand side by changing the order of
integration. The term B (7 fo f(s)ds can be estimated as follows:

BQ(T)/O ds—/ Bao(T)U (7, 8)f(s)ds
:/0 Bo(7)U (7,5)[f(s)—f(t)]ds+/0 Ba(T)[U' (1, 5) — €~ B2 g (1)ds
+ /T By(r)e~ 9820 ds,

0

By taking the Xg norm we get that

HBQ(T)/OT UI(T,s)f(s)dsHXB < /0

Bo(r)U' ()| I1£(5) = £(7)l|xpds

L(XB)
+/
0

4 Hl _ e (T=5)Ba(7)

Ba()[U (7,5) — €772 7)]

f d
o, EDllxds

1£(T) %z

L(Xp)
= trl + tr2 + tr3

g 1o n|lf(r) — f
trl < ksuf (7_ _ S)p.—lsa—,u—lds sup S H (T) (S)HXB < Ta_l/B(ﬁL, a— /,L)HfHFO‘v“
o t,5<8 (1 —s)~

12 < Koup [ (7 —s) T s 1dSbupS @) Ixs < Kousm™ ™72 Blu+v = 1,0) ]| pen
0

tr3 < Ko7 sup 7 F(7)Ixg < Koug 7 |f]| Fou,
7S

where ﬁ denotes the Euler-Beta function ﬁ(m, n) = fol ™ 11 — z)" tdz, with m,n > 0.
Altogether, we get that

|B:2(7) /OT U'(r, s)f(s)dsHXB < Keug ™ H|E] .
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As a result can be estimated as

[ Bl0IU 5 - Vi) s

XB
<Kl [ =90~ vE s, (49
Terma3:
[ B 8 - )l
L [ T ) - G lads. ()
0
Thus from , and we get that

v=1
B [W; — W]l < Keup (2 + TP vt — v dlop < Kaupt™ P88 v = V3| cp

- : 4
= [lwt — lI’2||BZS‘/4 < K TP Vi = v g (47)
B

By the same computations we can also arrive at

19" = 0?lep < Keup TPV —vi?

e (48)
The estimates and are valid for every w € , thus by taking the L*(Q) norm we get
9" — 0?50 <k TPVt = v zsa. (49)

Z,C,He

Contraction of ®': Now consider the mapping ¥ : K N Z — Z where

Uy = W(vi) =@ (vi) and ff = f(vi) = (VF)

t t
Uy — U7 = (Uk, (t,0) — U3, (t,0))uo +/ (U4, (t,s) — Ui, (t,s)) fods +/ Ui, (t,8)(fs — f2)ds
0 0
= Terml + Term2 + Term3

By standard estimates we obtain

Terml:
SIE sup lggldr

2M
sup [|(U4, (t,0) = Ua, (t,0)[ly < [[C" = C*[lepT" ' M, sup |&] € relo
te[0,T] te[0,T]

@3) k>
= (UL, - U, ublh, D120 ke, @Ker [ud 3101 - 0?2, (50)
Term?2:

t
| / (U, (t.5) = UZ, (b)) flds| < sup (UK, (t5) = UR, (09) [ I Iy ¢

0<s<t<T

This implies

t 5 2
E sup]H/(; (U};l(us)—Uf;l(ms))fsldsHY SE[( sup HU};I(LS)—Uﬁl(Ls)Hy) }HJAH%’ T2

te[0,T" 0<s<t<T

9 212 161{: 12 1 212
<T €| f By ICT = C Hcg-

(51)
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Term3:
t
| [ oot - 2)as, < [ 103, sl st - 2ivas
(0]
t
< [ 10 @olvlst - f2lvds
(0]

1 g2 t
< sup ( sup ”UA1 (¢, 7“)HY sup ”frriufruy>/o stds

s€[0,T] \re[s,T] re(0,s]

t
< swp 0RO I - Pllog [ 5
0

0<s<t<

This implies that

sup | /OtUil(t,s)(fi—ff)dsHY sup_[[U, 0l 15" = ey e /d

t€[0,T] 0<s<t<
t 2
= | [ Uk (o) (£ - 12)as] SE[( sup_[|U, (¢,9) IIY) JIst = f2Ep e
0 By 0<s<t<T 0
2
< 7200k @Ker 11— 2. (52)

Thus from , and , we get that
1 2)12 2(p+1) 2k} 1 2)12
E[U! — 25, < Ko T ke € er v — vy (53)
By the same computations we also arrive at

2k

B! — 2|2, < Koy T7ke, €55r|[v! —v22. (54)
Thus, from and we get that
[ =02z < Tk 4 IV = vz (55)

Contraction of ®2: Consider the mapping ¥ : KN Z — Z, where

P = W(vi) = @*(vf) and [ = f(vi)

1 2 t Al(s)ds sds
W) — 2|, < el A2 _elo Ax@ds| g

t t
= / | AL (s) — A3(s)|ly ds)€lo 21421y 9= |jyq ||
0

f k. k
- (/ ko, (l0f = o3y + lof = o3, +|v%—v;‘|25,>ds>62 45 ol
0

< (Ko, IV = vllggrenkerug ), o
S 0 = 07y < (Kagellv' - vl €80 Ke ug), Y, (56)
Similarly, we also get
[0 g < ((Rnsellv' — vZlop)eRa ket ug),) T (57)
Since the estimates (56| and hold for each w € Q, by taking the L?(£2) norm we obtain
" =92z < Tk, v = v?||=. (58)

Theorem 4.8 (Local existence and uniqueness). let (Q2,.4,P) be a complete probability space
and (A¢)i>0 be a normal filtration with 9 (the system of all P-nullsets) contained in Ag. Let
€€ L*(;C([0,00);R)) be an A; adapted Gaussian process with independent increments. For
n € {1,2,3} let © C R™ be an open bounded domain with Lipschitz boundary. Let p > n and

the operator A be as in , with the involved coefficients a and g satisfying the conditions of
Lemmas[]-6] and[{.7} Moreover, let r be as in Lemma[d] so that
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r:k— FY([0,T;Y xY x Xg). Finally, let l=a>0>0 >8>p5,28 =1+ 35 and
uw' € D(Bo), uy® €Y x Z be either deterministic or independent of (At)i>o-

Then for each Z € R1?, there exists an unique process (W:)i>0 € K(T), whose realizations
solve the abstract Cauchy problem (20)) in the pathwise sense (i.e. for a.e. w € Q). Moreover,
the paths u(w) satisfy the estimate and .

Proof. From Lemma and Lemma@ we get the existence of a unique approximative
solution. From the estimates , and we get a time T > 0 such that the mapping
® : KN Z — K has a unique fixed point u € K. Thus u is a strong solution to the abstract
Cauchy problem . The uniqueness of u follows from a topological argument, details of
which are given below. u

4.5 Uniqueness

Let u' and u? be two solutions to the equation (20). Then for a sufficiently small time
horizon 0 < S < T, by similar arguments like in contraction, we get that

lu' — v’z < KeupSflu' —u?||z
[’ —u?|z(1 - KaupS) <0. (59)

This implies that, the term |ju' — u?||z is zero. Thus u' and u® are identical in the
neighbourhood of 0, i.e. on (0,5]. Now, if we are able to extend this interval to the interval
of existence (0, 7], then we get the uniqueness of the local solution.
The extension can be achieved using the following topological result: For a connected
topological space X, if Y C X is both open and closed in X then either Y =@ or Y = X. To
this end let

O:={se(0,T]:u' =u® in [0,s]}.
Firstly, O is non-empty since S € O. Now we claim O is open and closed in (0, 77].
O open in (0,T]: Let £ = t — S. Then, since u*(S) = u*(9), by we get a new interval of
uniqueness (5, 2S] C (0,77, thus there exists a (0, T]-neighbourhood of S in O. Analogously,
for every s € O, there exists a (0, T]-neighbourhood of S is in O. Thus, O is open in (0, T].

O closed in (0,T]: Let (sn)nen C O be a sequence converging to s in (0,77]. Then there
exists N 3 N(e) < oo such that for all m > N, we have that |s,, — s| < e. Since s, € O,

u' = u?® on (0, 8,»], thus we can define a new interval (s, s] for which holds.
Consequently, u' = u® on (s, s] and also on (0, s], thus s € O.

Altogether, we have that O = (0,7] and u = u'! = u! is a unique solution to in K(T).
Remark 1. Note that since the domain ©, the parameters, the coefficients, and the initial
values are real, if u solves then so does its conjugate U. But the uniqueness implies that
u = u, thus the solution u is real valued.

4.6 Global existence

Since the interval (0,7 for the existence of a unique local solution is closed (relatively to
(0,00)) and the a priori estimates are in principle only dependent on the difference between
the initial and final times, we can extend the local solution u € K(T') to the abstract Cauchy
problem in a unique way to any arbitrary time interval (0,T] C (0, c0).

Indeed, consider the abstract Cauchy problem

dt

d
Zvi(w) + AVi(w))vi(w) = r(vi(w)), on X, t€ (tr,Ti] } (60)

vi, (w) = vi(w).
Let t; < T and vi(w) := uy, (w), where uy € K(T') is the unique solution to the Cauchy
problem (20). Now letting 7 := ¢ — t1 we can reformulate the problem on the interval
[0,T1 — t1], for which we can apply Theorem to get the existence of a unique solution
v, € K(T1 — t1) on the interval [t1,71]. Due to uniqueness, v¢(w) = us(w) for ¢ € [t1,T],
which in turn ensures that the extension preserves the regularity with respect to the time
variable. However, one should note that in order to apply the local existence theorem, we
cannot directly rely on the estimates and . Instead, we have to use in the
estimation step and to be able to express E[||Ua, (w,t2,t1)u, ||] as
E||Ua, (w, t2,t1)|JE[||ui, ] plus some remainder terms. This increases the upper bound,
therefore every extension step N may require larger constants P, P& and P§ to represent
the local bounds. Nevertheless, this allows us to inductively extend the interval of existence
to an arbitrary finite time interval [0, T] C [0, 00), with T < NT', for some N € N.
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4.7 Non-negativity of the local solution:

Since neither is the sectorial operator B symmetric nor is the off-diagonal operator B> a
positive operator, it is nontrivial to prove the resolvent positivity of B, which would be a
sufficient condition for the positivity of the evolution operator. Instead, we resort to
standard L? estimates for proving the non-negativity of u® and u®.

Lemma 4.9. u? is non-negative.
Proof. Consider the equation
o’ = JwhT (u',u®) — ou® + Au® + V- (gVu') + V - (hVu?) (61)

In the following we will denote w™ := min(w, 0) for any function w. In view of the estimates
in Section we have u € IC(T"), thus the right hand side of is finite in the LP(®)-norm
and it holds that

/8tuu7dx:/ Ouu dr = 1/ Bt(uf)de
D supp(u~) 2 supp(u~)
1d 2 1d 2
—_ -2 dr = = — d 62
sii | wrw=sg [ el )

Assume u® # 0. Then, multiplying with 4*~ and taking the L*(®) inner product we get

H PR = (T ubT) = qellu TR — Ve 4+ (V- gVt u”T) + (V- AV, )

2 dt
<M, M [[u® 7[5 = @2 llu® |7 + (V- gVu',u®7) + (V- hVa?, 0™ 7)
<M, M, [[u® " |3 = (Vu', gV ™) = (Vu?, hVu®7)
=M, M, |[u®" |3 = (Vu*, gu®Vu> ") — (Vu?, i Va® ™), g:=u*j and h := u®h.
= MM, [ — (Vi 659 (™)) (vﬁ, WSV )
= MM (B + 3 (V- gVut, (u* 7)) + 3 (V- AV, (u27)%)
< MM [+ 5 (196 - V' + My [ Aula + [V - Vs + Mo Au?]a) s~ |3
< MM 3 + 2 (I991B1IV a2 + My | Au 2 + [ VAIZIVU ] + Mo Au?]a) B
< MM a3+ 4 a1tz oo lu 20y + Mollu* 23 o)

+ HhHH;p(mHu ||Hg(®) + MhH“QHHg(z))HUS’W@
< kgh(t)|‘u3’7|‘§7
= 13 < B €5 Koot (63)
where

Ky =M, My + 5 (HgHHl @ e 7200y + Mgllu* |2 o) + HhHHl @ 16?1712 (0) + Mal|u’[| 3 (o)) < co.

Thus u® ™ (¢) is equal to zero for all ¢ > 0 if ugﬁ =0 . This implies that if u3 is non-negative
then u® stays that way for all ¢ > 0. |

Lemma 4.10. u* is non-negative and bounded by the constant function 1.
Proof. Consider the following equation:

o (t) = u* (1 — u*) (A1 + Ao2) + V - (aVu?) — bV® - V' (64)
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We apply an argument similar to that used in the previous lemma. Multiplying with
u®™ and integrating over D we get

d, 4 _ _ _
EIW’ I3 < (M, + M, )1+ [[u' [l az0) ™12 = IVaVeh 7|5 — 0V’ - Va',u™7)
1

= (M, +M, )1+ w20 a7 113 = [VaVu® 7|13 — (0Va?, §V(u4’7)2)

- e, 1 s 4
= (M, + M)A+ ez w7113 = [VaVu® I3 + 5 (V- bV, (u*7)?)

e, 1 -
< My, + My )+ g’ 711z + 5 (190 - Vol + [bAu?|l2)[[u® |3

2, 1 -
< My, + M, )+ g )llu® 12 + S (IVBIEIVU®[E + Myl Au?||2) [[u 2

4 4,-y2 , 1 2 312 3 4,— 2
< My, + M)A+ ezl Mz + 511k @)1z ) + Mallu™llaz @)llu " Il2

<Ky, @l 7113

t
= ||u4||§ S Hug’_”% ej() kbA12 (S)ds.

1
Ky, (0) = My, + M)+ [u | ze0)) + g(llbllﬂ;p @ 14’ 200 + Myllu’ || 2(0))-

Thus u*(t) > 0, for all £ > 0 if ug > 0.
Now let w:=1 — u* and wo = 1 — ug; then w satisfies the following equation

aw(t) =w(l —w)(=Az2 — A1) + V- (aVw) — bVu? - V.

Multiplying this equation with w™ we get

d, _ _ _ _
w3 < (M, ML)+ [l o)l 13— oV [} = (694 - Vi, w7)

-2
<k, w3

t
o (w2 < g |12 €% Konss 920

Thus w > 0 for all ¢ > 0 if we > 0. This implies that v* < 1 for all ¢ > 0 if u§ < 1. [ ]
Lemma 4.11. The solution u* in non-negative and u* is in the interval [0,1].

Proof. In virtue of the assumptions in Subsection [3.1] and due to the continuity of the
state-dependent noise, we get that u' = 0 is a steady state and it is unstable, since
R1(H;,-,-) > 0 in the neighborhood of 0.

Similarly, observe that R4(-,-,0) = 0, hence u® = 0 is a steady state. Moreover, R4(-,+,1) <0
implies that Ra(-,-,1) < 0 in the neighborhood of N =1, as H.(¢,z) and C(t, z) are

continuous. Thus, u? < 1 if u3 < 1 and the non-negativity of u? follows from u? = 0 being a
steady state. |

5 Numerical simulations

In this section we perform numerical simulations for the proposed model in order to
assess the influence of acidity on the tumor behavior. The simulations are done both in
one-dimensional (1D) and two-dimensional (2D) spatial domains: The former allow to better
visualize the dynamics of the propagating wave fronts, while the latter are better suited to
visualize the infiltrative growth patterns. In both cases we use the Ornstein-Uhlenbeck
process & := (O¢)>0, with

¢

O; = e "t0p + u(l — eil't) + a/ eVt aw,

0

as the noise process &;, with the parameters given in Table[[] We use a RODE-Taylor
scheme [21] for discretizing the intracellular proton dynamics equation and an
implicit-explicit finite difference scheme for the rest of the equations. The parameters chosen
for 1D and 2D simulations are given in Table[I] as well. The chosen initial conditions are as
shown in Figure @ For this and all subsequent pictures we will use the following legends:
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concentrations & cell densities

e 1D simulations:
Solid curve ( ): cancer cell density C; dashed curve (— — —): extracellular proton
concentration H.; barred curve (|||): normal cell density N, and solid line with
asterisks (——*—): intracellular proton concentration H;.

e 2D simulations: The solid curves (—) indicate the level sets of cancer cell density C,
while filled regions indicate level sets of normal cell density N. The values
corresponding to these level sets are indicated by the colorbars adjacent on the right
side to the 2D plots. In order to see the effects of spatial heterogeneity, we have added
some random perturbation to the initial value of the normal cell density only on the
left side of the xy-plane. Thus, these perturbations are seen as patches on the left half

of the plot (see Figure [Ob).

Figure 9: Initial conditions in the 1D and 2D case

(a) Initial condition in the 1D case

(b) Initial condition in the 2D case
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Before we begin discussing the simulation results, for the sake of completeness we would like
to give our exact choice of the repulsion, diffusion, advection, and other involved coefficients.
All the variables H;, He, C, N appearing in the below definitions are in non-dimensionalized
form.

1. The repulsion coefficients g(C, He, H;) and h(C, H) are defined as

10(1 + 24H;)e~ " CH,

9(07 H€7Hi) = 1+He2 +C2 ) (65)
10N H.
WN He) = S 5e e (66)

2. The diffusion coefficient a(H;, He, C, N) is defined as follows:

10(He — H;)(He + 1.5)(H; + .5) )
1+ (Hi+.5)*+ (He +1.5)* 4+ (He — Hy)*

x <#> ~0.3, 0.0) +0.001 (67)

a(C, N, He, H;) := max <<

001+C+N

3. The go, grow and recede functions b(H;, H.), A1 (He, H;) and Ax(He, H;) are,
respectively, defined as

b(H;, H.) := max (([Gg(Hi,He) ~ 0.04] ~ [Ga(Hi, H.) — 0.2]) — 022, 0) (68)

Ay(H;i, He) = max < - ([Gg(Hi, H.) — 0.04] — 10[G1 (H:, H.) — 0.2}) —0.65, o>
(69)

A2(H;, H.) := min (([GI(H,-, H.)—0.2] +3[G2(Hi, He) — 0‘04]) +0.14, 0). (70)
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where the auxiliary functions G; and G2 are given by

4(H; 4 0.15)(H, — 0.5)

Gy = (H. '42673((Hi71.6)2+(H6+44)272)2 _ .
1= (He+.4) 0.01 + (0.15 + Hy)* + (1.5 — Ho)*

, Ga:

4. The flux modulation function J(C) is defined as

(©)(1.1-C)
(:599485 + (2C)2 + (C)4)"

J(C) =

These coefficients satisfy the assumptions made in Section We now begin our discussion
of the simulation results.

5.1 1D simulations

Figures [I0]{I2] depict a temporal sequence of different sample paths of the solution. Several
features can be inferred from these plots:

1. In all sample solutions the dynamics of H; is dominant at the falling edge of C, i.e.
near the tumor-stroma interface, exceeding the values it takes in the tumor bulk.
Phenomenologically, this captures the high metabolic rates of the cells on the tumor
edge to realize cytoskeleton remodeling and taxis, which results in acidic byproducts.

2. In all sample solutions the concentration of H. exceeds that of H; on the support on
cancer cell density. This is in accordance to the reverse pH gradient observed in the
tumor microenvironment. However, due to fluctuations in H; (induced by the noise), it
may happen that near the tumor-stroma interface, the concentration of H; exceeds that
of H. for a brief period of time.

3. In all sample solutions the concentration of H. is high at the interface between cancer
and normal cells, which captures phenomenologically the accumulation of acid due to
high metabolic rates. This accumulation influences in turn the dynamics at the
population level in the following way:

(a) Depending on the H; and H. concentrations, the cancer dynamics may be in either
one of the go, grow, or recede modes: If the H;, H. values are in the support of b,
then the cancer cells are in the go-mode, so the cells move in the direction of
higher H.. If the H;, H. values are in the support of A1, then the cancer cells are
in the grow-mode, hence the cells proliferate. Lastly, if the H;, H. values are in
the support of Az, the cancer cells are in the recede-mode, meaning a decay of
tumor cell density.

(b) Depending on ~,, Ya, and v, , the depletion of normal cells varies based on the
concentration of H. and on the density of C. Thus according to the interplay
between the go-grow-recede functions and the decay and remodelling rates of
normal cells, we can expect appearance (opening) and disappearance (closing) of
gaps between cancer and stromal cells.

The interplay between the parameters indicated in Table [2| results in the following trends for
the gaps:

1. Figure represents the time snapshots of the 90" sample solution. There, a gap is
beginning to form at time ¢ = 130. It is not totally closed (i.e. no overlapping of cancer
and normal cells happens), but forms a V-shaped profile with both cell densities being
almost zero at the same spatial point. By the time point ¢ = 220 the gap has been
widened by the accumulated acid. When ¢ = 280 (not shown) the gap has already
begun to shrink and is finally closed at time ¢ = 455. However, because of the overlap
of cancer cell and normal cell, and the accumulated acid at the overlapping interface,
the gap reappears at time ¢t = 500. This alternating sequence of gap/no-gap happens
for most of the sample paths and depicts the crawling/hopping/tumbling (shortly
CHT) phenomenon of the tumor edge.

2. In Figure [11| representing the time snapshots of the 63" sample solution we see that at
time t = 430 a secondary gap appears beyond the cancer-stroma interface resulting in a
kind of isolated patch of normal cells. Such patches are even more prominent in the
sample solution number 64 (Figure 7 where we can observe two such islands at time
t = 475. However, the one closest to the tumor edge gets wiped out due to the
accumulated acid at round time ¢t = 500. Such islands are a consequence of the
competing growth and decay (A4 and As) terms in normal cell dynamics. This
dynamics is among the possible causes for infiltrative patterns.
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Figure 12: Time snapshots of the sample solutions 64 and 58, in the case of a 1D domain.
(a) Sample solution number 64
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3. In contrast to above sample solutions where the cancer edge is progressing due to go
and grow mechanisms, Figure [[2B] shows that the progression is halted due to the
failure of the H; and H. to be in the support of the go or grow functions. Instead, they
fall in the support of the recede function, thereby undergo decay and become unable to
progress. As a result, the gap widens and remains unclosed till the end of the
simulation.

4. Finally, averaging over the samples and looking at the numerical mean solution (Figure
, we observe that the gap doesn’t seem to appear, except at the beginning, for a
minute time span. This is intuitively plausible, since the gaps (if they occur) are
formed at different spatial points and at different times and are of different widths.
Thus, on average no gaps seem to appear. However, the probability of gap formation
can be increased by enhancing the normal cell decay rates and decreasing the normal
cell remodeling rates, which results in wider and more frequently occurring gaps.
Thereby, the gap can be observed even in the average behavior (Figure .

5.2 2D simulations

Figures depict time sequences of 5 different sample paths of the solution. The figures
contain contour lines of cancer cell density overlapped with colored contour regions of normal
cell density. To test the influence of spatial heterogeneity we perturb the initial condition of
the normal cell density in such a way that it is smooth on the right three-quarters of the
spatial plane and it is rough and uneven on the left quarter of the spatial plane. The initial
condition is the same for all the sample solutions and is shown in Figure[9b] In each of the
figures the first and third rows depict the level sets of cell densities. The solid curves (—)
indicate the level sets of cancer cell density C, while filled regions indicate level sets of

normal cell density IN. The white regions appearing in the center are the gaps (regions of

nearly zero cell density (< 1077)). The second and fourth rows show the level sets of

extracellular proton concentration H.. Concretely, the figures illustrate the following:

1. Figure represents time snapshots of the 5th sample solution. At time ¢t = 6 we see
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Figure 13: Time snapshots of the expected values of sample solutions.

(a) Numerical expectation of sample solutions
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(b) Numerical expectation of sample solutions for Yas = 1.1144
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rosette-like extensions of the tumor boundary (dark purple), while the inner core
(pinkish-purple) is still circular and a small protrusion of the layers adjacent to the
boundary towards the uneven side (left side of the xy-plane) of the stromal region
becomes visible. At time ¢ = 49.5, a gap is formed on the uneven side of the stroma,
with the tumor boundary having a prominent bud-like protrusion into the uneven side
of the stroma. By the time ¢ = 79.5, the gap has widened and several cavities (pure
white region surrounded by greenish-blue or blue region) and islands (greyish-white
surrounded by brownish-grey region) are formed on the left side of the xy-plane.
However, the right side of the xy-plane where the stroma is densely packed without
irregularities, is still preserving the initial tissue structure. This is analogous to the
observation made in the 1D case for sample number 64. Moreover, the tumor boundary
has extended into the gap exhibiting small bud-like formations. By the time ¢ = 150,
the gap has extended with more islands and cavities appearing on the left side, with
the tumor boundary bulging into the gap. The extension towards the smoother side of
the stroma is similar to a CHT-like motion in the case of a 1D domain.

. Figure [T5] represents time snapshots of the 25th sample solution. At time ¢ = 22.5 there
are two spiked protrusions towards the left side, and they develop into a bulge at time
t = 90. Also at the same time there are islands and cavities formed on the left side. At
time t = 120, the gap has widened with the bulge being transformed into pointed
protrusions. Also, there are bulges towards the top and bottom of the stroma. Finally,
by the time ¢ = 150 (figure not shown) the gap has widened even more, with the cancer
boundary exhibiting a bulge towards the gap. For other sample paths (not shown here)
a similar behavior can be observed, however with a relatively slow deterioration of the
farther stroma region, leading to the lack of islands, but still exhibiting cavities.

. More interestingly, in sample solution 100 (Figure we see a turtle-shaped boundary
being formed at time ¢t = 75, which then transforms to let the left-most part of the
tumor (the 'head of the turtle’) ramify at time ¢ = 115.5 and deforming into a
protruding structure.

. In contrast to the above sample solutions, in Figure [[7] we see like in the 1D case that,
due to rapid deterioration on the stroma, the progression of cancer is more or less
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diffusion-like with the boundary moving in a rather homogeneous fashion, without
prominent protrusions.

5. Averaging over the samples and looking at the numerical mean solution (Figure , we
observe as in the 1D case that the gap doesn’t seem to appear, except at the beginning,
for a minute time span. However, for an increased normal cell decay rate we see a gap
even in the average behavior (Figure [20).

6. The above patterns mainly represent the INFa class of infiltrative growth pattern El To
create INFb and INFc patterns, consider the case where 7, and v, is relatively larger
while Vas 18 relatively smaller. Then the forming spikes/protrusions/buds overlap with
the stromal region representing an infiltrative growth pattern of types INFb or INFc.
This is clearly visible in Figure[I§] We hypothesize that even more interesting patterns
may be obtained by varying the parameters vy, Vag1r Vas and 7.

6 Discussion

Acidity plays a pivotal role in the local invasiveness of a tumor. On the one hand it causes
degradation of surrounding tissue and on the other hand it promotes tumor cell motility and
proliferation. The invasiveness can be assessed by its infiltrative growth patterns, whose first
stage is more or less characterized by the formation of gaps between the outer proliferating
tumor edge and the retreating stroma. Several mathematical models have been proposed to
access the local invasiveness of the cancer occurring mainly due to the acid dynamics, the
first being perhaps that in [14], with a degenerate nonlinear setting. A slightly modified
model was proposed in [30] by introducing a pure-decay-term of cancer cell density. In the
former model, gap formation was predicted in aggressive tumors, while in the latter setting
the gap formation was found to appear for less aggressive tumors.

Based on these observations we proposed in Section [2] a stochastic model for the formation of
a gap by the acidic extracellular environment. In Section [3| we proved the well-posedness of
the model, which cleared the way for 1D and 2D simulations. For the chosen parameter
values, the 1D simulations highlight the following:

1. The acid dynamics is dominant mainly at the progressing front of the tumor, i.e. on the
falling edge of the tumor density. This is due to the choice of the modulation function
J(C) attaining its maximum when the cancer density is far below its carrying capacity.

2. A reversed pH-gradient is observed on the support of cancer cell density, with at
exception at the proliferating edge, which occurs in the case of large fluctuations in
intracellular proton concentration. This feature is solely dependent on the strength of
membrane transport flux and the intracellular acid-sequestration rate.

3. The repulsion terms in the extracellular proton dynamics result in the accumulation of
acid at the rarely populated regions. The acid accumulated at the tumor-stroma
interface leads to V-shaped or U-shaped or U-shaped gaps. Moreover, in case of
non-uniform normal cell density (which is possible even if the initial value is smooth
due to the remodeling term), acid may additionally accumulate at the distant parts of
the stroma, thereby leading to the formation of cavities and islands. Here it is
important to remark that the formation of the gap, cavities, and islands is sensitive to
the migration and reaction parameters =; and =g, respectively, but also to the choice
of the go-or-grow-or-recede (GGR) function. Although we have chosen these functions
based on qualitative features, it would be practical to make coices that fit to
experimental data.

4. Typically, the cancer edge keeps progressing, which pushes the acid further into the
stromal region. This in turn results in their degradation, thereby forming the gap.
However, the accumulated acid also enhances motility and proliferation; thereby, the
tumor edge progresses towards the stromal region. The advancement of tumor and the
retraction of stroma leads to an alternating sequence of gap and no-gap, representing a
slow encroachment of the stromal region by the CHT type of movement.

For the chosen parameters, in the case of 2D simulations we have the following observations:

1. The heterogeneity of the stromal region has a very strong influence on the acid
accumulation patterns. Larger yp combined with larger 74, v, result in quick
accumulation of acid at some of the local valleys of the stromal region. Now depending

4see Section [1] for the notion of INF
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Table 1: Simulation parameters

Numerical parameters
1D | 2D
Parameters for OU-process Oy T (Total time) 500 | 150
Mean p 0 M (# Monte Carlo simulations) | 4000 | 100
Variance o 1 T (Temporal step size) 1 3
Mean reverting rate v .1 hg, (Spatial step size along x1) .1 .01
Initial value Og 0 Nz, (Grid resolution along x1) 30 25
hg, (Spatial step size along x2) - .01
N, (Grid resolution along z2) - 25

on the choice of Vas and v, , the valleys become deeper and deeper, finally resulting in
an island or a cavity. Thus, shallow valleys (if existing at time ¢ = 0) are the probable
sites for cavity formation and their surrounding area is a probable region for an island
formation.

2. Heterogeneity of the stromal region also affects (indirectly) the deformations and
protrusions of the tumor boundary. As mentioned above, the local valleys of the
stromal regions are the probable sites of acid accumulation. This means that less acid
is left at the tumor-stroma interface. Now depending of the choice of GGR functions,
the cells at the tumor boundary may under undergo migration or proliferation or
recession. Thus, quick deterioration of the normal cells near the stromal interface
followed by diffusion and accumulation of acid at distant stromal region may result in a
stagnant tumor or even in overall decay. This was indeed the case for sample solutions
49 (Figure and 58 (Figure in the 2D and 1D case, respectively. This case,
although of practical/clinical importance, is not visually appealing. Hence, in the case
where the accumulated acid at the tumor interface is activating the go-or-grow
function, we see protrusions and bud formation on the tumor edge. Moreover, we saw
(in Figures ?77-77) that such spikes and buds were mainly in the direction of the
forming gap, suggesting that cancer cells are directing their movement towards the
space created by the acid. Finally, for a suitable choice of parameters ~, and Ya, - the
model could also reproduce protrusions overlapping with the stromal region, thus it
represents to a fair extent the INFb and INFc classes of patterns.

In summary, for just a few choices of =) and Zg, the model phenomenologically captured
various aspects of the tumor advancement like gap formation, buds and spikes formation,
island and cavity formation in the stromal region, and up to some extent even INFb and
INFc infiltrative growth patterns were observed. Such vast coverage of invasive features was
possible, on the one hand, due to the highly nonlinear coupling via GGR functions and the
flux modulation function J and on the other hand the noisy perturbations could bring about
different variations in the patterns. Moreover, the model also highlighted that spatial
perturbations/unevenness/heterogeneity in structural density of the stroma have a strong
influence on the invasion patterns. Hence, it is expected that the range of possible INF
patters would be enlarged if one were to incorporate spatial noise both in proton and normal
cell dynamics.
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Figure 14: Time snapshots of the sample solution number 5, in the case of a 2D domain.
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Figure 15: Time snapshots of the sample solution number 25, in the case of a 2D domain.
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Figure 16: Time snapshots of the sample solution number 100, in the case of a 2D domain.
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Figure 17: Time snapshots of the sample solution number 49, in the case of a 2D domain.

t=121.5

0.9499 0.9499 0.9499 0.9499

0.8497 0.8497 0.8497 0.8497
0.7496 0.7496 0.7496 0.7496
0.6494 0.6494 [~0.6494 0.6494
0.5492 0.5492 [—10.5492 0.5492
0.4491 0.4491 [~10.4491 0.4491
0.3489 0.3489 [—10.3489 0.3489
0.2487 0.2487 —10.2487 0.2487

0.0667 0.0667 —0.0667 0.0667

0.0000 0.0000

~—0.0000 0.0000

0.9499 —10.9499
0.8497 : 0.8497
0.7496 : 0.7496
0.6494 0.6494
0.5492 0.5492
0.4491 0.4491
0.3489 [~10.3489
0.2487 : 0.2487
0.0667 : 0.0667
0.0000 : 0.0000

0.9499 0.9499 0.9499 0.9499

0.8497 0.8497 0.8497 0.8497
0.7496 0.7496 0.7496 0.7496
0.6494 0.6494 [~10.6494 0.6494
0.5492 0.5492 [—10.5492 0.5492
0.4491 0.4491 [—10.4491 0.4491
0.3489 0.3489 [—0.3489 0.3489
0.2487 0.2487 [—10.2487 0.2487

0.0667 0.0667 —10.0667 0.0667

LYY £ (-
0.0000 ®o,0000 0 . 0 i 2 0.0000 #0000
X
t=142.5 t =150.0

ad | e (|
v —0.9499 >’ o v —0.9499

0 - = . u
20 o | 0.8a97 2D o t—o.8497
) &o o.7496 b &A t0.7496

© <
1Bp 6 0.6494 15 0.6494
< <

- @ 0.5492 - © 0.5492
10 H0.4491 10 0.4491
03489 ° {03489
—o.2487 5 ° t—o0.2487

N ° H
joose? NP7 7N [joose
= 2 o.0000 5 25 5 % o.0000

39



Figure 18: Simulation plots for v, = .3144, v, = .8512 and v, = 32.
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Figure 19: Time snapshots of the expected value of sample solutions.
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Figure 20: Time snapshots of the expected values of sample solutions for v, = 2.4144. Unlike in
Figure [19] here the gap is visible (e.g. at time T=112.5) even in expectation.
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Table 2: Model parameters

Growth and decay parameters Zp

Phenomenological relevance 1D 2D
Yn decay of normal cells due to non-acid related byproducts 5 5
Vs, | decay of cancer cells due to non-physiological intracellular acid levels .004 .004
Vs, | growth of cancer cells due to favorable intracellular acid levels .00001 | .00001
Va, | growth of normal cells due to acid induced immune response .6144 .8144
Va, | decay of normal cells due to extracellular acid levels 8 8
Va,, | decay of normal cells due to extracellular alkalinity 0 500
Ve intensity of noise for the intracellular proton dynamics 3 3
K¢ | carrying capacity of cancer cells - -
Ky | carrying capacity of normal cells - -
Migration parameters =
Phenomenological relevance 1D 2D

v, | apparent diffusion coefficient of protons .0035 .0001
74 | coefficient for repulsion of protons away from cancer cells .0021 .0001
v | coefficient for repulsion of protons away from normal cells | .0021 .0001
v, | diffusion coefficient for cancer cells .00006 | .0000099

v | speed of advection for cancer cells .0046 .0542

7 Appendix

7.1 Non-dimensionalization:

Let 7:= 10"
in M
varlables H; and H (both measured in
Hi =45+ H.

KlU
z (measured in dzs

o)

dist?
i)

are non-dimensionalized as t = ;,

T = \/ﬁ’ where D (measured in

is a normalizing constant for the diffusion coefficient of extracellular protons.

" (measured in min) be a time normalizing constant and K,, := 10™" (measured
;) be the molar concentration of protons in water per unit vol. Let the dependent
be represented in a non-dimensional form as

. Similarly, the time variable ¢ (measured in min) and spatial variable

Let K¢ and Ky be the carrying capacities of cancer cell density C' and normal cell density
N, respectively. Then the non-dimensional formulation can be deduced using the following

rescaling relations:

T m T
Tvi=goTn To= 10T
- 7 =
ﬂ ~ Ko qi1, q2 Tq2,

— T .
A = D'TA7 Kiw 1,
~ .— Kc ~ — BN
Yy KwD Yo Yn = KwD Yhs
~ ~ p— a
’YAQ T’YA27 Ya = D>
1A3 CT'YAB ) %4 ::;7/\4 )
C:= Ki(j, N = K7N

7.2 Concentration inequality

T3 := Kw T3,
9 = K

t:= =)

71&1 =T,
Wb = %7

71&4 ) = ’71\4’1:

(71)

Theorem 7.1. Let Y; ~ ./\/(0,0,52), t€0,T], T < oo, be a real-valued Gaussian process. Let

pr be the median of sup Y: and koT

te[0,T) te[0,T)
B(] sup ¥i — prl > koyt) <
te[0,T]
P(| sup il pr > Koy t)
te[0,T

Moreover, the median pr is unique.

/ efidx
/ e_'*d;r:

5dist refers to some unit of distance suitable for the macroscopic scale of tissues
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= sup o < 0o. Then for all t > 0, we have

(72)




Proof. Theorem 5.4.3 and Remark 5.4.4 from [28, pp. 219, 224]. |

Corollary 2. LetY;, pr, kaT be as in Theorem . Then for T < oo, the following
inequality holds:

1+ 1

E[| sup m pr|'] < ) for alli € N, (73)

k' o3 r(
te[0,T Q\F r
where I' denotes the usual gamma function defined by way of the Euler integral of the second
kind

Proof. Let the random variable Z7 be defined as

sup [Yi| —
tel0,T

oT

then, using the estimate (72)), we get

E[|Z7|'] = /oo (\ZT| >t)dt</°° (\ZT|>t / \ZT\>S dst,  (s:= ')

2
< — ez drds = / e 24 / ~t gt
N \/27r / / V2 \/27r
i+ 1
= _° 93 F( )
2f 2
Multiplying both sides by kGT we arrive at the claim. |
Lemma 7.2.
_k
2%F(%) ﬁ(r;)! 2 if k € N is even,
T e (74)
% if k € N is odd.
2¥I‘(M) \/,37, if k € N is even,
2 < (5)» (75)
[ = . .
k! <$>! if k € N is odd.
k
2%1‘(%) 4‘2(2)‘,5 if k € N is even,
o < e (76)
' ‘*i%@ﬁ if k € N is odd.
2!
2¥F(¥) w»?’“T!zw if k € N is even,
k! < 2(k=1) (77)
' %ﬂﬁ if k € N is odd.

Proof. 1. k = 0: For k = 0 we have that I'(3) =/, thus the claim is valid.
2. k = 1: For k = 1 we have that v/2I'(1) = v/2, so the claim is valid, too.
3. k>1 and k even:

pbrey 28 (o nE o E g S
K k(k—1)(k —2)(k—3)(k—4)(k—5)...654321
) (3)C(3)

4)(k—5)...654321

B r'(3)
T k(k—-2)(k—4)(k—6)...6421
_ VT
25 (E)(E —1)(k —2)(k —3)...4321




4. k> 1 and k odd: Let k :=2n + 1,

n terms
ke k41 E+1 kE+1 k+1 k-1
pir(ep) 28 (5 DO -9 -8 Gy T
k! k(k—1)(k—2)(k—3)(k—4)(k—5)...654321
ko _ _
_ 22 (5H () (5 - (3)(B)
k(k—1)(k—2)(k—3)(k—4)(k—5)...654321
_ V2
Ck(k—-2)(k—4)...7531
_ V2
T (@2n+1)2n-1)(2n-3)(2n—5)...7531
_ V2
- k—1
277 (n+3)n-3)n-3)...5E)G)N
3 27<k271>\/§ _2—<k2—1> 5
(M)(n—1)(n—-2)...321 (kL ~
This establishes the estimate . The estimate is obtained by observing that k < 2%
for £k > 4 and
k+3 k+1
( ) k+1)22r( : )
Similarly,
kE+5 k
9% r( : ) (k + 3)(k 22F< : )
k+6 E+7y\ k
2" I‘(T)—(k+5)(k+3 )k +1 2zr( )
|
Lemma 7.3. Let X be a Banach space. Let & ~ (,ut,ot) be a Gaussian process with
or>€>0 forallt > 0. Then fort,s >0, s#t and T < oo fized
ffavmary VN <k 2k
E[( sup [lef 0] < kepeer < o, (78)
t,s€[0,T]
s<t
t 2
€S 41 _ ]\ ik
< S2,17
E[(t,ssel?gﬂ =] ) } < knge < 00, (79)
s<t

with appropriately chosen constants kZT and ngT.

Proof. For & ~ pi + Y: with Y; ~ N(0,07) and with Zr := sup |Yi| we use to obtain

t€[0,T]
that
E 1<k k' 3 k! giep(ttd
[( sup [&:)] <k, +E[Z7] <K, +pr + 3 or2" T 5~
te(0,T] \f
Next observe that
”ef; Al(")dT”X < eff A1 (r)|ldr < eff 1J(C)erldr < eM,; J2 Iér\dT7 (80)

where M, := M, (k) is the constant in Subsection introduced as an upper bound of
J(C).

't r)dr 't gy |dr — 1 ‘ ‘ o 1 i i
[@fs Armdr) o < @My Ji el :ZE(MJ / |£r|dr> <Y SMUT' sup 6"
i=0 s =0

re(0,T]
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Hence,

E[(sup el o) < sup |6 ')
t,s€[0,T] ; re[o,T]
0 21 Mz 0 +1
S s r(30)
=0
N B APy N E |
§E2EMJT1{§T22F( =), (81)
=0

where we used the recurrence I'(s + 1) = sI'(s) (for s positive) and the notations
Ky, == sup o(r), kET = M;Tl(k;T + o + 3kZT),
r€[0,T]
kMT = sup i, ka = Median( sup Yt).
te[0,T) te[0,T]

Using estimate in we get that

+1 22F( Y) T2
ZZ 7221{57‘ (Z ) = Z kéT kgT (Z+1)' 2
< SOk, EVE Y2
Z;n ToR( T 2i(h)!
-= ko2 = . o 2
< Vit oke) 3 S = VAl e 3R ke, €%er

i even

Altogether, we have that

E[( swp el 0m) )] < kepetKer,

t,s€(0,T]
2 2
(E[( sup |eﬁAﬂwm1X)]> < Vigeler
t,s€[0,T]

The second estimate follows similarly:

ad 1 t i1 & 1 ¢ i+1
ef;Al(T)dT_l _ (M / -ld < M / r|d
n lx ;(Hl)!( o[ letdr) T <Xy (s ferdar)

=0

MJIt*S\Z M T s [&r N
1=0

el Arlndr _q Lo i i
= sup I ||X§MJ27MJ sup |6
t,s€[0,T) [t — sl i—o ¥ r€0,T]
Therefore,
efst Aq(r)dr _ 1
( sup H ||X) <kC 122 7M1 T’Z sup |£r|l+2
¢,5€[0,T] It — sl e relo,
Hence,
t rdr 7 1
E[( sup |efs Ar(rd —1Hx)2} < ZME( sup |£r|) o
t,5€[0,T] |t — s = it relo,
i+2
> 2! C T z+2 : i+2 _i+2 1+ 3
<y Tt ( P2 4 3kt 0% F( ))
+2
> 2" ke 1T1 z+2 HQ i+2\ . it2 /1 + 3
< ( Fake) 2 ()
=0
42 (z+3)
o~ 2
< zz kEQT%, (52)
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where kfz T (1 + M )Hz(l + T)“’z(k:‘;2 + p”‘2 + 3k ) and kcpl =M, + 1. Using
estimate (| in (82)) analogously as above we get that

i+2 it3 ~
= e 20 T() o ke, 221 otk
Z 2 k52,T il kﬁz T \/5(1 + 2k§2,T) Z = kfiz T far,
i=0 =0
Altogether we have that
JEA(rydr _ 2 2
B[( o le 1Hx) ] <k, ' Ker
t,s€[0,T] [t — s ’
|
Remark 2. Under the conditions of Lemma[7.3, we also obtain
" 2
Bl e 0| ) <kee etker < o, (83)
Bx
JE AL 2 2 sk
E(letel @ =11 ) <1t - sPPke, €700 < o0, (84)
Bx '

with constants kgT and kng possibly differing from the respective ones in Lemma .

Lemma 7.4. Let Y be a Banach space and (§;)i>0 be an (A¢)i>o0-adapted Gaussian process
with independent increments, i.e. fort>s>1 >0, o(& — &) is independent of A.. Then
for an (A¢)i>o0-adapted process (ut)i>o given by

t
t
up = eftl JstdSutll +/ els Tr&rdrilas,  for te [t1,T1], and
t1

t t t
up = elto Jsgsdsutlo +/ els Irévdr rids, for te [to, t1],
to

we have that

2 L As (o). ds 2 k.., k¢
E ( sup eft A1 (s)ly d Hutllny) :| Sksufe f €2,7 (E[”Utl()“f/}‘i’E”luillHQBY]+E[HT1HZBy]),

| “t2€[t1,T1]
and
[ [t2 1AL ()]l ds 1?2 2 ksufk; T 12 12 102
E[( sup | 1M Sl )] < jti—takeus€ 71 (Blluty I3 +E D, 1, 1HEL 15, 1)-
| “t2€[t1,T1]
Proof. Since ¢(z) := |z|* is a convex function for k > 1, by Jensen’s inequality we get

o[ ) a2 < (2

to
<28t = 0" (16— g s b I3 + 20— 00) e Pl 2

ty

to
— )€ )ds) Jul, 7 = (62— ) ([ e as) 1
ty

< Term; + Terms (85)
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Taking expectation it follows that
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Next we note that
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Using this estimate we get that
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Now using the estimates , , and and following the lines of the proof of
Lemma [7.3] we get
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Altogether, we get that
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Similar calculations yield the estimate

t 2
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ta€[ty,T1]

'S
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k
S |t1 - t2|2ksufe

7.3 Definitions and Theorems

In the following (unless otherwise specified) X will denote a Banach space.

Definition 1 (Sectorial operator, see Def. 1.2.1 in [7]). A closed linear operator
A: D(A) C X — X is said to be a sectorial operator of type k, with k € (0,7) if:

0(A) C Sk, Bk = {)\ € C\{0} : Jarg(N)| < Ii},
M - ’
HRA(A)”L(X) < W’ VYAE X,k € (k7).

As usual, c(A) denotes the spectrum and Rx(A) the resolvent of the operator A.
The set of sectorial operators on X of the type k is denoted by S.(X). The set of sectorial
operators on X is denoted by S(X) := |J Sk(X). The spectral angle ka of A € S(X) is
~€(0,m)
given by
ka = inf{k € (0,7): A € S(X)}.

Definition 2 (Bessel potential space, see [2]). The space Hy(R"™) with s € R and 1 < p < oo
1s the function space defined by
Hy(RY) = {f e SR") : 37 [(1 + ") 75/] € L"(®R")} (89)
I Fllerg ey = 115 [0+ 161°) 28] | o eny (90)
where S'(R™) denotes the dual of the Schwartz space of rapidly decreasing functions
S(R™) :={ue C®[R") : Ya, BN sup |x*Du(x)| < oo}

xXER™
and § is the usual Fourier transform operator.
Alternatively (see [18]), it can also be defined as the space of all distributions in R™ such that
Gs*xge€ Lp(Rn)v
where Gs == F1[(1 + |£]*)2] denotes the Bessel potential of order s and % the convolution
product.
Definition 3. Let © be a bounded Lipschitz domain in R™. u € Hy(D) is an equivalence
class of functions U € H,(R™) such that Ulp = u. That is a function u is said to be in
H, (D) if and only if there exits a function U € Hy(R™) such that Ul|p = u.
Moreover, Hy (D) endowed with the norm
so) = _inf Ullgs®rn
lellergcoy := inf ULy ey

UEHS(R™)

is a Banach space.
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Remark 3 ([I8]).

1. For s € R, H*(®) = W5 (D) in norm equivalence. Thereby, H*(®) := H5(D).

2. FormeNand 1 <p < oo, H'(D) =W, (D) in norm equivalence.

3. Wi(R") C Hi(R™), 1<p<2.

4. Hy(R™) CW,(R™), 2<p<oo. This implies that: for D CR" a bounded Lipschitz
domain, Hy (D) C W5 (D), 2 < p < co. Indeed, since W, (D) is defined in a way
analogous to the definition of H, (D) and due to the inclusion H*(R™) C W7 (R"),

U € Hy(R™) with Ulp = u implies U € W, (R™) with U|p = u. Moreover,
lull g o) 2 llullw; @) since

s = inf s(mn) > inf s(rn) =: s -
lull s o) ot U s @ny 2 ot 1Ullwg@ny = lullws o)
UEHS(R™) UeWs (R™)

The claim follows from the fact that W3 (D) = W3 (D) for a bounded Lipschitz domain
D.
5. Hy(R™) C W52(R™) C Hp?(R™) C W,4(R™), for s1 > sz > s3 > s4.

As in item 4. this implies that for a bounded Lipschitz domain
H' (D) C Wp2(D) C HA(D) C W(D), s1> 82> 83> 84

Definition 4 (Uniformly bounded function space, see Sec. 1.2.1 [53]). Let [a, b] be a closed
interval of R and X a Banach space, then by B, := B([a, b]; X) we denote the space of

uniformly bounded functions on [a,b] (not necessarily smooth or measurable) with values in
X.

The space (B([a7 bl; X, || - HBx)’ with || flls, = s;ingf(t)Hx is a Banach space.
a_ —=

Definition 5 (Holder continuous function space, see Sec. 1.2.3 [53]). Let [a, b] be a closed
interval of R and X a Banach space, then for 0 < p <1, C’fa}([a, bl; X) denotes the space of
X -valued functions that are continuous on the [a,b] and are u-Hélder continuous at least at
a. It is endowed with the norm

— 1/(t) = fla)llx
1 lley,, = masx 11 £llx A AT

The space of continuous functions on [a, b] with values in the Banach space X is denoted by
Cy = C([a,b]; X). It is endowed with the usual norm || fllc, = m{a}lg]Hf(t)HX.
tela,

Definition 6 (Weighted Holder continuous functions, see Sec. 1.2.4 of [53]). The space
F™P((a, b; X) with 0 < p <n <1 consists of X —valued functions on (a, b] (resp. [a, b])
when n < 1 (resp. n = 1) with the following properties:

1. When 1 < 1, the function (t —a)*~" f(t) has a limit for t — a.

2. f is a Holder continuous function with the weight (s — a)* " and with exponent p, i.e.
(s —a)" " PIf() = f(9)llx _ (s =)' =" f () = f(s)llx

sup sup sup
a<s<t<b [t — s|° a<t<b a<s<t |t — s|°

< 00.

3. Ast — a, it holds that wy(t) — 0, where

— (s —a)'""YIf () — f(s)l]
wy(t) := asﬁggt T X

4. The space F"* equipped with the norm

_g)l—nte t) —
||fHF71,P = sup (t _ a)l—an(t)”X + sup sup (5 CL) ||f( ) f(S)HX
a<t<b a<t<b a<s<t [t —sle

is a Banach space.
Remark 4. 1. If0< p/ < p<n <1, then F"P C F"*' .
2. If ' <mn, then F" C F”/”’, with 0 < p<n <.

3. Let g € C?(]0,b]; X), with g(0) = 0, then for 0 < p < n < 1 the function f(t) :=t" 'g(t)
belongs to F™?((0,b]; X).

o1



Theorem 7.5 (Theorem 3.9 and Theorem 3.10, [53]). Consider the Cauchy problem

(91)

Lyt A(tyu=f(t) nX, te(0,T)] }
u(0) = uo

Let A(t) be a sectorial operator with a uniform spectral angle k < % and a uniform resolvent
estimate

M _
[RA(A@)] < Y ¢S, t€[0,T).
Moreover, the domain of A(t) may vary in time, but must satisfy the following conditions:

D(A(t)) C D(A%(s)), s,t €1[0,T], v € (0,1]
[AY(®)(A7H(E) — A7) < Clt—sl*,  pe(0,1] (92)
1<p+v

Also, let f € FP7((0,T]; X), with o < min(B, u+ v — 1).
Then for every up € D(A(0)?) there exists a unique solution u of given by

u(t) = U(t, 0)uo +/0tU(t,s)f(s), te 0,1,

where U(t, s) denotes the evolution operator as per Theorem 8.8 [T, YAGI09] Also, u satisfies
the following estimates:

uwe C([0,7; X)NCH(0,T); X), A®t)’ue C(0,T];X), At)ue F*?((0,T];X),

with
lu@®) s, + [A®) ulle, <K(IAW0) uollx + I fllpe.e)-

II%u(t)HFa,o + AU ps.e < KA uollx + I1f | po0 ),

where K denotes some positive constant.
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