Technische Universitit Miinchen

Fakultat fiir Mathematik

Well-Posedness of Nonlocal and
Mixed-Dimensional Phase-Field Models
Applied to Tumor Growth

Marvin Fritz, M.Sc.

Vollstandiger Abdruck der von der Fakultit fiir Mathematik der Technischen Universitét
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)
genehmigten Dissertation.

Vorsitzende: Prof. Dr. Christina Kuttler
Priifende der Dissertation:

1. Prof. Dr. Barbara Wohlmuth

2. Prof. Dr. Daniel Matthes

3. Prof. Dr. Elisabetta Rocca

Die Dissertation wurde am 23.11.2021 bei der Technischen Universitdt Miinchen einge-
reicht und durch die Fakultit fiir Mathematik am 11.04.2022 angenommen.






Zusammenfassung

In der vorliegenden Arbeit werden verschiedene Systeme zur Modellierung von Tumor-
wachstum vorgestellt. Wir folgen den "Hallmarks of Cancer’ (dt. Schliisselmerkmale von
Krebserkrankung) von Hanahan & Weinberg und beziehen die wichtigsten Charakteri-
stiken von Tumorwachstum in unsere Modelle mit ein. In dieser Hinsicht wéhlen wir die
Herangehensweise der diffusiven Grenzflichenmodelle und beschreiben den Tumor als ei-
ne Ansammlung von Zellen unter Verwendung eines Phasenfeldansatzes. Solche Modelle
basieren auf einem mehrphasigen Konzept mit konstitutiven Gesetzen und Gleichge-
wichtsgesetzen fiir die einzelnen Bestandteile. Wir untersuchen diese Tumormodelle im
Hinblick auf ihre mathematische Wohlgestelltheit und die Existenz schwacher Lésungen.
Viele biologische Phénomene wie zeitliche und rdumliche nichtlokale Effekte, komplexe
Nichtlinearitéten und gemischtdimensionale Kopplungen sind in der mathematischen
Onkologie involviert. Daher ist eine detaillierte Analysis dieser komplexen Systeme
erforderlich, und wir liefern rigorose Beweise dafiir. Die Grundidee des Beweises ist die
Faedo—Galerkin-Methode, welche besagt, dass wir die partiellen Differentialgleichungen
im Raum diskretisieren, approximative Lésungen erhalten, geeignete Energieschétzungen
herleiten, die schwach konvergente Teilfolgen ergeben, und dann den Grenzwert nehmen,
um das gewiinschte kontinuierliche System zu erhalten. Abschlieend geben wir einige
Ideen zur numerischen Anndherung der Systeme, um die Entwicklung des Tumors unter
den verschiedenen biologischen Effekten zu simulieren.

Abstract

In this thesis, various systems for modeling tumor growth are presented. We follow the
"Hallmarks of Cancer’ by Hanahan & Weinberg, and we include the main characteristics
of cancer in our models. In this regard, we choose the path of diffusive interface models
and describe the tumor as a collection of cells using a phase-field approach. Such systems
are based on a multiphase ansatz using constitutive laws and balance laws for single
constituents. We investigate these tumor models with respect to their mathematical
well-posedness and the existence of weak solutions. Many biological phenomena, such
as temporal and spatial nonlocal effects, complex nonlinearities, and mixed-dimensional
couplings, are involved in mathematical oncology. As a result, detailed analysis of these
complex systems is required, and we provide rigorous proofs for this. The basic idea
behind the proof is the Faedo—Galerkin method, which states that we discretize the
partial differential equations in space, obtain approximative solutions, derive suitable
energy estimates yielding weakly convergent subsequences, and then take the limit to
obtain the desired continuous system. Finally, we give some ideas on approximating
the models numerically in order to simulate the evolution of the tumor under various
biological effects.
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1. Introduction

As long as a branch of science offers an abundance of problems, so long is
it alive. (David Hilbert)

Partial differential equations (PDEEK) are omnipresent in describing the phenomena
of the world — they model the flow of liquids and gases (Navier—Stokes equations),
the evolution of a quantum state (Schrodinger equation), thermal conduction (heat
equation), spinodal decomposition (Cahn—Hilliard equation), and many more. Complex
processes evoke complicated models which might contain nonlinearities, temporal and
spatial nonlocalites, and mixed-dimensional couplings. Until now, there is no unified
theory for the analysis of any nonlinear [PDE] and each novel nonlinear system presents
its own set of challenges that must be thoroughly investigated.

We are interested in establishing the well-posedness of [PDEk describing the growth
and decline of tumors under the influence of a variety of complex biological phenomena.
The definition of well-posedness goes back to Jacques Hadamard [85] in 1902, saying
that a model is well-posed if

1. a solution exists,
2. the solution is unique,

3. the solution depends continuously on the given data.

We give an example that illustrates why it is important to show the well-posedness of
a model before investigating it further. Let us assume beforehand that the problem
"There exists a largest natural number’ is well-posed. Let n be said unique solution.
However, because n2, is a natural number, it must be less than or equal to n. We
compute n—n=n- (n—1) <0, from which we can conclude 0 < n < 1. Hence,
n = 1, or in other words, 1 is the largest natural number. The contradiction is caused
by the incorrect assumption that the problem is well-posed. This example demonstrates
the importance of proving the existence of mathematical objects before proceeding to
prove things about them. Otherwise, a lot of interesting but illogical conclusions can
be reached.

One of the most famous [PDEEk are the Navier—Stokes equations that describe the
evolution of a fluid. This model became known among laymen as it was selected as one
of the seven millennium problems [45] by the Clay Mathematics Institute, whose each
solution is rewarded with a prize of one million dollars. It has been known since 1934
by Jean Leray’s work [98] that weak solutions exist, but it is not known yet whether
they are unique in the three-dimensional case. On the other hand, strong solutions
are unique, but their existence is unknown. If one reduces the dimension of the space
domain by one and investigates the two-dimensional setting, then everything is perfectly
understood. One can already see the fine nuances of mathematical analysis in this
particular nonlinear problem. Such open questions in the analysis of [PDEE are also
included in the 19th and 20th Hilbert problems [142].

There are several known methods for determining whether or not a problem is
well-posed. Depending on the difficulty of the problem, they can range from simple
to difficult to apply. In the case of ordinary differential equations (ODEL), there are



the Carathéodory, Cauchy—Peano, and Cauchy—Lipschitz theorems providing results
on the existence of solutions depending on the regularity of the right-hand side of
the [ODEL For linear [PDEE there are, for example, the Lax—Milgram lemma and the
Banach—Necas-Babuska theorem.

In the following, we look at [PDEk arising in the study of mathematical oncology
that are highly nonlinear, and there is no standard analytical procedure for these kinds
of models. Each model must be investigated individually to determine its analytical
properties and to prove or disprove the system’s well-posedness.

1.1. Open research issues

Cancer is one of the leading causes of death in the world. There were 19.3 million new
cancer cases and 9.96 million cancer-related deaths globally in 2020, see [130]. By 2040,
the annual number of new cancer cases is expected to reach 30.2 million, with 16.3
million cancer-related deaths. Each tumor is unique and depends on many parameters.
There is no foolproof method for curing cancer, and the cause of cancer is not fully
understood. The main goal of mathematical oncology is the use of mathematical models
to accurately describe tumor evolution.

Hanahan and Weinberg [86] captured the characteristics of cancer, and a mathematical
model should meet the following ’hallmarks of cancer’:

e Resisting cell death: Apoptosis is a form of programmed cell death that can be
triggered when a cell is damaged. Malignant cells are able to ignore the apoptotic
triggers and bypass this mechanism.

e Sustaining proliferative signaling: Cell proliferation is normally regulated by
the production and release of growth factors as well as other signals. In contrast,
external stimulation is not required for cancer cells to multiply themselves.

¢ Evading growth suppressors: Non-cancerous cells have genes called 'tumor
suppressors’, which prevent tumor formation by preventing excessive growth.
These growth-suppressing signals are ineffective against cancer cells.

e Inducing angiogenesis: Tumor cells cause the formation of new blood vessels
to supply their growth with nutrients and oxygen.

¢ Enabling replicative immortality: Normal cells have a finite lifespan because
they go through a certain number of growth and division cycles. Cancer cells, on
the other hand, are unaffected by this and can replicate indefinitely.

e Activating invasion and metastasis: Cancer cells are immune to the restric-
tions that normally confine cells to their original tissue. Tumor cells can break
away from their origin, infiltrate surrounding tissue, and spread to other parts of
the body.

Later, the authors [87] added two more hallmarks and two more characteristics to the
list. All of the hallmarks must be met for mathematical oncology to be successful. In
this way, cancer can be predicted so that, hopefully, in a few years, doctors will be able



to simply click a button on their computers to start a simulation depicting the patient’s
tumor and its evolution over the following days and weeks. A targeted therapy that
improves the prognosis of the cancer is ideal.

But, first and foremost, one must ensure that the model is well-posed, both mathe-
matically and in terms of capturing the movement of actual cancer. The second point
can only be investigated with data and model verification through prediction, see the
extensive article of Oden [110] on this subject. This thesis is heading in the direction
of the first point. We want to make sure that such models are mathematically sound,
that a solution to the model exists, and that nothing illogical occurs. After that, one
can start thinking about a numerical scheme for the model that will provide a fast,
accurate, and stable representation of the tumor’s evolution on the doctor’s monitor.

1.2. State of the art

There is a vast amount of literature on the mathematical modeling of tumor growth,
and this development is in fact a good thing. Different groups establish different models
and methods. With this diversification, there is hope that researchers will be able to
predict the growth of tumors with sufficient detail. In this section, we want to point
out the history of tumor modeling, and in particular with respect to the analysis of
well-posedness.

Tumor models were originally stated as a free boundary problem. We refer to
Greenspan [83] in 1976, who modeled the tissue as a porous medium and used Darcy’s
law for the convective velocity field. Such models have been further developed in
many articles and we refer to the reviews [11,117]. Many different models have been
formulated since then. We follow the path of diffusive interface models in which the
tumor is described as a collection of cells using a fourth-order [PDE] - the Cahn—Hilliard
equation. These models are based on a multiphase approach using constitutive laws,
thermodynamic principles, and balance laws for single constituents, which goes back to
the work of Cristini, Lowengrub and others, see the articles [26,27./47,137| starting in
2003. Such models have been further derived by the groups of Oden [111] in 2010 and
Garcke [73] in 2018 in the case of general multispecies models.

In the work [88] by Hawkins-Daarud and others, the most basic model of tumor
growth was formulated and it serves as the starting point of this thesis. The volume
fractions of tumor cells, healthy cells, nutrient-rich extracellular water, and nutrient-
poor extracellular water were considered. We refer to such a system as 'four-species
model’. It was analyzed in [69-71] with respect to its mathematical well-posedness by
the group of Garcke in the years 2016 and 2017. The system was also studied in [53}54]
by Frigeri, Rocca, and others for a degenerating mobility function. Since the model is
based on a fourth-order [PDE] with concentration dependent mobilities, the uniqueness
of weak solutions is an open problem, even for the prototype model, see the discussion
in [39]. The four-species model was studied in [22] in an optimal control problem and
in [18,/108] with respect to the solution’s long time behavior.

Various velocity models have been added to the four-species model in order to include
fluid flow in cancer evolution. The cells are treated as viscous, inertia-less fluids, and
one models the velocity in a volume-averaged sense for the fluid mixture. Such an



assumption is justified since the cells are tightly packed. The Darcy law was modeled in
the four-species model in |76] and analyzed in [72]. The law was extended to the Darcy—
Brinkman equation in [36}/37] and to the unsteady Darcy—Forchheimer-Brinkman (DEDBI)
equation in our work [62]. There have also been authors who modeled the velocity as a
Stokes flow, see [46,/4849] and one can consider the Darcy—Brinkman equation as an
interpolation between Darcy and Stokes flow. The inclusion of a velocity equation in a
Cahn—Hilliard system is by itself not novel and has been done without the application
to tumor growth in, e.g., [97]. These techniques have been adapted to the new system,
which includes nontrivial effects such as chemotaxis, proliferation, and nonlinear source
functions.

Although such four-species models are very viable when describing the growth of an
early tumor whose evolution is mostly dictated by proliferation, they are limited when
tumor cells undergo hypoxia or necrosis. Indeed, a larger and more developed tumor
tends to become stratified |[117], i.e., the tumor tissue is divided into multiple layers,
each with its own set of characteristics. Tumors are typically divided into three phases:

e a rapidly proliferating outer rim,
e an intermediate quiescent layer whose cells suffer from hypoxia,
e a necrotic core with cells that have perished.

Several multiphase models with multiple types of cell species and nutrients have been
introduced in the works [31[528},42,47,/55.|73/122,/137] and in our articles [564/57,61].

Low oxygen and nutrition levels cause tumor cells to enter the hypoxia phase, during
which they remain dormant and release matrix-degrading enzymes (MDEE) that erode
the extracellular matrix (ECM]) and allows nutrients to flow. This process permits
tumor cells to migrate into the tissue and is a first step towards modeling metastasis.
Simply put, the [ECM] functions as a wall around the tumor which regulates the flow of
nutrients. The has been considered in [19/41}[123}[125/[126,/129] in tumor models of
reaction-diffusion type. Our group was the first to analyze the in a Cahn-Hilliard
type model, see [61], and it was also included in our subsequent works [56,57].

Hypoxic tumor cells do not only emit [MDES to erode the [ECM] but they also release
tumor angiogenesis factors (TAFk), which drive endothelial cell proliferation and new
vessel development. Angiogenesis is the process of blood vessels sprouting and elongating
to supply nutrients to the tumor. The volume of an isolated colony of tumor cells
is generally restricted by the size of 1mm3, see [109], unless sufficient nutrients and
oxygen are supplied for proliferation. Cancerous cells stimulate angiogenesis in order to
obtain such nutrients [17,/114]. With respect to modeling and numerical simulations of
angiogenesis, we refer to [25],26,/139]. Angiogenesis has been considered with regards
to the mathematical analysis of weak solutions in a Cahn—Hilliard type model by us
in [57]. We are not aware of other works since then. Such models are highly complex
due to mixed-dimensional couplings and the inclusion of hypoxic tumor cells that release
[TATS.

Mathematicians are not just interested in accurately modeling the tumor’s growth
but also in treating the tumor and halting it from growing. Currently, tumors are



being treated with chemotherapy, surgery, immunotherapy, and radiotherapy. Anti-
angiogenic medications that restrict the production of new vascular structures are
typically identified as one of the techniques to delay or arrest cancer growth because
angiogenesis is one of the key processes through which cancers grow. As a result, a
realistic model of angiogenesis is crucial for evaluating the efficacy of anti-angiogenic
medications, see the optimal control problems studied in [23|24] for the optimal
dosage of medication. Chemotherapy has been included in our research [59] with a
reaction-diffusion equation (RDE]) and subdiffusive tumor growth, as well as in the
works [23]24,138|74,/127] on optimal control problems for the ideal dosage of drugs.

Moreover, nonlocal phenomena are involved in the mathematical modeling of cancer
cells. Such effects illustrate long-range interactions and can be either of spatial or
temporal nature. In the case of spatial nonlocality, cell-matrix and cell-cell adhesion
properties are important characterizations in the modeling of tumor growth and promote
the growth of tumor cells. These are nonlocal-in-space phenomena and involve a novel
mathematical analysis due to the structure of integro-differential systems. We have
investigated cell-cell adhesion in [62] and cell-matrix adhesion in [61]. Otherwise,
nonlocal cell-cell adhesion properties have been studied analytically in phase-field
models with applications to tumor growth in [54}/121].

In the case of temporal nonlocality, not only does the solution from the last step
influence the current evolution, but it is taken into account that cells have an intrinsic
memory [106]. Consequently, the past influences the present. Memory effects are
modeled by a time-fractional derivative and fractional heat equations reflect subd-
iffusivity in contrast to the typical Fickian diffusion process. Tumors migrate via
both traditional Fickian diffusion and subdiffusion, as shown in the in vitro and in
vivo experimental results in [91]. The memory effect was studied by us in [58,64]
in relation to the time-fractional Cahn-Hilliard equation with degenerating mobility.
Furthermore, we investigated a fractional tumor model with subdiffusion, nutritional
couplings, and mechanical deformation in [59]. The surrounding host tissues increase
mechanical stress as the tumor grows, limiting the tumor’s ability to grow further.
In the papers [44,/102,|103], mechanical deformation in a tumor development model
was first mentioned, and in terms of analysis, it was initially examined by us [59] in a
diffusion-type tumor model and later in 75| by the group of Garcke in a Cahn—Hilliard
type system. It had previously been included in the Cahn—Hilliard equation without
being applied to tumor growth or the conventional source terms in [67,[68]; such models
with elasticity are called Cahn—Larché equations.

1.3. OQOutline

This thesis is organized as follows: In [Section 2] we give some analytical preliminaries
such as Sobolev embeddings and compactness results, which will be used in the proofs
of the well-posedness of weak solutions. Moreover, we introduce the core model of our
tumor growth systems — the Cahn—Hilliard equation. In this spirit, we also introduce
the fractional derivative and elaborate on the memory effect of time-fractional [PDEE.
In we investigate the modeling of tumor growth and present an approach
via continuum mixture theory. We introduce a multiphase tumor growth model with



various components and several biological processes. We present some subsystems that
we have investigated in our articles [56,/57,/59/61,62,64]. In we give the proof
ideas of the well-posedness of weak solutions to the subsystems of the previous section.
We make use of the Faedo—Galerkin approximation and compactness methods combined
with various test functions. Finally, we state the ideas of numerical approximations in
in order to implement the systems from the previous sections.

1.4. Summary of results

The contributed articles address several systems for modeling tumor growth under the
influence of various biological phenomena. Furthermore, these systems are theoretically
analyzed in terms of their mathematical well-posedness and numerical simulations are
presented. We derive a four-species model with an unsteady fluid flow based on the
[DEB] law in "Core Article I (Appendix A.1]). We investigate the effects of the [ECM] in
an extended tumor model with stratification in ’Core Article I’ (Appendix A.2). In
"Core Article IIT” (Appendix A.3), we present a mixed-dimensional tumor growth model
to investigate the effects of an existing capillary structure in the tumor’s vicinity on the
release of [TATk. Finally, we combine a diffusion-type tumor model with memory effects
and mechanical deformations in "Article IV’ ; we also look into the effects
of chemotherapy on the tumor. The scope and subject matter of each contribution are
briefly summarized in the following paragraphs.

Core articles as principal author

e 'Core Article I’ [62] in |[Appendix A.1

On the unsteady Darcy—Forchheimer—Brinkman equation in local and nonlocal
tumor growth models

Starting with the four-species model, we derive local and nonlocal phase-field
models of tumor growth, as well as a time-dependent [DFDB] equation for convective
velocity fields. The model becomes an integro-differential system since the nonlocal-
in-space effects are represented by an integral in the space domain. Long-range
cell interactions and cell-cell adhesion are represented by this nonlocal effect.
The Faedo—Galerkin method provides a complete existence analysis for both the
local and nonlocal systems. A parameter-sensitivity analysis is described, which
quantifies the sensitivity of model parameters in relation to tumor mass as the
quantity of interest. Two sensitivity analyses are investigated: one that uses
statistical variances of model outputs and the other that uses active subspaces
based on experimental data. The two methods arrive at very similar conclusions
about the sensitivity of the chosen quantity of interest. The work concludes with a
description of an algorithm based on the finite element method (EEM]) for solving
the system numerically. Lastly, simulations are conducted to demonstrate the
impact of the new velocity model on the tumor.



e 'Core Article IT’ [61] in [Appendix A.2

Local and nonlocal phase-field models of tumor growth and invasion due to ECM
degradation

A multispecies phase-field model of tumor growth and invasion is presented
and analyzed. We start with a stratified tumor that divides into two phases:
viable (i.e., proliferative and hypoxic cells) and necrotic. Furthermore, as soon as
the tumor cells are deprived of nutrients, they release MDEL. A [RDE is used to
describe this effect. We take into account nonlocal-in-space effects and cell-matrix
adhesion, i.e., the tumor cells’ long-range interaction with the ECMl Using a
coupled approach, we prove the existence of solutions of the coupled
system with both gradient-based and adhesion-based haptotaxis effects. We also
present a [FEM] of the model and show the results of numerical experiments that
were designed to demonstrate the relative importance and roles of various effects,
such as the generation of [MDEk and the degradation of the [ECMIL

e 'Core Article IIT’ [57] in [Appendix A.3

Analysis of a new multispecies tumor growth model coupling 3D phase-fields with
a 1D vascular network

In this paper, we develop a mathematical model for stratified tumor growth
that includes erosion, interstitial flow, and the effects of vascular flow and
nutrient transport. Multiple phases of cell species and other constituents are
separated by smooth evolving interfaces in this phase-field model. One-dimensional
equations are used to model flow and transport processes in the vasculature that
supplies healthy and cancerous tissue. We obtain a 3D-1D coupled system since
the equations governing the transport and flow processes are defined together
with cell species models on a three-dimensional domain. We present a thorough
examination of the existence of weak solutions for the entire system. Additionally,
simulation results are presented that show the evolution of tumors as well as the
effects of the mixed-dimensional coupling.

Further articles

e ’Article IV’ [59] in [Appendix B.1

On a subdiffusive tumor growth model with fractional time derivative

We present and analyze a coupled [PDE] system that models tumor growth under
the influence of subdiffusion, mechanical effects, nutrient supply, and chemotherapy.
The equation for the volume fraction of the tumor cells contains a time-fractional
derivative and models the system’s subdiffusion. [RDEk are used to model the
mass densities of cancer cells, nutrients, and chemotherapeutic agents. We use
the Faedo—Galerkin method and appropriate compactness theorems to prove
the existence and uniqueness of a weak solution to the model. We propose a
fully discretized system based on the [EEM] for the spatial discretization and a
convolution quadrature scheme for the time discretization. Finally, we present
several numerical examples to demonstrate the effects of the fractional parameter,
the mechanical deformation, and the chemotherapy.






2. Mathematical Background

In most sciences one generation tears down what another has built, and what
one has established another undoes. In mathematics alone each generation
builds a new story to the old structure. (Hermann Hankel)

In this section, we present the notation and concepts of the mathematical tools that are
the building block of the development of our methods. First, we introduce the function
spaces that we consider throughout this work and their corresponding norms and scalar
products. Afterwards, we introduce important inequalities for the key estimates in the
energy bounds. Moreover, we introduce embedding theorems in order to achieve strong
convergence, which is needed for the nonlinear parts of the system during the limit
process in the Faedo—Galerkin method. Next, we describe the concept of memory effects
and the fractional derivatives of Caputo type. Finally, we present the prototype system
for modeling tumor growth — the Cahn—Hilliard equation with concentration-dependent
mobility.

2.1. Function spaces, inequalities, and embedding results

In this section, we introduce the function spaces that will be used frequently in the
following sections. Some excellent introductions on the mathematical analysis of [PDEE
are given in the textbooks [12,43}/118]. Let  C Rd, d € N, be a bounded domain with
a sufficiently smooth boundary 92 and T > 0 a fixed time horizon. Further, let X be a
given Banach space with norm || - || x and we denote the dual pairing by (-, -) x with its
dual space X'.

Let 8= (B,...,84) € Ng denote a multi-index. We define the Sobolev space Wk’p(Q),
p € [1,00], k € Ny, by

WP (Q) = {u € LP(Q) : 8°u € LP(Q) for ||B] 1 <k},

becoming a Banach space with the norm ||u”€[/k’p(§2) = > i6I<k H@ﬁuHip(Q). Here, 9°u

denotes the weak derivative of w in the sense of
/ P u(z)p(x) dz = (—1) / w@)Po(@)dz Ve CZ(Q).
0 Q

In the case of p = 2, the Sobolev space inherits the Hilbert space structure from LQ(Q)
and we denote this space by H k(Q) In the case of Bochner functions, we introduce the
Sobolev—Bochner space,

W20, T; X) = {u e LP(0,T; X) : d,u € L*(0,T; X)},

where 0,u denotes the weak derivative of u in the sense of

T T
/ Du(t)p(t) dt = — / W®S Bt Ve e C(0,T),
0 0



Throughout this thesis, C' > 0 stands for a generic constant, which may change from
line to line. For brevity, we write x < y for x < C'y. We recall the Young convolution,
Poincaré-Wirtinger, Korn and Sobolev inequalities |13}33},43,/118]

1 1 1
lu vl ) < lullr@yllvllLog) Vu € LP(Q), v e LI(Q), » + P 1+,
lu = (WallLr@) S Vull e Vu e WHP(Q),
17
IVullfs gy S Il +lle@l]r g Yue W (Q), ] ]
lallymaay S lullyrr g Yu e WHP(Q), k — . >m— . k>m,

where (u)q = ﬁ(u, 1)L2(Q) is the mean of u with respect to Q, and ¢(u) = %(Vu+VuT)
denotes the strain measure of u. The last inequality yields the continuous embedding
WP () — W™4(€), which is also compact due to the Rellich-Kondrachov embedding
theorem [2, Section 10.9].

We require compact embeddings of Bochner spaces in order to achieve strong con-
vergence and pass the limit in the nonlinear parts of the given evolutionary PDEs.
Let X, Y, Z be Banach spaces such that X is compactly embedded in Y, and Y is
continuously embedded in Z, i.e., X < Y <— Z. It is not true that the embedding
L*(0,T; X) is compact in L*(0,T;Y), which already the example f, (t,2) =  sin(nt)
shows. One requires an additional information on the time derivative. The Aubin—Lions
compactness lemma, see [128, Corollary 4], reads

LP(0,T: X) N W (0,7 Z) <5 LP(0,T:Y), 1<p< oo,

2.1
L0, T; X) n WY (0,T; 2) < C°([0,T);Y), r>1, 1)

Further, we make use of the following continuous embedding, see |104, Theorem 3.1,
Chapter 1],
L*(0,7;Y) N H' (0,T; Z) < C([0, T); [Y; Z]1 ).

where [Y, Z], /, denotes the interpolation space between Y and Z, see [104, Definition
2.1, Chapter 1] for more details.

2.2. Fractional derivative

In this section, we investigate fractional derivatives. We concentrate on the well-known
Caputo derivative. There are many other approaches to a fractional derivative besides
these two, but many of the newer methods with non-singular kernels have serious
shortcomings and should not be used, see the article [35] by Diethelm and others.

We begin by defining the singular kernel function g, € L'(0,T) as g, (t) = t*~!/T(c)
with @ € (0,1) and T" being the Gamma function. The Riemann-Liouville integral
operator Z,, € .Z(L'(0,T; X)) of a function u € L*(0,T; X) reads Z,u = g, ®u, where ®
denotes the convolution on the positive half-line with respect to the time variable. Note
that the operator 7, has a complementary element in the sense Z,7;_,u = Zyu = 1 ® u.
The fractional derivative of order v € (0, 1) in the sense of Caputo is defined by

() = (T1-a0)(t) = (10 ® () = | g

10



see the textbooks [34,93]. In the limit cases & = 0 and o = 1, we define 8?u =
and 8,} u = Oyu, respectively. The Caputo derivative, as shown in [93, Theorem 2.1],
requires a function that is absolutely continuous on [0,7"). However, this definition can
be relaxed to a broader class of functions that are equivalent to the classical definition
for absolutely continuous functions, see [64,99]. Let us remark the inverse convolution
property

(Zo0; u)(t) = (ZoTh—aOpu)(t) = (T10pu) () = u(t) — u(0). (2.2)

Similar to before, we define the fractional Sobolev—Bochner space W (0,T; X) as
the functions in L”(0,7T; X) such that their a-th fractional weak time derivative is in
LP(0,T; X). In the special case of p = 2, we write H*(0,T; X). As in the integer-order
setting, there is a compact embedding result, see [138, Theorem 3.1}, which works in
the spirit of a fractional Aubin—Lions lemma,

LP(0,T; X)NW™P(0,T; Z) < LP(0,T;Y), pe€l,00). (2.3)

We note that that the lower order aw < 1 of the time-derivative has to be compensated
with the power p, compare the classical Aubin—Lions lemma . We are not aware of a
version with a compact embedding into C([0,T];Y") using a L™ -bound in X. Moreover,
it holds the following version of the Gronwall-Bellman inequality in the fractional
setting.

Lemma 1 (cf. |64, Corollary 1]) Let w,v € LI(O,T;RZO), and a,b > 0. If w and v
satisfy the inequality

w(t) + (Zyv)(t) <a+b- (Zyw)(t) for a.a. t € (0,7T),
then it holds w(t) +v(t) < a-C(a,b,T) for almost every t € (0,T).

The traditional chain rule % flu) = f’(u)%u does not hold for general functions f if
we replace the derivative by its fractional version. But there is a remedy: for convex
functionals f : X — R, see |99, Proposition 2.18], there is the fractional chain inequality

0F Flu) < (f'(u). fu) 1oy Y€ CH((0,7): X). (2.4)

This is exactly the correct direction of the inequality in order to apply it the typical
energy estimates, e.g., testing the time-fractional heat equation with the solution itself
gives
2 2
8,?‘HuHL2(Q) + HVUHL2(Q) < (0} u, u>H1(Q) — <Au,u>H1(Q) =0.

Gradient flows, like the Cahn-Hilliard equation, have a A-convex (or: semiconvex)
energy rather than a convex one, see [64]. The fractional chain inequality can be applied
to the convex functional z — f(z)— %HJ;H%, yielding the following result for semiconvex
functionals

OF F(u) < (' (), 3Fudx + 0F % — MoFuudx  Yue CU([0,T); X).

11



2.3. Model problem: The Cahn—Hilliard equation

The prototype model of our tumor growth system is the Cahn—Hilliard equation. It
is among the phase-field equations of diffuse-interface type, and it has the important
property of having a solution that is either 0 or 1, or something smooth in between as
a transition phase. As a result, we define the 1-phase as the representation of tumor
cells, while the 0-phase reflects the absence of cancerous cells.

Let ¢y, ¢, represent the concentrations of two components with the relationship
¢1 + ¢9 = 1. That means they describe local portions, such as in binary alloys. They
adhere to the law of mass conservation

8t¢i = _diVJi’ (S {172}’

where J; denotes the mass flux of the i-th component. In order to guarantee 9, (¢;+¢y) =
0, the fluxes have to fulfill the condition J; + J; = 0. We reduce the equations by
setting ¢ = ¢; — ¢ and J = J; — Jy, yielding

0,6 = —div.J.

Traditionally, the flux J is given by the negative of the gradient of the chemical
potential y, i.e., J = —Vpu. Gurtin [84] proposed a mechanical version of the second
law of thermodynamics by introducing a new mass flux with the mobility function m
for interactions at a microscopic level given by

J=-m(e)Vp.

Following [15], the chemical potential is defined as the first variation (Géateaux derivative)
of the Ginzburg-Landau free energy functional

82
&) = [ {0+ IvoP}a. (25)

The parameter € denotes the interfacial width, and ¥ describes a double-well potential
with zeros at —1 and 1, e.g., the Landau potential, ¥(¢) = %(1 - q§2)2, but also
logarithmic variants are possible, see [20], such as the Flory—Huggins logarithmic
potential, or potentials of double-obstacle type. A straightforward calculation of
the first variation of the Ginzburg-Landau energy yields the so-called Cahn—Hilliard
equation with variable mobility:

Cahn—Hilliard equation
& = div(m(¢)Vp)
p="0(p)—’A¢

Typically, the mobility function is either constant or of the form m(¢) = M (1 — <Z>2)2
for a constant M, see |16}/133]. The scenario of constant mobility has been thoroughly
investigated, and with sufficient assumptions, well-posedness can be demonstrated,
see [107]. A proof or counterexample to uniqueness in the case of a degenerate mobility
is still an open problem; this is unsolved for the class of fourth-order degenerate parabolic
equations, see the discussion in [39].

12



3. Modeling of Tumor Growth

The greatest challenge to any thinker is stating the problem in a way that
will allow a solution. (Bertrand Russell)

Everything should be made as simple as possible, but not simpler.
(Albert Einstein)

We postulate models of mathematical oncology that abstract many of the important
processes that are known to be involved in tumor growth, decline, and therapeutic
treatment in real tissue. The systems are designed to reflect processes at the mesoscale
and macroscale, with fields representing volume fractions of mass concentrations of
various species, determining tumor constituents. Several writers have developed local
versions of multiphase models in the previous decade, including [3,|73,(76,/101},/137].
The model equations are derived from the balance laws of continuum mixture theory
[14,25,111,112] and representations of the main mechanisms that govern cancer formation
and evolution [87,{101].

In [Subsection 3.1 we state a multiple constituent model from the mass balance
law and a Ginzburg—Landau energy in a general framework. As an example, we give
the classical four-species model by Hawkins-Daarud and others. Next, we include
stratification into the model and invasion due to [ECM] degradation in
In the following subsections, we add more and more biological phenomena to the model
with a stratified tumor. We add spatial and temporal nonlocalities in

mechanical deformation in chemotherapeutic influence in
and finally, angiogenesis and mixed-dimensional couplings in

3.1. Multiple constituent model

We apply the framework of continuum mixture theory, in which multiple mechanical
and chemical species can exist at a point z in some given domain {2 C Rd, de N, at
time ¢ > 0. Thus, for a medium with N interacting constituents, the volume fraction
of each species is represented by a field ¢,, 1 < a < N, with value ¢,(t,z) at x € Q,
and time ¢ > 0. For convenience, we collect the constituents of the model within the
following N-tuple

b = (Pa)achs

where A is an index set that is further disjointly separated between the phase-field
index set CH, the reaction-diffusion indices RID, and the evolution indices QD that
correspond to abstract [ODEE.

The constituents ¢,, a € A, are governed by the following extended mass balance
law, see |100}/101],

8t¢o¢ + div(¢o¢va) = _diVJa(¢A) + Soz((bA)' (3'1)

Here, the cell velocity of the a-th constituent is denotes by v, and S, describes a
mass source term depending on all species ¢,. We call the system closed if it holds
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> ach Sal(és) = 0. Moreover, J, denotes the flux of the a-th constituent, which is
given by the negative gradient of the chemical potential scaled by a mobility function

Ja(¢A) = _ma(gbA)V:ua' (32)

Here, u,, denotes the chemical potential of the a-th species and m,, the mobility function
possibly depending on all constituents. In our applications, we typically consider the
mobilities ) 5

ma(¢A) = Ma¢a(1 - d)OL) , € CH?

m(dy) =0, v € OD,
where M, > 0 are mobility constants. As in the prototype model, see
we define the chemical potential p,, as the first variation of the Ginzburg-Landau free
energy with respect to ¢,. We propose the energy

e6n) = [ {¥(ocn) + 20n) + 3 N S | R

a€CH BERD

where €,, a € CH, is a parameter associated with the interface thickness separating the
different cell species. The function ® describes adhesion processes like chemotaxis and
haptotaxis. Lastly, ¥ represents a double-well potential as in the general Cahn—Hilliard
equation, e.g., it can be of Landau type, where we mention the two possibilities

U(pen) —%( > %)2(1— > %)2, U(pew) = Y Cy, dall—,)°,

acCH a€eCH a€eCH

where Cy,Cy_ > 0 are appropriate prefactors. Alternatively, one can also select a
logarithmic potential of Flory—Huggins type, see [20,/55].

We calculate the first variations of the Ginzburg-Landau energy with respect to the
constituents and thus, the chemical potentials read

o =05 V(dcn) + 0y, B(¢4) — €20, a € CH,
tg = Dgdg + 04, P(d4), B € RD,
(I)(¢A)v v e OD,

and inserting these into . 3.3]) yields the multispecies model:

Multiple constituent model
Brha + div(dava) = div(Mada(1 — ¢0)°Vitg) + Sa(da) o€ CH
o =0y, W(cn) + 0y, B(4) — caldy, aeCH| (3.5)
0195 + div(pgug) = div(MV (Dgdg + 0y, ®(04))) + Sp(¢a) B € RD
Oy = Sy (da) 7€ 0D

14



3.1.1. Four-species tumor growth model

We begin with an easy example of a tumor growth model starting from the proposed
multiple constituent system (3.5). We choose [A| = 2 constituents and set A = {T, s},
CH = {T}, RD = {c}, and OD = (). The volume fraction of tumor cells ¢ is
understood to represent an averaged cell concentration, a homogenized depiction over
many thousands of cells. The local nutrient concentration is represented by the field
¢5. Moreover, we propose the adhesion function ®(¢r, ¢,) = —x.O7¢, in the energy
for some chemotaxis parameter y, > 0. We assume a volume-averaged velocity v
for the tumor cells and the nutrients. This assumption of a volume-averaged velocity
is reasonable since the cells are tightly packed. Inserting all the assumptions into the
multispecies model reads the so-called four-species model:

Four-species model
Q7 + div(¢rv) = div(Mré7(1 — ¢1)°Viur) + Sr(br, ¢6)
pr =V (dr) = Xeby — 706G
atd)O' + div(¢av) = diV(Mav(Da¢a - Xc¢T)) + So(¢Tv ¢0)

(3.6)

This model is studied mathematically in [70,71] in the case of a absent velocity v = 0.
For a flow governed by Darcy’s law v = —K'Vp + S, (¢, ¢,), we refer to [69,76]. Here,
the pressure is denoted by p, the permeability factor by K > 0, and 5, is called the
Korteweg force [55]. Alternatively, there have also been used the Brinkman law [36437],
the unsteady [DEBl law [62] by us, and the Navier—Stokes equations [89}/96].

Of particular interest are source functions that are formulated as sink and source
terms. Tumors absorb the nutrients, and therefore, the tumor increases at the same
rate as the nutrients decrease. Further, there is a programmed cell death (or: apoptosis)
and these dead cells become nutrients. Therefore, we propose

ST((Z)T? d)U) = _SU((Z)T? (7250') = Ag’ro(baqu(l - ¢T) - )"i}po(ﬁTa

where A} is called the proliferation rate and A7’° the apoptosis rate.

The system is also called ’four-species model’, see [88}{101}[111], since it can also
be derived from four constituents — namely, the volume fraction of the tumor cells ¢,
healthy cells ¢, nutrient-rich extracellular water ¢,, and its nutrient-poor counterpart
¢o,- Then the four variables are governed by the law of mass balance from before, see
, for A ={T,C,0,00}. Onesets ¢pp =1—¢¢c and ¢, = 1 — @, . Therefore, one can
eliminate the superfluous constituents ¢ and ¢, from the system and recover .

3.2. Phase separation in an ECM

The so-called 'microenvironment’ of a solid tumor is a patch of vascularized tissue
in a living subject, such as within an organ, that is home to a colony of tumor cells
and other elements. The tumor is contained within an open bounded region €2 C R3
and is sustained by a network of macromolecules that make up the [ECM] which
includes collagen, enzymes, and other proteins. We are concentrating on constructing
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phenomenological characterizations of tumor cell colony evolution that seek to capture
both mesoscale and macroscale events.
The field of the tumor cells ¢ can be expressed as the sum

¢ = ¢p+ oy + On,

of the three components ¢p, ¢, @5, which describe the volume fractions of the prolif-
erative, hypoxic, and necrotic cells, respectively, and are characterized by:

e proliferative cells are those that have a high chance of going through mitosis,
dividing into twin cells, and promoting tumor growth;

e hypoxic cells are tumor cells that have been deprived of enough resources such as
oxygen to become or remain proliferative;

e necrotic cells have died owing to nutrient deficiency.

The production of an enzyme by tumor cells in response to hypoxia accumulates, and
increases cell mobility, and activates the secretion of angiogenesis-promoting factors
characterized by the field ¢pqp. The most commonly discussed of these factors is
vascular endothelial growth factor (VEGE]), which causes endothelial cells to sprout and
create the tubular structure of blood vessels, which expand into new vessels that feed
nutrients to hypoxic cells. Furthermore, hypoxic cells release MDEE, such as urokinase-
plasminogen and matrix metalloproteinases, as indicated by the volume fraction ¢ g,
which erode the [ECML the density of which is denoted by ¢gcp,. This process allows
tumor cells to invade, increasing ¢ in the [ECM] domain and increasing the likelihood
of metastasis. A simplistic view of the effects of the tumor’s evolution is:

1. outer proliferative tumor layer absorbs nutrients and expands (¢p T, ¢4 );
2. inner tumor layer changes to hypoxic (¢51);

3. hypoxic cells send out [MDE] and [TAH signaling (¢7ur 1, ¢ppre1);

4. [TATk trigger angiogenesis and new vessels are sprouting (¢ |, ¢p 1),
and [MDEE erode the [ECM| tumor cells migrate (¢pcps 4y @ ds dp?1)-

We collect the constituents within the following 7-tuple:

Op = (¢a)a€A = (¢Pa OH> PN ¢a’7 ¢ECM> OMDE> ¢TAF)7

with A = {P, H,N,o, ECM , MDE,TAF}. Using the setting of the multiple constituent
model in [Subsection 3.1, we further distinguish between the tumor phase-field
indices CH = {P, H, N}, the reaction-diffusion indices RD = {o, MDE, TAF'} and the
evolution index set OD = { ECM}. The necrotic cells are non-moving and only gain
mass from the nutrient-lacking hypoxic cells. Therefore, the mobility of the necrotic cells
is set to zero, i.e., my = vy = 0. Still, the necrotic cells are counted as a phase-field
variable and are part of CH instead of the since it influences the double-well
potential and inherits its phase-field structure from the hypoxic phase-field variable.
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We assume that haptotaxis and chemotaxis are included in the system, and therefore,
we take an adhesion force of the form

O(dy) = —(dp + Ou)(XcPo + XnPECM),

where x,. and x; are the chemotaxis and haptotaxis factors, respectively. We note
that the adhesion force only acts on the viable (i.e., proliferative and hypoxic) cells,
whereas the necrotic cells are excluded from this process. Therefore, from the multiple
constituent model , we arrive at the equations for the phase-field variables (¢,,)qech:

Stratified tumor growth model with ECM: CH
0ypp + div(ppv) = div(Mpép(1 — ¢p)°Vup) + Sp(e)
pp = 0y, W(bew) — ePAGp — Xebs — XnbroM
Oy + div(ggv) = div(MHqﬁ{(l - ¢H)2VMH) + Su(da)
pr = 04, V(dew) — £h Dby — Xebo — XnbECM
dn = Sn(oa)

Here, we assume a volume-averaged velocity v = v, for the fields ¢p, ¢5, and ¢,
governed by the Darcy law. Further, we propose the source functions

Sp(pa) = Np0obp(1 — ¢r) = XB°0p — ApgH(opy — ¢ )p
+ AupH (P — Oup)PH,

Su(pa) = Ny 0o (1 — br) = Ngbn + ApuH(opy — 66)dp
—AupH(¢s — oup)by — AanH(oun — ¢6) P

Sn(¢a) = AunH(opn — b0)Pn-

The parameters A2 and \2P° are the proliferation and apoptosis rates of the a-th
species. Moreover, Apy denotes the transition rate from the proliferative to the hypoxic
phase below the nutrient level opyg, Agp the transition rate from the hypoxic to the
proliferative phase above the nutrient level oyp, and Apy the transition rate from the
hypoxic to the necrotic phase below the nutrient level opgy. Finally, H denotes the
Heaviside step function, which might be replaced by the Sigmoid function if a sufficiently
smooth right-hand side is needed.

Related models of [ECM] degradation due to released by hypoxic cell concentra-
tions and subsequent tumor invasion and metastasis are discussed in [41,/125}/131}/132]
for diffusion-type models. Following these references, we introduce the equation for the

[ECM] evolution:

Stratified tumor growth model with ECM: OD

OdEcvt = Spov (d4)

= — A%ngM¢E0M¢MDE + A%M%(l — ¢pen) H(PEen — ¢pErgM)

Here, )\(;%M is the degradation rate of [ECM| fibers due to the matrix degrading enzymes,
and AP5,, is the production rate of [ECMI fibers above the threshold level ¢1.7, for the
[ECM] density.
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Further, for (¢3)erp We arrive at the following system of equations:

Stratified tumor growth model with ECM: RD

8t¢0 + diV((bU’U) = diV(MJV(Da¢J - Xc(¢P + ¢H)) + So(¢A)
O P mpE = MypeD vpeAdvpE + Supe (@)
Oybrar = Mypap Dpap Aprap + Stap(da)

The source functions are given by

Se(da) = A bp + X7 0u — Np bs0p(1 — d1) — N o (1 — ér)

+ /\?Eech¢EOM¢MDE — AP b0 (1 = bpon ) H(Drens — Boonr),

Svpe(da) = AS\);%E(@D + ¢H)¢ECMU 7Hr

g (1= upm) = Niporme

deg
- A ECM ¢ECM ¢MDEa

Star(bn) = Ave(1 — dprup)duH(dn — $%°) — Nivedrap

The parameters )\?\%E and /\dTZ% denote the decay rates of the [MDEk and [TAFK,
respectively, A%%E the production rate of [MDEE, and )\;}fF is the production rate of
the ¢rar due to the release by hypoxic cells above a threshold value of ¢¥;°.

We note that the cell species ¢, « € {P,H, N,0, ECM}, form a mass conserving
subsystem in the sense that their source terms add to zero. The fields ¢y pr and ¢prar
do not belong to this mass exchanging closed subsystem since these signals show natural
degradation factors that are not absorbed by the other constituents.

3.3. Nonlocal phenomena

In this section, we discuss the nonlocal effects in tumor growth models. There are
two types of nonlocality: temporal and spatial. The first phenomenon is known as
the memory effect and corresponds to a time-fractional derivative in the [PDEl In the
second case, a space integral has to be treated, and such a term represents long-range
interactions.

3.3.1. Nonlocal-in-space: Cell-cell and cell-matrix adhesion

If events or cell concentrations at one site in the tumor domain are dependent on events
at other points within a defined neighborhood, the model is said to be nonlocal-in-space.
Long-range interactions, such as cell-cell adhesion, are one of the many mechanisms
that influence tumor cell mobility and migration. Cell-cell adhesion is a fundamental
element in tissue development, stability, breakdown, and is a significant factor that
contributes to cancer cell invasion and metastasis.

Following [19,/54], we consider cell-cell adhesion effects, which are responsible for
the binding of one or more cells to one another via protein reactions on cell surfaces.
It is reasonable to include cell-cell adhesion since the Ginzburg-Landau free energy
functional causes separation and surface tension effects [54]. Therefore, tumor cells prefer
to stick to one another over healthy cells. The physicists Giacomin & Lebowitz [79}80]
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used statistical mechanics in 1996 to study the problem of phase separation from a
microscopic background and derived the Helmholtz free energy functional

eor) = [ Woryar+ g [ [ Ta=p)(6r@) - or)* dyaa.

Here, J : RY — R is assumed to be a convolution kernel with J(—x) = J(x). One
obtains the Ginzburg-Landau energy by selecting a specific kernel function and passing
the limit, see [52]. We modify the energy to account for chemotaxis and propose

E(or.d0) = | Wom) + 0% = xeorondat 1 [ [ I =9)(0r(a) — 6r(1)* dy e,

Therefore, we consider a class of long-range interactions that are classified by chemical
potentials of the form,

i = 5(12 — V' (67) — xoby + /Q J(& — ) (6r(x) - dr(w)) dy.

This leads directly to a nonlocal model governed by the system:

Four-species model with cell-cell adhesion
Oipr + div(prv) = div(Mp7(1 — ¢7)°Viur) + Sp(ér, ¢,)
pr =V (d7) = Xeby + b7 - J x 1= J % or
atd)O' + div(¢av) = diV(Mav(Da¢a - Xc¢T)) + So(¢Tv ¢0)

(3.8)

Models that account for cell-matrix adhesion effects include [MDEE that erode the
[ECM] and therefore, this process allows cells to migrate into tissue. Such systems have
been thoroughly examined in [19/41]. In contrast to the fourth-order Cahn-Hilliard
phase-field equation in our situation, the tumor volume fraction is described by a
[RDE] in these works. The cell-matrix adhesion flux can be classified as either a local
gradient-based haptotaxis effect [129,(1311|135] or a nonlocal adhesion-based haptotaxis
effect [41[19,/78]. We consider the respective fluxes of the form

V¢ECM? o = lOCEﬂ,
k* ¢pcpr, « = nonlocal,

Jo(®n) = Xnov - {

where k is a vector-valued kernel function. This adhesion flux is included in the equation
of the mass balance law of the volume fraction of viable cells as:

Oy + div(pyv) = div(my (¢4) Vi) + div, + Sy (94) ]
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3.3.2. Nonlocal-in-time: The memory effect

According to [7},|136},[143], the tumor microenvironment has a significant impact on
tumor cell proliferation and migration. Tumor cells migrate using a variety of mech-
anisms, including Fickian diffusion and subdiffusion. The results of the experiments
in [91] indicate evidence of anomalous diffusion in cancer progression. They detected
subdiffusion during in vitro trials of developing cultured cells from the breast line, as
well as clinical data from patients with adrenal and liver tumors.

The phenomenological law Jp = —mqp(¢,)Vur has been used to represent the
typical relationship between flow and the gradient of the chemical potential in previous
sections. Without violating the conservation law indicated by the continuity equation,
a more sophisticated phenomenological connection that could account for putative
nonlocal, nonlinear, and memory effects, see [82},/115], may be substituted for this law.
Subdiffusion-limited reactions are simulated on a microscopic level in [124}|144] by using
fractional derivatives in flux and reaction terms. Therefore, we propose

TE (08) = =0, (90 ® (mr(6a)Vir)), ST (6a) = 0;(9a ® Sr(d4)),

for a € (0,1). Inserting the relaxed flux and source into the law of conservation of mass

(3.1) for the tumor species ¢7 yields

By = — divJi (pa) + Si (dn) = 8, (90 ® (div(mz(¢a)Vur) + S7(da)))-

We rewrite this system in an equivalent manner by taking the convolution with g;_,,
on both sides of the equation and using the inverse convolution property (2.2)). This
procedure yields:

O o = div(my(da)Vir) + Sr(da).

In the case of the Ginzburg—Landau energy , the chemical potential writes
pr = W' (ér) — e7A¢p and this model is called the time-fractional Cahn—Hilliard
equation, see our work [58,64]. Choosing the Dirichlet energy €(¢7) = |, ¢ dz results
in a time-fractional [RDE] as studied by us in [59] in a tumor growth setting.

3.4. Mechanical deformation

The surrounding host tissues increase mechanical stress as the tumor grows, limiting the
tumor’s ability to grow further. In the literature [44,90/102,[103], RDEk with mechanical
coupling have been used to model tumor growth with respect to mathematical modeling
and sensitivity analyses. We added mechanical effects in a similar way in our work [59]
and studied the well-posedness of the model. The underlying energy functional now
includes a new component called the stored energy potential W (¢p,e(u)), which
is dependent on the tumor volume fraction ¢p and the symmetric strain measure
e(u) = +(Vu+ VuT) of the displacement field u. Assuming small deformations, we
consider the stored energy potential

W (6r,e(u)) = ge(u) : Tas(6r)=(e) + () : Ts(or), (39)
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where T's(¢r) = A1 denotes the symmetric compositional stress tensor with A > 0,
and T} is the linear elastic inhomogeneous material tensor. Here, the symbol 1 denotes
the (d x d)-dimensional identity matrix. The displacement field u is governed by the
conservation law of linear and angular momentum

Ou(ppv) + div(gpv @ v) = divTe + érb + p,
To —Th =m,

where v is the volume-averaged velocity, b the body force, p the momentum supplied by
other constituents, and m the intrinsic moment of momentum. The chemical potential
ur and the Cauchy stress tensor T are defined by the first variations of the energy
functional £ with respect to ¢ and e(u), respectively. We reduce the complexity of
the system by using common simplifying assumptions as in [102]. In this regard, we
assume constant mass density m = 0 and a monopolar material b = 0. Further, we
neglect inertial forces and set div(¢rv ® v) = p = 0. We assume that the mechanical
equilibrium is attained on a faster time scale than diffusion takes place, i.e., the time
derivative on the left-hand side vanishes. After the simplifications, the equation of the
mechanical deformation reads

(61,05, 50) _ 1. IW(6r,2(w)
de(u) de(u)

0 =divTy =div
For ease of technical difficulties, we assume that the tumor is an isotropic and homoge-
neous material, i.e., its material tensor C);(¢) = C),; takes the form

Gv

2ytr e(u)l,

Cue(u) = 2Ge(u) + 12

where G > 0 and v < % denote the shear modulus and the Poisson ratio, respectively.
Therefore, we can write for the stored energy potential

W (67, (w) = 2(u) : (2Ce) + Toratre(u)L)e(u) + (u) - (AorL),
and its partial derivatives with respect to ¢ and e(u) read
OW (or.e(w) _ . OW(or.e(u) _ 26
T = )\dlvu7 T(u) = 2G€(U) + 1— 2utr(€(u))1 + )\Qle

It yields the four-species model with mechanical deformation:

Four-species model with mechanical deformation
07 + div(dgv) = div(MrdT(1 - 67)*Vur) + Sr(ér, 6,)
8t¢a =+ diV(¢UU) = diV(MJV(DU¢J - Xc(bT)) + SU(¢T; ¢U)

. 2Gv
0= d1v<2G5(u) + o tr(e(w)1+ Ad)Tl)

In case of the Ginzburg—Landau energy, we obtain

pir =V (¢7) — XeBy — €7 Dby + Adivu,
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whereas it yields pur = Dropr — x.¢, + Adivu for the Dirichlet energy as done in our
work [59], i.e.,

£(ord0) = [ {07+ 200 = X100 + Wlor.e(w) } do

3.5. Chemotherapeutic influence

We do not only study the growth of tumors, but we also incorporate a constituent that
will slow down the tumor’s spread. Current tumor treatments are:

e Surgery: Removing the tumor by an operation.

e Immunotherapy: Strengthening the immune system.

e Radiotherapy: Employing radiation to kill tumor cells.
e Chemotherapy: Using drugs to kill the tumor.

Apart from surgery, these therapies are delivered in cycles, with each cycle consisting of
a period of therapy followed by a period of rest to allow the patient’s body to mend and
regenerate new healthy cells. These therapeutic procedures should reduce the tumor to
a manageable point where it can be surgically removed.

The mass density of chemotherapy ¢y is assumed to be governed by a [RDE] that
couples to the tumor equation and degrades the tumor if chemotherapy is present.
Therefore, we add the index CMT to RD and propose:

Four-species model with chemotherapy
Oppr + div(¢rv) = div(Mro7(1 = 67)*Viur) + Sp(dr, 65, denrr)
pr = V(pr) = Xeby — 7 AG7
Oy + div(6p0) = div (M, (Dyy = Xc61) ) + Sy (67, 65 bcnrr)

Ordenr = Menmr Denr Adcnr + Sonr (O, bo s domr)-

Here, the mobility of chemotherapeutic agents is denoted by M and the source
Scnr is of the form

e i 1-—
Scarr(br. 69 brtr) = ~NStrdcnrr — N 2L Cr)0carr.
Kenr + onr

where )‘((1;\% is the degradation factor of chemotherapeutic agents and )\I&&T is the
rate at which chemotherapeutic agents act and are blocked later by killing tumor
cells. The killing term includes a saturation effect, so that mainly cells in a certain
growth phase are sensible to chemotherapy. The parameter Ky > 0 is the density
of chemotherapeutic agents when they reach their half-maximum value. Similarly, the
source term of the tumor volume fraction will include a term of the form

_ k¢l = ér)donr
" Keur + dour

)
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which represents the Kkilling effect of the chemotherapy at some rate /\l}iu. In our

work [59], we provide the chemotheraputic agents in cycles by a Dirichlet boundary of
the form
1, fort<2or6<t<8orl2<t<l14,

0, else.

Pomr(t, )| pean = {

That is, during the times t € [0,2] U (6, 8] U (12, 14] chemotherapy is provided and in
between, the body is allowed to rest.

3.6. Angiogenesis and mixed-dimensional coupling

The effect of angiogenesis in models of stratified tumor growth is presented in the
works |101,/119,/120L(137,/139-141]. In contrast to their previous approaches using,
e.g., agent-based systems, we model the network of blood arteries giving nutrition
to a solid tumor mass in our papers [56,/57] as a network of 1D capillaries within a
3D tissue domain. In this regard, tumor growth is regarded as a phase-field system
incorporating several cell species and other constituents. The microvascular network in
the tumor-bearing tissue is represented by a graph structure with 1D filaments through
which nutrient-rich blood can flow. This microvascular network is denoted by A and
the single edges are denoted by A; such that A is given by the union A = Uf\il A;. An
edge A; is parameterized by a curve parameter s; as follows:

N={reQ:x=N(s;) =a;1+5; (22— 2;1), 5, € (0,1)}.

We propose a global curve parameter s for the total 1D network A, defined as s = s; if
x = A(s) = A;(s;). We look for 1D elements that couple to their 3D counterparts in 2
for each value of the curve parameter s. We assume that the surface of a single vessel
is a cylinder with a constant radius, and the radius of a vessel connected with A; is
given by R,;. We write I'; as the cylinder’s surface, with A; as its center line, and the
total surface I' is given by the union of the single vessel surfaces I';.

On the 1D network A, we consider the constituents ¢, v, and p,,, which represent the
1D counterparts of the local nutrient concentration ¢, the volume-averaged velocity
v and the pressure p. We introduce a new source term S, in the equation of ¢, for
coupling the 1D constituents ¢, and p,. Therefore, this source term is responsible for
the connection between the constituents in Q and A.

To quantify the flux of nutrients across the vessel surface, we use the Kedem—
Katchalsky law [81] and write the flux J,, between the nutrients on the network
and tissue as

Jav(aavf% d)v,pv) = (1 - ra)f(¢aa ¢U)Lp(pv _T?) + LU(¢U - 50)7 (310)

where r, > 0 is reflection parameter, L, L, > 0 denote the permeabilities of the vessel
wall, and the function f is either ¢, or ¢, depending on the values of p and p,. Moreover,
P denotes an averaged pressure over the circumference of cylinder cross-sections. From
a physical standpoint, the averaging reflects the fact that the 3D-1D coupling is a
reduced model, whereas the exchange occurs through the surface in a fully coupled
3D-3D model. The first part of the Kedem—Katchalsky law calculates the nutritional

23



flux generated by blood plasma flowing from arteries into tissue or vice versa. It is
determined by Starling’s law that is given by the pressure difference between p, and p
weighted by a parameter L,, for the vessel wall permeability. The second part of the
law is a Fickian type law, accounting for the tendency of nutrients to balance out their
concentration levels.

Since the exchange processes between the vascular network and the tissue occur at
the vessel surface I'; we concentrate the flux J,, by means of the Dirac measure Jr, i.e.,
with the distributional space (C2°())" we define

ropez = [ r(@)ds Ve CE(@).
This yields the following new source term in the nutrient equation

SO"U(¢O’7p7 (z)mpv) = Jav(d)a?pa Hr¢m prv)ép,

where IIp € Z(L*(A); L*(T')) is the projection of the 1D quantities onto the cylindrical
surface I' via extending the function value Ilp¢,(s) = ¢,(s;) for all s € dBg (s;).
The 3D model reads:

Angiogenesis model: 3D

Dy + div(pav) = div(my(d4)Vite) + Sal(da) a€{P H}
fa = 05, W(¢cm) — 2o — Xebo — XnbEcM ac{P H}
0193 = Sp(Pa) B e {N,ECM}
0,y = div(m, (¢4)D,V,) + 5, (64) v € {MDE, TAF}

0y + div(pgv) = div(my(6a)V(Dedy — Xe(dp + d1)) + So(da)
+ Jou (41000, trrp, Ly, Hpp, )or
v= —K(Vp—5S,(¢n,1p:1irr))
dive = Ly, (pp, — p)ér

Since the vascular network typically forms a system of small inclusions, we average
all the physical units across the cross-sections of the single blood vessels and set them
to a constant with respect to the angular and radial components. In other words, the
1D variables ¢, and p, on a 1D vessel A; depend only on s;. For further details related
to the derivation of 1D pipe flow and transport models, we refer to [95]. Accordingly,
the 1D model equations for flow and transport on A; read as follows:

Angiogenesis model: 1D
06y + 0y, (Vydy) = Os, (11, (60) Dyy0s,by) = 27 RiiJ g (6 By D5 Do)
= 0, (RinK,; 0yp,) = — 27 RiJ (B.,)
v, = — RimK, 0, p,

In order to interconnect the different solutions on A; at inner network nodes on
intersections z € JA; \ OA, we require the continuity of pressure and concentration as
well as the conservation of mass to obtain a physically relevant solution, see [56].

24



4. Well-Posedness Analysis

The analysis of PDE is a beautiful subject, combining the rigour and tech-
nique of modern analysis and geometry with the very concrete real-world
intuition of physics, biology, and other sciences. (Terence Tao)

In this section, we describe the techniques that we apply to prove the well-posedness of
weak solutions to the nonlinear systems of equations induced by the problems presented
in the previous section. We analyze a prototype tumor growth model, which is a
Cahn—Hilliard type phase-field equation with complex couplings. We combine it with
homogeneous Neumann boundary and consider the setting of the Gelfand triple

V=H(Q) < H=LQ) < V.

We also investigate different effects like mixed-dimensional couplings and nonlocal
influences, as well as the key estimates in the Faedo—Galerkin setting. The method’s
basic concept is outlined in the following subsection.

4.1. Faedo—Galerkin method

(FG1) Approximate problem. Because V is separable, there exists a linearly in-
dependent sequence {vj}rey in V, whose span is dense in V. We approxi-
mate the Cahn—Hilliard equation via a problem in the finite-dimensional space
V}, = span{vy, vy, ..., v;,}. This reduces the problem to an and we can apply
standard theory to ensure the existence of a solution of this finite-dimensional
problem. As a result, we obtain a sequence of solutions {¢;, }rcn of the respective
finite-dimensional problem in {V}, },cn-

(FG2) Energy estimates. In this step, one shows that the sequence of solutions
{9 }ken is uniformly bounded in the typical solution space L™ (0,T; V) of the
Cahn—Hilliard equation. According to the theorem of Banach—Alaoglu, there
is a subsequence {gf)k]_ }jen that converges weakly-+ to some element ¢ in this
space.

(FG3) Compactness. We prove that the derivative of ¢, j € N, is bounded in the
Bochner space L? (0, T V/) and thus, we can apply the Aubin Lions lemma, see
, to conclude that {¢j, };en converges strongly in C([0,T]; H). This strong
convergence is essential for the limit process in . Otherwise, we would not
be able to conclude the convergence of the nonlinear functions m and ¥ in the
Cahn—Hilliard equation.

(FG4) Initial condition. We show that the limit function ¢ also fulfills the imposed
initial condition ¢(0) = ¢ in V'. This is performed using the strong convergence
at t = 0 and the uniqueness of limits.

(FG5) Limit process. In , we proved the existence of functions gbkj, jeN
fulfilling the k;-th Faedo—Galerkin equations, respectively. In this step, we take
the limit j — oo of the k;-th Faedo-Galerkin equations to obtain the variational
Cahn-Hilliard equation. Thus, the weak-* limit of a subsequence of {¢}ren
turns out to be a solution of the variational Cahn—Hilliard equation.
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4.2. Analysis of the four-species model

In this section, we follow through the steps of the Faedo—Galerkin method in an
explaining manner. For more information on the technical details, we refer to our papers
[57,59,/61./62]. We consider the four-species model of with an incompressible volume-
averaged velocity that is governed by Darcy’s law v = —KVp + K(up + X.05)Vor.
Together, we analyze the model:

Oybr + div(prv) = div(mz(dr, ¢0)Viur) + Sr(or, ¢0)
pr = (¢r) — 7 Adr — X by
Oypo + div(p,v) = div(M,V(Dyd, — Xct1)) + So (b7, P0)
v= — KVp+ K(ur + Xcbs)Vr
dive =0

We couple this system to the initial data ¢1(0) = ¢r, ¢5(0) = ¢4, and the homoge-
neous Neumann boundary data

Vor - n=Vur - n=Ve¢, n=v-n=0 on 0.

Since we are interested in weak solutions, we formulate the system as a variational form
and look for functions ¢r, pr, ¢, and v such that it holds:

(b7, 1)1 + (Mp(P7, 00) Vg, Vor) g = (¢rv, Vor)g + (Sr(ér, ds), o1)u
(Y (o7),0,)m + er(Vor, Vo u = (e, eu) i+ Xe(Por )
(0405, 00) it + MoDy(VN oo, 00) i = MoXc(VOT, 06) 1 + (050, Voo )
+ (S5 (015 90)s o) 1
(0, 00) 5 = KW+ XcPor VOT - 00) 1

for all test functions pr,¢,, ¢, € V and ¢, € Vg, = {p € V : divv = 0}.

As a first step in the Faedo—Galerkin method, see , we introduce discrete spaces
Vi, and Vi, 5, which are spans of eigenfunctions to the Neumann-Laplace problem.
This has the advantage that the eigenfunctions form an orthonormal basis in H and a
orthogonal one in V. Then one postulates the Faedo—Galerkin approximation system
with test functions in the discrete spaces. One proposes ansatz functions for the
approximate solutions in terms of a linear combination of the eigenfunctions, which
reduces the system to with continuous right-hand sides. Therefore, the system
has a continuous solution in finite time due to the Cauchy—Peano theorem, i.e.,

O il ok € CH([0,Th); Vi), 0" € CH([0,Ty); Viiv k)-

In the next step, , the main difficulty appears — the energy estimates. One
has to perform clever testing and absorb the right-hand sides by the left-hand sides
of the inequalities. The goal is a uniform energy inequality in order to extract weakly
convergent subsequences. In the Cahn—Hilliard equation, one typically tests the phase-
field equation by its chemical potential, and the equation of the chemical potential by
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the negative time-derivative of the phase-field variable. In this manner, the mixed terms
(thb%, u’%) g negate each other. In addition, we test the phase-field equation by XC¢§
to cancel the chemotaxis term in the equation of the chemical potential. We test the
velocity equation with " itself and now we can see why the Korteweg force S, in the
Darcy equation was chosen in this manner. It cancels exactly with the tested convection
terms in the tumor and nutrient equations. Therefore, the initially difficult-looking
nonlinear terms got canceled away.

All in all, we take the test functions @ = ,U/I% + Xc(;ﬁ];, 0, = —875(]5[}, Oy = U(;S]Z.,

©, = vk, which yields the tested and added system

d & C,
S @) 2 o) + FIVSRIT + 265113 | + CoDoM, V515 + Mol Vi
1
+ gllvkll?{
< —Xc(m’;“vﬂl%a VQS];)H + (Séc“v :uk + Xc¢]§')H + XCCO'MO'(VQS]’]C—'? v¢’;’)H + 00(55, ¢’;)H

We can already state the assumptions that we need in order to achieve a uniform energy
bound. We require that the mobility function m¢ is bounded from below by some
positive constant M, > 0. Of course, the typical mobility function m(z) = z*(1 — z)?
does not satisfy this assumption, but it can be shifted slightly upwards by some small
parameter § > 0. To consider degenerate mobility functions, one first proves the
existence of a bounded mobility and then, one approximates the degenerating mobility
by some sequence mgs with mg(z) > M () > 0 and ms — m as 6 — 0. We refer to the
papers [39,/54},64] on this subject.

In the case of the third term on the right side, it is straightforward to estimate it
using the e-Young inequality and reduce the prefactor of ||V¢§||12q sufficiently to absorb
it by the left side. A large prefactor for HVQZ)Z}H% is not a problem because we can
absorb it later by the Gronwall-Bellman lemma. The first term is more difficult in this
spirit. Both the terms ||V||% and [|[V¢X||% in the first term should be sufficiently
small. We can compensate for this by using the prefactor of HVqﬁ]; H%{ on the inequality’s
left side. We scaled the test function for the nutrient equation by an open parameter
C, > 0 and now we choose it big enough to absorb the large prefactor after giving
IV %] a small one.

We need some well-behaved source terms, e.g., some kind of linear growth estimate
like

|71, 1S5 < C(1L+ |67] + |ds]).

More general source functions can be treated in a second approximation by first
linearizing the source functions, e.g., see [28]. Now, we only miss the term of ,ulfp on the
right-hand side. Up to now, we can control the gradient of the chemical potential, but
not the potential itself. We can achieve this by testing the equation of the chemical
potential with 1 and applying the Poincaré—Wirtinger inequality. In order to estimate
the upcoming term H\Il/((bl%)H ') On the right-hand side, we have to assume some
growth estimate on the double-well potential. One can either bound the derivative by
the solution itself, or uses some power estimate, i.e.,

W'(¢7)] < CL+[T(7)), [P (@h)] < C(L+|eh]%),
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and g > 1 is determined by the Sobolev embedding theorem in order to absorb this
term by the gradient term on the left-hand side.

After taking care of the right-hand side and the necessary absorptions and integrating
over the time-interval (0,t), ¢t < T}, we end up with the inequality

125 O 1 gy + IVSROIF + 1SEO + V65122 g 1y + IV 22 0
22 g iy S 1+ 12Ol 2 + IVEEO) I + 16503

We use the Gronwall-Bellman lemma and take advantage of the fact that the approxi-
mation’s initial gb?(()) = I, ¢ can be bounded by the [PDEJs initial because the operator
norm of the orthogonal projection Il : V' — V}. is bounded by 1. Therefore, we achieve
the energy estimate

H\IJ(QSI%)HL(X’(O,T;Ll(Q)) + HVCZ)]TC“H%OO(O,T;H) + ||¢§H%OO(O,T;H) + Hng"iHiQ(O,T;H)
k k
+ HVMTHiQ(O’T;H) + ||’U HiQ(O,T;H) S I+ HV¢T(0)H%{ + H¢O’(O)”§{7

where also already took the essential supremum over ¢ and extended the time-interval by
setting T}, = T" due to the no-blow-up criteria and the right-hand side being independent
of k.

All our spaces are reflexive and due to the Banach-Alaoglu and Eberlein-Smulian
theorems [2}|13], there are functions ¢p, pp, ¢, v such that it holds

(z)’;j — ¢ weakly-x in L(0,T;V),
pFi sy weakly in L2(0,T;V),
b5 — by weakly-x in L(0,T; H) N L*(0,T; V),
oF v weakly in L?(0,T;H).

as j — o0o. The weak convergence is not enough to pass the limit in the nonlinear
functions in the Faedo—Galerkin system and therefore, strong convergences are required.
We bound the time-derivative of qﬁ? and ¢’; in the step in order to apply the
Aubin—Lions lemma .

Let us fix an arbitrary function ¢ € L*(0,T; V). We must test the Faedo-Galerkin
system with a function in the discrete space Vj, , so we test with the orthogonal
projection of ¢ onto ij. We take advantage of the fact that the adjoint of this function
is invariant under the time derivative and its operator norm equals 1, see [12]. Therefore,
we get after testing

Tk T ok ko ko ks K
) <6t¢T ) (/7>V dt = ) (d)T v = myp VMT ) VijSO)H + (ST achj(P)H dt,

which directly gives a uniform bound of 8@’; in the space L? (0, T; V') after applying the
Holder inequality and using the energy estimate from before. By using the Aubin-Lions
lemma 1} on the Gelfand triple V «» H < V', it yields the compact embedding

L0, T; V)N H'(0,T; V') <« C([0,T]; H).
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Therefore, we obtain the new convergences
,pnd — 67 weakly in L2(0,T;V"),
qbi}j — ¢ strongly in C([0,T]; H),

as j — 0o. We also know from the strong convergence that ¢£_€pj (0) = ¢7(0) in H, which
implies ¢7(0) = ¢pp in H, i.e., step is completed.

We multiply the Faedo-Galerkin system by a function n € C.°(0,T) and integrate
the system on (0,7") which yields for the tumor equation

; (Ovpr s o)y + (Mg Vg, op)gndt = ; (pp 0™, Nor)yn + (S7, or)ndt,

for all o € Vi, In order to complete step |} we take the limit 7 — oo in
the equation and use the density of Uijj in V. The linear terms follow directly
from the given weak convergence. For the nonlinear terms, we apply the Lebesgue
dominated convergence and exploit the boundedness assumptions of the nonlinear
functions. Further, we use the weak-strong convergence lemma to pass the limit in
the term involving the mobility function. In fact, by the strong convergence and the
boundedness of my, we obtain on the one hand

mT(d)’;“j)(PTn — mp(ér)ern  in L*((0,T) x Q).

We have, on the other hand, derived the weak convergence V,ul;j — Vpin L*((0,T) xQ),
which means that their product converges strongly in L*((0,T) x ).

4.3. Key estimates

In this section, we analyze the key estimates in the step of the Faedo—Galerkin
method of the systems that we have derived in We need to take care of the
new complex couplings and nonlocalities. We derive the key estimates in the continuous
setting in order to drop the index k. For the proof to be rigorous, the estimates must
still be obtained at a discrete level, see, e.g., our works [57,59,/611|62].

4.3.1. Stratified tumor growth model

In the case of a stratified tumor that has undergone phase separation and admits a
proliferative, hypoxic, and necrotic phase, it leads to couplings between several Cahn—
Hilliard equations. This results to difficulties in the definition of the potential function
¥ and in the choice of the correct test functions. We are in the setting of the system as
in and choose A = CH = {P,H, N}.

¢p = div(mp(¢a)Vup) + Sp(da)
pp =0y, U(dcw) — epAdp

Oon = div(mpy(da)Viy) + Su(da)
pr = g, ¥(ocm) — Dby

don = Sny(éa)
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We use a Landau-type potential function as described in In this system, we
explicitly exclude chemotaxis and haptotaxis in order to concentrate on the multiphase
system. Similarly, we set the velocity to zero. We take the typical test functions of the
Cahn—Hilliard equation and achieve

2

(0P, wp)m + (mp(da), [Vup") g = (Sp(n), p)
(05, Y (écH), 0i6p) i +p(Vop, 0V op) i = (1ip, 16p)
@ubars ) + (mpr(60) Vi) i = (Su(ba) na)
(04, Y (dcm), Orbr)m + e (Vo 0,V ou)n = (b, 06w i
(01N, O, ¥ (Pcm) — eENADN) i = (Sn(da), Op YV (dcm) — eENADN) 1

Only the test function of ¢ may seem unusual. This is caused by the irregular character
of the necrotic cells. Despite the fact that it is a tumor component, influences the
potential function ¥, and is a phase-field variable, its mobility is zero, and thus its
analytical regularity is lost. As a result, we test it with its Laplacian —A¢y and
assume more regularity on its source function Spy. Moreover, we test with the partial
derivative of ¥ in order to get the total derivative of ¥ on the left-hand side of the
energy inequality. By adding and canceling, we get

& el + X EIVlE] + 1@l + Il

acCH
= (Sp(Pa)swp)a + (Su(da), ) m + (Sn(Pa), g, Y(dcm) — ENAGN) i

In the case of the last term, we need a new assumption on the growth character of the
potential’s partial derivative such as linear growth. Moreover, the chain rule yields

—(Sn(0a): Db = > (95, Sn(64), Vo - Von )

acA

which suggests an additional assumption on the partial derivatives of the source Sy . We
do not need a smallness assumption here, since we can give ||V N||§{ a large prefactor
anyway due to the structure for the application of the Gronwall-Bellman lemma.

4.3.2. Nonlocal-in-space effect

We investigate both nonlocal cell-cell and cell-matrix adhesion effects in our papers
[61,62]. The first one is concerned with the nonlocal adhesion flux between the tumor
cells and the [ECM| The second paper introduces long-range interactions directly in a
modified Ginzburg-Landau energy and such nonlocal Cahn-Hilliard equations have also
been analyzed in [8-10L65,66] without the application to tumor modeling. In [21}[50-52],
the nonlocal Cahn—Hilliard equation has been coupled to the Navier—Stokes equation,
in [31] to the Darcy equation, and in [32] to the Brinkman equation. In the work [54]
by Frigeri and others, a nonlocal tumor growth system was studied with respect to
its well-posedness. We briefly discuss the modifications in the energy estimates of the
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nonlocal model (3.8)) in contrast to the estimates of the local system. For convenience,
we state the system:

oo = div(mp (o7, ¢0)Vur) + Sp(or, ¢0)
pp =V (d7) = Xeby + b7 - Jx 1= J % op
at¢a = div(ma(¢T7 (ba)(Davd)a - XCV¢T)) + SO'(¢T7 ¢J)

Due to the integro-differential structure, we cannot expect ¢ € L™ (0,T;V) since
no Laplacian appears in the equation of the chemical potential. Therefore, the term
Xcdiv(m,Vér) in the nutrient equation has to be treated again, and we will see that
we require an additional assumption on the chemotaxis parameter y,.. We take the
typical test functions of the four-species model as before and achieve

d 1 1 C
37 | 1@l o) + 51T % D200l = 5 (0r. T )i+ ol

+ (mT((bT, ¢a)7 ‘V/JLTIQ)H + CO'DO'(mO'(¢T7 ¢0)7 ’v¢0’2)H (41)
= _Xc(mT(¢T7 ¢(7)VMT7 V¢O')H + (ST(¢T7 ¢O’)? pr + XC¢O’)H

+ cho(mo(¢T7 ¢0)V¢T7 V¢U)H + CU(SU(¢T7 d)a)v ¢0')H'

We estimate the right-hand side as in the four-species model from before, which results
in terms ||[Ver|3; with large prefactors. At this point, there is no information on
%HVQZSTH%{ on the left-hand side of , which is crucially needed to absorb the terms
from the right-hand side. Due to a growth estimate on ¥ and the Young convolution
inequality, we can derive

1 1
19601y + 51 * D 20rlly = 5 (67, % b
1 1
> /Q [c 5+ D) - Q\JHLum] (@) de - C10] (4.2)
> C(llerllzr —1)-
This estimate will give us ¢ € L°(0,T; H). Indeed, integrating with respect

to time on the interval (0,s), 0 < s < T, and introducing the result into (4.2]) and
employing the estimates of the source terms gives

C, m
Cllr(s)llE + 7|l¢g(8)||12r{ + ?O”VNTH;(O,T;H)

2
XK M
2

2
HV(bTH[F (0,T;H) (43)

2 2
XMoo XMoo 2
+ (CO'DO'mO - mo - 2 > |’v¢UHL2(O,T;H) -

2 2
§ 1+ Hng”L2(O,T;H) + H¢UHL2(O7T;H)’

where we have put the initial values into the constant since we are not interested in
them at this point. Note that we have the term HV(;STHig(O T8 with a negative sign

on the left-hand side in the inequality (4.3]). To apply the Gronwall-Bellman lemma,
we must overpower this term, so we use —Ag¢r as a test function in the py-equation. On
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one hand, using a suitable growth estimate on ¥” such as \I/"(x) > Cg and again the
Young convolution inequality, we deduce that

(Vir, Vor)m = (" (1), [Vor[*) g + (IVorl, T« 1) + (V(J % 1), 6rVér) i
- (v'] * ¢T7 V(Z)T)H - Xc(v¢07 V¢T)H
> Cyl|Verlli — IVl ropllor eV orlle = X IV el gl Vorla

C Y
> LVl — Cllrli — 251Vl
2 Cy
On the other hand, we have by the Holder inequality

1 C
(Vup, Voér)y < C*THVMTH%{ + TT||V¢TH12L17

for some constant C'r. Combining these two inequalities gives the following estimate

2 2
myC m moX
B8 |Vorly < TN Tarl + Cllorl + 2 Vo, .
Adding this inequality to (4.3)) results in
2, Gy 2 . m 2
Clior($)a + =166 ()l + 70”V/‘T||L2(07T;H)
+ Cam() _ X(zzmgo _ XMoo - mOX? ||v¢ ||22
6 mg > 1 ol .31
16 2 TNL?(0,1;H)

2 2
5 1+ ”quHLQ(O,T;H) + ||¢UHL2(O,T;H)'

We set C,, to a sufficiently large value so that the prefactor of ||V, is strictly

2
HL2(O,T;H)

positive. Furthermore, the prefactor of HV¢TH2L2 ( is positive if Cy is large enough

0,T;H)
or the chemotaxis factor x, is sufficiently small. The Gronwall-Bellman lemma gives

the final energy estimate.

4.3.3. Nonlocal-in-time effect

In this section, we point out the differences in the proof of the existence of weak solutions
if a time-fractional derivative is involved. The Faedo—Galerkin system is reduced to
a fractional differential equation (FDE]) instead of an Similar to the classical
theorems of Cauchy—Peano and Cauchy-Lipschitz, there is standard theory on the
well-posedness of [FDEE, see [34,93]. It leads to the existence of approximative solutions
in the solution space H*(0,T}; V},).

Typically, the same test functions are taken. For example, in the case of the time-
fractional Cahn—Hilliard equation

3¢ = div(m($)Vu) + S(¢),
p="0(¢) —Ag,

32



we test the ¢-equation by p and the u-equation by —8; ¢, which yields

e (Vo, 07 V) + (V'(6), 06)r + (m(9), [Vl ) = (S(6), 1) -
We can apply the fractional chain inequality (2.4) to obtain the lower estimates

2

SHNVElH + O (@) 1) < (V0. V) + (V(9), 0O,

where we have assumed that ¥ is convex. Afterwards, one convolves the inequality with
the kernel function g, and use the inverse convolution property g, ® 9;'¢ = ¢ — ¢, see

(2.2), to achieve

2
SITOOI; + 19,1 ) + Molga ® V81 (0

< IV + TGO 1 gy + g ® (S(6), 1)

The term on the right-hand side involving p can be estimated as usual, and with
the generalized Gronwall-Bellman lemma, see one can obtain a uniform
energy estimate. Assuming that we derived this inequality in a discrete setting, by the
Banach-Alaoglu and Eberlein-Smulian there is a subsequence (qbkj , ukj ) that converges
weakly in the respective spaces to some element (¢, ). We obtain strong convergence
via the fractional Aubin—Lions lemma

L*(0,T: V)N H*(0,T; V') < L*(0,T; H),

in order to pass the limits in the nonlinear functions ¥ and m. Since fractional problems
have less regularity in time, the continuity in time is lost for small values of a.. Therefore,
the given initial data ¢y € H is interpreted in the sense (gl,a ® (¢ — ¢0))(t) —0in H
ast — 0.

4.3.4. Mechanical deformation

We consider the system stated in without the effect of a volume-averaged
velocity, that is:

Oy = div(my(ér, ¢o)Viur) + St(dr, o)
pr =V ($7) = Xeby — e7AGr + Adivu
atqsa = diV(MO'V(DO'(zZSO‘ - XC¢T)) + SO'(¢T7 (z)a)

0= div<2G5(u) + tr(e(u))l + A¢T1)

v
1-—2v

‘We consider the variational form of the deformation field

26(e(u). ()1 + e

(divu, divep) g = =X (o7, dive) g

for all ¢ € V. We take the test function ¢ = v and achieve

2Gv

2G| ()l + 1o

IIdIVUIIH = —A(¢r, divu)y
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which gives after an application of the e-Young and Korn inequalities, see

Gv . A1 —2v
Olulfy < 261w By + 7o fdivuly < X0 o3,

We take the typical test functions and add it to this inequality, which gives the energy
bound

d & C,
@) 20y + IVl + 2ol ]| + CoDoM, Ve,
+ Mo [ Vplsy + Clull} + A(diva, 9,0)
< _Xc(mTvMTa v¢];)H + (ST> M+ XC¢U)H + XCCO'MO'(V¢T7 vd)cr)H

A(1-2
A=) 1

+CD’(SU7¢O')H+ 2GY

In contrast to the energy bounds from before, the mixed term A(divu, d;,¢)y on the
left-hand side is new. After integrating this inequality, it gives for this term after
integration by parts in time

t

t
/ )\(leU7 8t¢T)H dt = )\(diV’LLO, d)T,O)H - / )\(divatu, ¢T)H dt.
0 0

We observe that testing with ¢ = 0,u in the deformation equation gives

Gv d .. :

d 2
G—|e
Sl +
and the right-hand side is exactly the term from above. Therefore, the integrated energy
inequality reads

2
C
19010y + LIV @I + ~Zl60 (1) + Cllew®) +

2 2
+ OO'DUMU||V¢UHL2(0¢;H) + MOHVIU’THLQ(

Gv
1—-2v

Idivu(t) 7

2
0.6:H) T C”uHLZ(O,t;V)

t
< C+ / { - XC(mTvHT7 v¢§)H =+ (ST’ ur + Xc¢0)H + XCCUMU(V¢T7 V¢U)H
’ A(1—2v)
+ Co(So, o) + 2GZ/||¢T|%I} dt,

where we have put the initial values again into the constant. The right-hand side can be
estimated as usual by overpowering the prefactors and applying the Gronwall-Bellman
inequality.

4.3.5. Mixed-dimensional coupling

We consider a 3D-1D coupled model as described in [Subsection 3.6 Such mixed-
dimensional models with a dimension difference of greater than one have a ’high-
dimensional gap’. Such a name is justified because the trace operator as a mapping
try : H'(Q) — L*(A) is not well-defined, see [30]. Therefore, one cannot use the
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typical Hilbert space setting and consequently, such problems are particularly difficult
to analyze. One can use a Petrov—Galerkin setting and apply the well-defined trace
operator on weighted Sobolev spaces or on whp (Q) with p > 2. Then the test functions
are more regular than the solution space, see [29}30].

As already described in [Subsection 3.6 we use a different approach. We consider
a 3D-1D problem, but we do the couplings between the constituents on different
domains through the two-dimensional cylinder surface I'. Therefore, the trace operator
trp : H'(Q) — L*(') is well-defined and the model can be analyzed in the typical
solution spaces.

For the sake of simplicity, we consider the variational form of the 3D nutrients ¢,
and investigate the new source term with the coupling to the 1D constituents. We have

8t¢0 = diV(MUV(DU¢U - Xc(¢P + ¢H)) + SO'(¢A) + Jov(trl"(ﬁcr’ trl"pa Hl"d)m Hl"pv)él'"

Then we test the [RDE] with its own solution to achieve

1d
i&H(bUH%{ + MO'DO'HV¢UH§{ = MO’XC<V(¢P + ¢H): V¢J)H + (SU<¢A)7 (bO')H
+ <Jav (trr¢av trf‘p7 Hr¢v7 Hrpv)(sra ¢U>V’><V7

The last term can be written via the well-defined trace operator trp : H'(Q) — L*(T)

Ut badyr = [ Toutirdo (900 < Wl gy 08l 20y < Cull Tl v
We recall the flux J,, that is governed by the Kedem—Katchalsky law, see ,
Jow = (U= 1)L, (Trp, = tr0p) £ (8. 6,) + Lo (T, — trre, ),
and assume that f is a bounded function. Then it gives
Mool 2y < 1L = 7ol - Ly - [Ty = trrpll 2 - [ flloe + Lo - [Trd, — trod, |2 p)
<= ol oo~ (000 g g2 002y WPl 2y + CoclPl e )
+ Lo (Curlléoll ) + 1Tl g2 a2y 190l 2 )
Finally, we can apply the e-Young inequality to absorb the right-hand sides of the

energy inequality by its left side. Then we obtain the final energy estimate by the
Gronwall-Bellman lemma.
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5. Numerical Implementation

I have no satisfaction in formulas unless I feel their numerical magnitude.
(Sir William Thomson, Lord Kelvin)

In our articles, we focused on deriving tumor growth models and establishing the
existence of weak solutions to the governing equations. Besides this, we were interested
in showing numerical simulations and studying the influence of the new features and
effects of the models. How useful is a well-posed model that does not reflect real
biological processes? In this section, we briefly describe the techniques that we used
for the implementation of the [PDEL in the last sections. Our code is based on the
finite element libraries 1ibMesh [94] and FEniCS [1]. We started with FEniCS since it
is written in the accessible Python language and variational forms are straightforward
to implement. For the more recent papers on mixed-dimensional couplings, we moved
to libMesh, which is a high performance computing (HPC]) library written in C++ and
therefore, yields higher potential for code optimization and saving runtimes than in
FEniCS. We refer to our GitHub

https://github.com/CancerModeling/Angiogenesis3D1D

where our code is freely accessible. In particular, the settings for the simulations in our
two recent papers [56,/57] on multispecies tumor growth are given.

5.1. Three-dimensional model

We implemented the 3D models with the The code solves the system in a
sequential way, see |56, Algorithm 2.1] for the algorithm of the full model. We use
the classical energy splitting method for the potential ¥ = ¥, + W, which provides
unconditional energy stability, see [40]. That is, we treat the expansive part ¥, explicitly
and the contractive part ¥, implicitly. We present the results of numerical experiments
in [56,/57] and show the relative importance and roles of various biological effects,
including cell mobility, proliferation, necrosis, hypoxia, and nutrient concentration, on

the generation of MDEE and the degradation of the [ECMI

5.2. Nonlocal phenomena

Nonlocal effects are not only difficult from an analytical point of view, but they also
cause problems in numerical methods and increase the computational burden. The
[FEM]is based on a local element concept, which is in contrast to the character of spatial
nonlocality. Cells should not only exchange information within their element but also
with elements in the neighborhood around them. In the case of time-fractional [PDEE,
not only the solution from the previous time step is of relevance, but one has to save
all the solutions starting from the initial condition.

5.2.1. Nonlocal-in-space effects

In our work [61], we investigate the evolution of the tumor volume fraction in both local
and nonlocal four-species models. That is, in the local model we choose the gradient-
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based haptotaxis flux Ji,. = x,¢v VO and for the nonlocal model J, 10 = Xp0vEk * 6.
Following [19,|77,|78|, we select a kernel function k., € > 0, such that it approximates
the gradient-based haptotaxis effect as € — 0. This also implies that a higher e-value
corresponds to a larger nonlocal effect. Particularly, we use the approximation

(k # 0)(x) — 0(x) - (k% 1)(x) = / k(z — 9)(0(y) — 0(x))dy

Rd
~ [ ko= 9)(T0) - (o~ )y

= V0(a) [ (=) ka = )y
= V0(a),

where we choose k such that zk(—x) is a Dirac sequence with the typical property
Jgi wk(—2)dz = 1. We impose the representation k(r) = —w(e)rx¢(|2|s), Which
gives in the 2D case after integrating zk(—z) over R? the weight w(e) = %5_4

We compare both the local and nonlocal models in [61, Figure 5] and observe a larger
adhesion effect in the local model in the sense that the tumor mass moves further
towards the right-hand side of the boundary where the nutrition is placed. We also
notice that the local model can imitate the nonlocal model for a fixed value of € by

choosing a smaller haptotaxis parameter.

5.2.2. Nonlocal-in-time effects

We mention the review article [35] that describes the relevant methods for treating
time-fractional [PDEE numerically. Even though there are more efficient methods
available, see [58,92], which reduce the time-fractional [PDEl to a system of [ODEE, the
L1 scheme [113] is often chosen since it is simple to understand, widely accepted, and
direct to implement.

Consider the mesh 0 =ty < t; < --- < ty_; =ty = T of the time interval [0,T].
Then, the a-th Caputo derivative of some function ¢ at t,, reads

agpy_ L " ¢(s)
O o(ty,) = Ti—a) /0 TR

f(ti1)—£(t;)

Using the approximation formula f'(s) ~ e
J J

for s € (t;,t;41) gives the L1
approximation

HD(t) % S (Bt ) — Dt j1)):
0

where the weights w,, ,, for n,m € [0, N| are given by

_ (tn B tm)lia B (tn B tm—l—l)lia

wm,n - t _ t

n—m n—m—1
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The L1 scheme’s convergence is (’)((At)2_a), and the memory effect can be seen on

the right-hand side as the history from the previous time steps ¢(t,,_;). Exactly this
step involves a huge computational burden in storing all the history in the memory
storage of the computer. The computational complexity can be reduced by storing, for
example, only the previous 20 solutions. This appears to be reasonable given that the
weights on previous solutions decrease the further back the previous solution is. But
then nothing about convergence can be said anymore.

In our publications on time-fractional tumor growth models [59L/64], we use a frac-
tional linear multistep method [105] based on a convolution quadrature scheme. Such
approaches generalize the standard linear multistep method for [ODEk. A special case
of this class of methods generalizes the backward Euler method to a fractional setting
and approximates the Caputo derivative by

1 n—1

e ()6 - 60,

J=0

O d(ty) ~

Indeed, setting o = 1 gives the backward Fuler scheme. Similar to the classical L1
method, one has to store all the previous solutions. The quadrature weights can
also be computed recursively and such schemes are known as Griinwald-Letnikov
approximations [6}34].

We refer to our simulation result [59, Figure 1] that shows the influence of the
fractional derivative in the form of a subdiffusive evolution of the tumor mass.

5.3. Mixed-dimensional coupling

In the case of our 3D-1D tumor growth models, we have to implement the new 1D
constituents into the code and create the connection to the 3D variables. We use the
implicit Euler method for the time integration of the 1D equations. The vascular graph
method is used for the spatial discretization of the 1D equations, which corresponds to
a node centered finite volume method, see [116}/134] for further details.

We decouple the 1D and 3D pressure equations at each time step and solve the
two systems using block Gaufi—Seidel iterations until the 3D pressure converges. The
nutrient equation is discretized in a similar way, with the main difference being the
addition of an upwinding procedure for the convective term. At each time step, the
nutrient equations are solved with block Gauf3-Seidel iterations. The described numerical
method, as well as the discretization of the terms that arise in the context of the 3D-1D
coupling, is detailed in our work [56].
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Acronyms

DFB Darcy—Forchheimer—-Brinkman ......... ...,
ECM extracellular matrix. ... ......ontinin i e [4
FEM finite element method..... ... ... . i 6
FDE fractional differential equation......... ... .. . i i
HPC high performance computing..............o.iiiriiriiir it .
MDE matrix-degrading enzyme. . ...........o.oiii it e
ODE ordinary differential equation ............. ... ... ...
PDE partial differential equation ........ ... ... i
RDE reaction-diffusion equation ............ ..o
TAF tumor angiogenesis factor. ... ... ... it
VEGF vascular endothelial growth factor .......... .. .. ... . i il
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A. Core Articles

A.1. On the unsteady Darcy—Forchheimer—Brinkman equation in local and
nonlocal tumor growth models

On the unsteady Darcy—Forchheimer—Brinkman equation
in local and nonlocal tumor growth models

Marvin Fritz, Ernesto Lima, J. Tinsley Oden, Barbara Wohlmuth

In this work, we study a [PDEIl system for modeling the growth of a tumor cell colony
under the influence of a convective velocity field. The four-species model of Hawkins-
Daarud and others [88] serves as the system’s foundation. We use the Cahn—Hilliard
equations for the tumor volume fraction ¢ and a[RDE] for the nutrients ¢,. We assume
that the cells are tightly packed and therefore, we add a volume-averaged velocity field
regulated by the unsteady [DFBl equation to this system. The model is an expansion
of the articles [69}/72,/73]/76] that considered a four-species model with Darcy’s law.
Furthermore, the publications [36,137] of a coupled Brinkman-four-species model were
taken into consideration at the same time. We also consider the case of a nonlocal
model, in which the Laplacian in the equation of the chemical potential was replaced
by a convolution. This results in cell-cell adhesion effects that are responsible for the
binding of one or more cells to each other via protein reactions on cell surfaces. Instead
of taking the conventional Ginzburg—Landau energy functional, we pick the nonlocal
Helmholtz free energy functional. This has been analyzed previously in [8-10,/65|66],
but not in combination with a velocity-driven tumor growth system. Our contributions
are the modeling, analysis, and numerical simulation of the entire system.

In Section 2, we exploit the mass and momentum balance laws based on continuum
mixture theory and the Ginzburg—Landau free energy functional to build a generic class
of multispecies phase-field models. In particular, we derive the system with an unsteady
[DEBl equation. We present some primary results on the mathematical analysis in Section
3, e.g., we introduce some analytical tools such as the Sobolev embedding theorem that
we need in the upcoming sections. A comprehensive mathematical examination of the
existence of weak solutions to the local system is done in Section 4. We use the Faedo—
Galerkin method to derive an energy inequality. We briefly discuss nonlocal cell-cell
adhesion effects for long-range interactions in Section 5 and analyze the nonlocal model
in terms of its weak solution. In Section 6, we investigate the model’s parameters using
a sensitivity analysis. We introduce both the variance-based analysis and one using
active subspaces. Both strategies are compared, and matching results are concluded.
In Section 7, we present a numerical algorithm for solving the local system, as well as
various numerical illustrations demonstrating the nonlinear flow’s influence.

I was heavily involved in the brainstorming of ideas and was in charge of establishing
the mathematical foundation and carrying out the scientific effort described in this article.
Additionally, I was in charge of writing the article while the co-authors contributed by
making corrective changes.
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A mathematical analysis of local and nonlocal phase-field models of tumor growth is
presented that includes time-dependent Darcy—Forchheimer—Brinkman models of con-
vective velocity fields and models of long-range cell interactions. A complete existence
analysis is provided. In addition, a parameter-sensitivity analysis is described that quan-
tifies the sensitivity of key quantities of interest to changes in parameter values. Two
sensitivity analyses are examined; one employing statistical variances of model outputs
and another employing the notion of active subspaces based on existing observational
data. Remarkably, the two approaches yield very similar conclusions on sensitivity for
certain quantities of interest. The work concludes with the presentation of numerical
approximations of solutions of the governing equations and results of numerical exper-
iments on tumor growth produced using finite element discretizations of the full tumor
model for representative cases.
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1. Introduction

In this exposition, we present a mathematical analysis of a general class of local
and nonlocal multispecies phase-field models of tumor growth, derived using the
balance laws of continuum mixture theory and employing mesoscale versions of
the Ginzburg-Landau energy functional involving cell-species volume fractions. The
model class involves nonlinear characterizations of cell velocity obeying a time-
dependent Darcy—Forchheimer—Brinkman law. In addition, to account for long-
range interactions characterizing such effects as cell-to-cell adhesion, a class of
nonlocal models of tumor growth is considered, which involves systems of integro-
differential equations.

This contribution generalizes the analyses of Cahn-Hilliard-Darcy models stud-
ied in Refs. 34 and 36 and includes a detailed analysis of existence of weak
solutions of the governing system of fourth-order integro-partial-differential equa-
tions. Beyond the mathematical analysis of this class of models, we also explore the
sensitivity of model outputs to perturbations in parameters for the local models.
These analyses draw from active subspace methods when observational data are
available and on variance sensitivity analysis when models outputs due to param-
eter variations are considered. Finite element approximations of the general local
tumor models are presented and the results of numerical experiments are given that
depict the role of linear and nonlinear flow laws on the evolution and structure of
solid tumors.

This study is intended to contribute to a growing body of mathematical and
computational work accumulated over the last two decades on tumor growth,
decline, and invasion in living organisms. To date, the bulk of the models proposed
are phenomenological models, designed to depict phenomena at the macro- or meso-
scale where microenvironmental constituents are represented by fields describing
volume fractions or mass concentrations of various species. The models studied here
are in this category. Reviews and surveys of recent literature of tumor growth mod-
eling can be found in Refs. 5, 63 and 21, and in surveys of work of the last decade
in Refs. 47, 65, 10, 42, 68 and 84.

Prominent among more recent proposed models are those involving diffuse-
interface or phase-field representations designed to capture morphological insta-
bilities in the form of phase changes driven by cell necrosis and non-uniform cell
proliferation. These effects result in tumor growth made possible by increases in
the surface areas at the interface of cell species.®* Models that can replicate such
phenomena usually involve Ginzburg-Landau free energy functionals*® of species
concentrations or volume fractions, nutrient concentrations, and, importantly, gra-
dients of species concentrations as a representation of surface energies, a feature
that leads to Cahn—Hilliard type models. The use of such phase-field formulations
eliminates the need for enforcing conditions across interfaces between species and
for tracking the interface, the locations of which are intrinsic features of the solution.
Such non-sharp interfaces are often better characterizations of the actual moving
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interfaces between multiple species within a tumor than models employing sharp
interfaces.

Multiphase models of tumor growth have been proposed by several authors over
the last decade. We mention as examples the multicomponent models of Araujo
and McElwain! and the four, six, and 10 species models of Refs. 48, 53 and 55,
respectively, the Cahn-Hilliard-Darcy models of Garcke et al.3*3¢ and the three-
dimensional nonlinear multispecies models of Wise et al.®* Additional references
can be found in these works.

Following this introduction, we introduce a general class of multispecies,
phase-field models developed from balance laws and accepted cell-biological phe-
nomena observed in cancer, in which cell velocity, present in mass convection,
is modeled via at time-dependent, nonlinear flow field governed by a Darcy—
9:43,46,51,86 which can be obtained by the means of mix-
ture theory.%%7" In Secs. 3-5, we develop a complete mathematical analysis of these
classes of models proving existence of weak solutions through compactness argu-
ments. We first consider the so-called local theory with nonlinear flow in which the

Forchheimer—Brinkman law,

evolution of the tumor volume fractions is influenced only by events in the neigh-
borhood of each spatial point in the tumor mass and then we address nonlocal
effects to depict long-range interactions of cell species.

To address the fundamental question of sensitivity of solutions of such nonlin-
ear systems to variation in model parameters, we provide a detailed analysis of
sensitivity for local models in Sec. 6, calling on both statistical methods®% 7173 of
sensitivity analysis and data-dependent methods based on the notion of active sub-
spaces.'%18 In Sec. 7, we take up representative finite element approximations and
numerical algorithms and present the results of numerical experiments, particularly
focusing on the effects of time-dependent nonlinear flow regimes on the evolution of
tumor morphology. In a final section, we provide concluding remarks of the study.

2. A Class of Local Models of Tumor Growth

We consider a solid tumor mass 7 evolving in the interior of a bounded Lipschitz
domain Q C R%, d < 3, over a time period [0,T]. At each point = € 2, several cell
species and other constituents exist which are differentiated according to their vol-
ume fractions, ¢o, a = 1,2,..., N. The volume fractions of tumor cells is given by
the scalar-valued field ¢ = ¢p(z,t) and the volume-averaged velocity is denoted
by v. The mass density of all N species is assumed to be a single constant field,
and the evolution of the tumor cells is governed by the evolution of proliferative
cells with volume fraction ¢p, hypoxic cells ¢z, and necrotic cells ¢n. The nutri-
ent supply to the tumor is characterized by a constituent with volume fraction
be = ¢o(z,1).

The tumor mass is conserved during its evolution, and this is assumed to be

captured by the convective phase-field equation®3°°

Orpr + div(prv) = div(mr (o, o) Vi) + Ardedr(1 — 1) — Aadr, (2.1)
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where m7 is the mobility function, u the chemical potential, and A, A4 are the
proliferation and apoptosis rates, respectively. Following Refs. 48, 53, 55 and 84,
we consider

¢
o

where 6 /¢ denotes the first variation of the Ginzburg-Landau free energy func-

u =V (¢7) — 5007 — X0P0, (2.2)

tional,

2
E(0r.60) = [ W(or) + EIV6rl? ~ xadeor do. (2.3

In (2.3), W is a double-well potential with a prefactor E (such as ¥(¢r) = E¢2(1—
¢7)?), er is a parameter associated with the interface thickness separating cell

species, and Y is the chemotaxis parameter. The velocity v is assumed to obey the

time-dependent incompressible Darcy-Forchheimer-Brinkman law?#3:46,51,86

v + aw = div(v(or, ¢o )Dv) — Fiv|v — Fa|v]*v — Vp + (i + X00s)Vor,
dive =0, (2.4)

where Dv = 1(Vo + (Vv)T) denotes the deformation-rate tensor. The nutrient
concentration ¢, is assumed to obey a convection-reaction—diffusion equation of
the form:

at¢a + diV((bg’U) = div (mcr ((bTa ¢O’)(60_'1V¢0' - XOV¢T)) - )\CTQSTgbU? (25)

with m, a mobility function and §, and A\, positive parameters.
Collecting (2.1), (2.2), (2.4) and (2.5), we arrive at a model governed by the
system,

Opr + div(orv) = div(mr(dr, ¢o)Vi) + Sr(¢r, ¢0),
p=V"(¢r) — e7Adr — X090,
Oido + div(¢ov) = div(me(dr, 90) (0, ' Voo — x0Vr)) + So(d7, o),
v + av = div(v(or, ¢ )Dv) — Fiv|v — Fa|v]?v — Vp + Sy (é1, 05 ),
dive =0, (2.6)

in the time-space domain (0,7") x 2 with source functions St, S, S, with properties
laid down in Theorem 4.1 of Sec. 4. We supplement the system with the following
boundary and initial conditions,

Ondr = Opp =0 on (0,T) x 09,
Oy = on (0,7T) x 09,
v=20 on (0,7) x 09,
(2.7)
¢T (O — ¢T,O mn Qa
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where ¢7,0, 950,00 are given functions. Here, 0, f = Vf - n denotes the normal
derivative of a function f at the boundary 0€) with the outer unit normal n.

3. Notation and Auxiliary Results

Notationally, we suppress the domain {2 when denoting various Banach spaces and
write simply LP, H™ W™P. We equip these spaces with the norms |- |z», | - |gm,
|- |wm.», and, to simplify notation, we denote by (-, -) the scalar product in L2. The
brackets (-, )1 denote the duality pairing on (H')' x H' and in the same way for
the other spaces. In the case of d-dimensional vector functions, we write [LP]¢ and
in the same way for the other Banach spaces, but we do not make this distinction
in the notation of norms, scalar products and applications with its dual.

Throughout this paper, C' < oo stands for a generic constant. We recall the

Poincaré and Korn inequalities,®?

\f — flze < C|Vf|z2 forall fe H,
Sl < CIVflpe forall f e M,
IVflz: <CDf|g2 forall f € Hg,
where f = ﬁ Jo f(x)dz is the mean of f. We define the spaces H, V, VL L2 as
follows:
H={uec[L}%:divu=0, u-nlsg =0},
V = {u e [H}]?: divu = 0},
VE={feH " (fiu)g-rxg =0 forall u eV},
L ={ueL?:u=0},

where, for u € H, the divergence is meant in a distributional sense and its trace

operator is well-defined; see Ref. 41. For a given Banach space X, we define the

Bochner space?6:69

T
L*(0,7; X) = {u :(0,T) — X : u Bochner measurable, / lu(t)[% dt < oo},
0

where 1 < p < oo, with the norm |lul/},, = fOT |u(t)[% dt. For p = oo, we equip
L0, 75 X) with the norm |lulLe~x = esssup;e ) |u(t)|x. We introduce the
Sobolev—Bochner space,
WhP(0,T; X) = {u € LP(0,T; X) : yu € LP(0,T; X)},
and the inverse Sobolev—Bochner space
WhP(0,T; X) = 2(Wy(0,T); X),

where ¢ = 1/(1 — 1/p) is the Holder conjugate of p.
Let X, Y, Z be Banach spaces such that X is compactly embedded in Y and Y
is continuously embedded in Z, i.e. X —— Y < Z. In the proof of the existence
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theorem below we make use of the Aubin—-Lions compactness lemma, see Corollary 4
in Ref. 74,
LP(0,T; X)NWHY0,T; Z) —— LP(0,T;Y), 1<p < oo,
L0, T; X)NWh(0,T; Z) —— C([0,T];Y), r>1, (3.1)
and of the following continuous embeddings, see Theorem 3.1, Chap. 1 in Ref. 56
and Theorem 2.1 in Ref. 79,
L0, T;Y)NHY(0,T; Z) = C([0,TI; [Y, Z)12), (3.2)
L>®0,T;Y)NCw([0,T]; Z) — Cw([0,T];Y), (3.3)

where [Y, Z]; 2 denotes the interpolation space between Y and Z; see Definition
2.1, Chap. 1 in Ref. 56 for a precise definition. Here, C,, ([0, T]; Y) denotes the space
of the weakly continuous functions on the interval [0, 7] with values in Y.

Lemma 3.1. (Gronwall, cf. Lemma 3.1 in Ref. 35) Let u,v € C([0,T];R>¢). If
there are constants Cv,Cy < oo such that

t
u(t) +o(t) < Cyp + 02/ u(s)ds for all t € [0,T],
0

then it holds that u(t) +v(t) < C1e“T for all t € [0, T).

Lemma 3.2. (De Rham, cf. Lemma 7 in Ref. 81) If f € VX, then there is a unique
q € L3 such that f = Vq and |q|r2 < C|f|g-1. In other words, there exists an
operator L € L (V+, L3) such that V o L = 1d.

Introducing the Nemyzki operator of L,
Np - W=he(0,T; V) = W—5(0,T; L2),
(New)(n) = L(w(n)) for all n € Wy (0,T),
we get the following corollary of the de Rham lemma.

Corollary 3.1. If w € W=1°(0,T; V"), then there exists a unique element p €
W=120(0,T; L3) such that w = Vp in W=1°°(0,T; H™1).
Proof. Since w(n) € V* for all n € Wol’l((), T), we have
w(n) = VL(w(n)) = VINLw)(n),
and we define p = Npw € W—1°(0,T; L), which is clearly unique. O

4. Analysis of the Local Model

In this section, we first state the definition of a weak solution to the system (2.6)
with the boundary and initial conditions (2.7), and then we establish the existence
of a weak solution by employing the Faedo—Galerkin method.
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To simplify notation, we introduce the abbreviations

mr :mT(¢T7¢O')7 Me :m0(¢Ta¢0'), V:V(¢Ta¢0'),
St = S1(¢1,00), So =Ss(d1,05), Sv=5u(d1,¢0).

Definition 4.1. (Weak solution) We call a quadruple (¢7, i, ¢, v) a weak solution
of system (2.6) if the functions ¢7, i, ¢ : (0,T) x Q — R, v : (0,T) x Q — R? have
the regularity

¢r € H'(0,T5(H")') N L*(0,T5 HY),
pe L0, T; HY),
¢ € WHa(0,T; H YY) N (1+ L2(0,T; HY)),
v e Wha(0,T; V') N L0, T; [LYY) N L*(0,T; V),

fulfill the initial data ¢7(0) = ¢71,0, ¢o(0) = ¢s0, v(0) = vo, and satisfy the
following variational form of (2.6),

(Ocdr, 1)1 = (d10, Vor) — (mr Vi, Vi) + (St, 1),
(1, p2) = (ql/(¢T)7 p2) + 5%(V¢T7 VSO2) - Xo(fba, 902),
<8t¢07 903>H(1) = (CbgU, VSD?)) - 5;1<m0v¢07 VQOB) + XO(mav¢Ta VCPB) + (Saa 903)7

(00, pa)v = —a(v, 1) — (VDv, Dypy) — Fi(|v|v, 1) — Fa([v[*v, 1) + (Su,4),
(4.1)

for all @1, 0 € H', 03 € H}, 04 € V.

In the variational form, we use the divergence-free space V' as the test function
space of the Darcy—Forchheimer—Brinkman equation. Therefore, the pressure p is
eliminated from the equation. After proving the existence of a weak solution, we
can associate a distributional pressure to the solution quadruple using the de Rham
lemma; see Lemma 3.2.

A first principal result of this paper involves stating the existence of a weak
solution to the model (2.6) in the sense of Definition 4.1.

Theorem 4.1. (Existence of a global weak solution) Let the following assumptions
hold:

(A1) Q C R?, d € {2,3}, is a bounded Lipschitz domain and T > 0.

(A2) ¢ € H', oo € L*, vo € H.

(A3) mrp,my,v € Cp(R?) such that mg < mp(z), my(x),v(x) < Mmoo for positive
constants mg, Mee < 0O.

(A4) ST,SU,SU are Of the form ST = )‘T¢Ug(¢T) - )‘A¢Ta So - _)\U¢0h(¢T) fOT
g,h € Cy(R), and Sy, = (u + x00s)Vor, Ar, Aa, Ay > 0.

(A5) ¥ € C%(R) is such that ¥(z) > C(|z|>-1), |¥'(2)] < C(|z|+1), and |¥" (z)| <
C(lz[* +1).
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Then there exists a weak solution quadruple (¢r, p, ¢o,v) to (2.6) in the sense
of Definition 4.1. Moreover, the solution quadruple has the reqularity:

o € C([0,T]; L*) N Cy([0,T]; HY),

([0, 7): 12), i=2.
“ S\ (o, T B N Cu ([0, T 12), d =3,

(0,7
(o, T: H), d=2,
S\ o, 11 v N Cul[0, T H), d=3.

Additionally, there is a unique p € W=1°°(0,T; L3) such that (¢r, i1, o, v,p) is a
solution quintuple to (2.6) in the distributional sense.

Proof. To prove the existence of a weak solution, we use the Faedo—-Galerkin
method?%™ and semi-discretize the original problem in space. The discretized
model can be formulated as an ordinary differential equation system and by the
Cauchy—Peano theorem we conclude the existence of a discrete solution. Having
energy estimates, we deduce from the Banach—Alaogulu theorem the existence of
limit functions which eventually form a weak solution. This method has fared pop-
ularly in the analysis of tumor models, e.g. see Refs. 30, 34, 37, 36, 24, 35, 49, 50
and 58.

4.1. Discretization in space

We introduce the discrete spaces
Wy, = span{wy, ..., w},
Yr = span{y1,...,yr},
Zy, = span{z1,..., 2k},

where wj,y; : Q@ — R,z; + Q — R? are the eigenfunctions to the eigenvalues
AY, )\?, A% € R of the following respective problems

—Aw; = A w; in Q,
Ohw; =0 on 012,
—Ay; = Ny; inQ,

y; =0 on 0f),
—Azj = Xz; in{,
divz; =0 in €2,

2; =0 on 0f).
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Since the Laplace operator is a compact, self-adjoint, injective operator, we conclude
by the spectral theorem”®%7 that

{w;}jen is an orthonormal basis in L? and orthogonal in H',
{yj}jen is an orthonormal basis in L? and orthogonal in H{,
{#;}jen  is an orthonormal basis in H and orthogonal in V.

Exploiting orthonormality of the eigenfunctions, we deduce that W) and Yj are
dense in L?, and Zj, is dense in H. We introduce the orthogonal projections,

My, : L* = Wy, My, :L* =Y, g :H— Zy,

which can be written as
k
My, u = Z(u,wj)wj for all u € H',

j=1
and analogously for Ily, and Il .
We next consider the Galerkin approximations

k k
$p(t,z) = ZO@' (Owj(x),  u"(t.x) = Zﬁj (t)w;(x),

) (4.2)

k
opt.e) =14 7ty (x), o (ta) =) §(t)z(),

j=1 j=1
where o, 85,7;5,0; : (0,T) — R are coefficient functions for j € {1,...,k}. To
simplify the notation we set

my =mr (97, d5), Mg =me(dr,05), v =v(er,d5),

St = Sr(dh. ¢5),  S¢ = Sa(¢7,65), Sy = Su(¢h, ).
The Galerkin system of the model (4.1) then reads

(Op i, wj) i = (670", Vwy) — (mpVpk, V) + (St w;), (4.3a)
(1*, wj) = (V'(67), wy) + €7 (Veh, Vwy) — xo(¢h, w)), (4.3b)
(0cdk ys)my = (950", Vy;) = 6, (mEV L, Vy;) + xo(mEV o, Vy;)
+ (S5, ), (4.3¢)
(0", 2 = —a(vk, 2j) — (l/kDUk,DZj) — By (Jo")o”, 2j)
— B (|v*?v, 2;) + (SE, 2;), (4.3d)

for all j € {1,...,k}. We equip this system with the initial data
¢F(0) = M, ¢r0 in L2,
¢5(0) =1+ Ty, ¢p0 in L?, (4.4)
v*(0) = Tz, vo in H.
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After inserting the Galerkin ansatz functions (4.2) into the system (4.3), one can see
that the Galerkin system is equivalent to a system of nonlinear ordinary differential
equations in the 4k unknowns {o;, 8;,7;,9; b1<j<x with the initial data

a;(0) = (¢r,0,w;) in Q,
7i(0) = (¢0,0,y5) in
(SJ(O) = (vo,Zj) in Q.

Due to the continuity of the nonlinear functions W', my,m., v, the existence of
solutions to (4.3) with data (4.4) follows from the standard theory of ordinary
differential equations, according to the Cauchy—Peano theorem, see Theorem 1.2,
Chap. 1 in Ref. 14. We thus have local-in-time existence of a continuously differen-
tiable solution quadruple,

(¢, 1", %, v7) € CH[0, Til; Wi) x CH([0, Ti); W)
x (14 CH([0,T3]; Yi)) x CH([0, Ty]; Z)

to the Galerkin problem (4.3) on some sufficiently short time interval [0, T%].

4.2. Energy estimates
Next, we extend the existence interval to [0, T"] by deriving k-independent estimates.
In particular, these estimates allow us to deduce that the solution sequences con-
verge to some limit functions as k — oo. It will turn out that exactly these limit
functions will form a weak solution to our model (2.6) in the sense of Definition 4.1.
Testing (4.3a) with p* + xo¢”, (4.3b) with —0,¢%., (4.3¢c) with K (¢ —1), K >0
to be specified, and (4.3d) with v*, gives the equation system,
(O, 1) 1+ X0 (0P, ) i = (970", Vit + x0Vp)
— (MR, VP 4+ xoVek) + (SF 1 + xo8k),
— (017, 1"V = — (e, U (B57)) i + X0(0e T, @) i
— (VO o, Vi),
(O, K (65 — 1) my = (950", KV )
— K (my (6, 'V — xaVeh), Vo)
+ K(Ssv ¢¢k7: - 1)7
(O W8y = —(WFDo®, DuR) — Fy(Jof|of, o)
— FBy([o*?0", v%) — (av®, vF) + (8% vF).
We observe that the tested convective terms cancel each other together with the
tested source term in the velocity equation. Indeed, noting that v* is divergence-free,
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we have by integration by parts
(@50, Vi* + x0Ve5) + (050", KV )
= —(" Vi, 1" +x005) — K(0* - V5, 67) = —(v*, 5)),

see also (A4) of Theorem 4.1 for the assumed form of S*. Here, we also used that
(pFvF Vok) = —(v* - Vo, ¢F) and therefore this term vanishes.
Adding the four tested equations results in

d g2 K 1 3

T (W ($5)| 2 + 7TIV¢’%|%2 + 5|¢’§ - 17 + §|v’“\m + 6, K(ml, [Vek|?)
+ (mh, ViR 2 + (U8, DR ) + B[0P )35 4+ Folof|1a + afo® |2,

= —xo(m5EVpF, V) + (SE, 1" + x00k) + xo K (mEVeh, V)
+K(S§7¢]g’)a (45)

where K > 0 can still be chosen appropriately.
We now estimate the terms on the right-hand side of this inequality. The
Poincaré inequality applied to pu* and ¢F gives

|2 < b = gk e + kL2 < CIVpF L2 + 1972 |6
68|12 < |of — 112 + 112 < C|VE|2 + Q2.

Therefore, we can estimate the tested source term S% using its assumed representa-
tion, see (A4) of Theorem 4.1, the Poincaré inequality, and the e-Young inequality,

(S, 1" 4+ x08%) = Ardhg(dh) — Aadh, u* + xo0d})
= A (5 g(07), ") + Arxo (1957, 9(85)) — Aa (o, 1¥)
— Aaxo(dh, ¢5)
< C(|95 |2 |1¥ L2 + 16572 + 107 L2 [1¥ (L2 + 6% 22|05 | 2)
< SUVHE e+ O+ (055 + 1 B + 85 2). (46)

Testing (4.3b) with 1 € H!, gives, together with the growth assumption (A5) on ¥/,

1* o < W (5) L + xoldhlr < COL+ |97 + [0k]L2). (4.7)
Similarly, using the representation of S¥, see (A4), we get
K(85,¢5) = ~EKX:(h(¢h), |65]°) < CK|¢5 72, (4.8)

K being a positive constant appearing in (4.5) to be chosen below.
Now, using (4.6)—(4.8), the Holder inequality and the e-Young inequality, we
can estimate the right-hand side in (4.5) as follows:

m
(RHS) < xomeo | Vi 2|V 2 + =2 Vi [72 + C(L+ 522 + 0F172)



1702 M. Fritz et al.

+ X0 K Moo | V| 12| VOE |2 + CK |85 |3
m
< S IVH L + CE L+ |85 — 172 + Vo3 [22) + C(L+ Ve [2a + [0f72).

We note that in this inequality C' is independent of K. This is important since
we choose K such that §;1Kmg > C so that we can absorb |V¢¥|.2 from the
right-hand side. Indeed, we get the following inequality from (4.5),

d

g2 K 1
3 1B + TR, + 1k~ 1 + 310

5y
< CA+I|VEE[T2 + |oF — 1172 + [¢5]72).

Km m
(5 = C) IV + R TH s + molD 4 Rl

Integrating this inequality over (0,t), t € (0,T}), and using the growth assumption
(A5) on ¥ give

|67 ()] 22 + [V ()72 + |05 (1) — 1Z2 + [0" ()72 + V5172 (0,0:12)
+ Hvﬂk“?ﬂ(o,t;m) + |‘DUI€H%2(0,:§;L2) + Hka%‘l(O,t;L‘l)
— C(IVOTl200.022) + 105 = UT2(0,602) + 197 L2(0.0:22))
< C+[P(G7(0)]zr + VO (0)[72 + 165(0) = 172 + [v"(0)[Z2).
Applying the Gronwall lemma and taking the essential supremum over ¢ € (0, T}),
give
||¢I§“||%°°(O,Tk;L2) + Hvﬂslzfr”%oo(o,j’k;m) + llok — 1||2Loo(0,Tk;L2) + Hvk”%W(O,Tk;L?)
+ ||V¢§||%2(0,Tk;1:2) + ||Vﬁbk||2L2(o,Tk;L2) + ||ka||%2(0,Tk;L2) + ||Uk||%4(o,Tk;L4)
< O+ |W(07(0) 21 + [VER(0)[72 + |05 (0) — 1[Z2 +[0*(0)[72)e“T.  (4.9)

We have chosen the initial values of the Galerkin approximations as the ortho-
gonal projections of the initial values of their counterpart, see (4.4). The operator
norm of an orthogonal projection is bounded by 1 and, therefore, uniform estimates
are obtained in (4.9); for example

0" (0)[7> = [Tz, v0[72 < Jvolie.

We note that we have to invoke the growth estimate (A5) to treat the term involving
¥ in the following way:

[P(67(0)|rr < C + Clop(0)[72 = C + Clllw, drol7s < C+ Clorolis.

Now, these k-independent estimates allow us to extend the time interval by setting
Ty, =T for all £ € N. Therefore, we have the final uniform energy estimate,

QT e prr + 1* T2 pr + 05T 2 + [l 05 — 1”%2113
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Moo it + 1|72y + 10° (|70

<Cx (1+|brol3n + |doolrz + |vo|32) X exp(CT).

(4.10)

4.3. Weak convergence

Next, we prove that there are subsequences of qﬁ%, pF, ¢k ¥ which converge to a
weak solution of our model (2.6) in the sense of Definition 4.1. From the energy
estimate (4.10) we deduce that

{¢5 ken  is bounded in L>(0,T; H'),

{p* ren is bounded in L?(0,T; H'),

{¢"Yren is bounded in L>(0,T; L?) N (1 + L*(0,T; HY)),

{v*}ren  is bounded in L>(0,T; H) N L2(0,T; V) N L*(0, T; [LY]%),
and, by the Banach—Alaoglu theorem, these bounded sequences have weakly conver-
gent subsequences. By a typical abuse of notation, we drop the subsequence index.
Consequently, there are functions ¢r, i1, ¢ : (0,T) x Q@ = R, v: (0,7) x Q — RY
such that

P — pp  weakly-x in L°°(0,T; H'),

pF — . weakly in L?(0,T; H'),

PF — ¢y weakly-x in L>(0,T; L*) N (1 + L*(0,T; HY)),

P — v weakly- in L>(0,T; H) N L*(0,T; V)N L*(0, T; [L*]%),

as k — oo.

(4.11)

(4.12)

4.4. Strong convergence

We now consider taking the limit & — oo in the Galerkin system (4.3) in hopes to
attain the initial variational system (4.1). Since the equations in (4.3) are nonlinear
in (b'%, k vk we want to achieve strong convergence of these sequences before we
take the limit in (4.3). Therefore, our goal is to bound their time derivatives and
applying the Aubin-Lions lemma (3.1).

Let (¢,n,&) be such that ¢ € L%*0,T;H'Y), n € LY“=9D0,T;H}),
¢ LY=4(0,T;V) and

k k k
Mo, ¢ =Y Cuy Typ=Yrby, Tag=Y ¢,
Jj=1 Jj=1 j=1

with coefficients {ij 5?:1, {n;“ ?:1, {§f ;?:1. Multiplying Eq. (4.3a) by Cj’-“, (4.3c) by

n;-“ and (4.3d) by 5;?, we sum up each equation from j = 1 to k and integrate in
time over (0,7), to obtain the equation system,

T T
/O (04, () prdt = / (¢50", VIIw, ¢) — (m5 V", Vi, C)
0

+ (Sk Iy, ¢)dt, (4.13a)
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T T
/O (0u0%, @) pradt = /0 (¢5v", Vily,p) — 6, (msV ey, Vily, 0)

+ Xo (mfrvdif“u VHYk 90) + (Sl:a HYk Qp)dta (413b)

T T
/ (O, €)vdt = / a(oh,T14,.€) — (#FDv, DIl €)
0 0

- F1(|Uk|vk7 HZké) - F2(|Uk|2vka szf)
+ (S Iz, &)dt. (4.13¢)

Each equation in (4.13) can be estimated using the typical inequalities and the
boundedness of the orthogonal projection. From (4.13a), we find

(0:0, O ra(mny xp2mm
<NVl oo L2 0]l L2 £ I T, Cll 22 £o + Moo [V * | 22 [ VT, Cll 2 12
+ 197 L2 L2 € 122
< Cll¢llp2m, (4.14)

and from (4.13b), we get

(0r85 ) Lasr—1 xpasa-a g
< 05l zrallvllparal Vv, @l e + 1S5l o2 My pll 222
+ oo (3, 1 VE | 122 + X0 IV L2 22) [ VI @]l 1212
< Cllellpara-arm, (4.15)

and (4.13c) results in

<8tvk7€>L4/3V’><L4V
< Claf|o®|lzzr2 +meo||DU* || p2r2 + Fil| 0" 0" || 2r2 + Fo || [*[*0®|| La/s Lass
+ [l L2 IV oo £z + X0l @5l 224 [ VOl oo £2) €] Lav
= C(afv*llz2r2 + moo| D" || L2z + Ful[v*||7aps + Fallo" |2 pa
+ 11" L2 La IV 5| oo L2 + Xoll D5l L2 L4V O Nl Lo 2) €] Lav
< Cllg]av- (4.16)
We note that we could have estimated the convective term in the nutrient equation
without using the fact that {v*}ren is bounded in L*(0,T; [L*]?). This is particu-

larly interesting for the case F, = 0 where that regularity is missing; see Remark 4.2.
As a substitute, we apply the Gagliardo-Nirenberg inequality%”

|flrs < C!Vf\lL/flﬂlL/f for all f € Hy,
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on v* and use the Sobolev embedding H' < LS for d < 3 to get

T T
/ (kv ViTy, €)dt < / IV |2 lo® o€ o dt
0 0

1/2

1/2
<N BEZ 2 g 05355 01

LooH”5HL4H1-

From the inequalities (4.14)—(4.16) and the bounds derived earlier, see (4.11), we
conclude that

{¢’%}keN is bounded in L*°(0, T} Hl) N Hl((), T; (Hl)’)7
{¢5}ren  is bounded in L>(0,T; L?) A (1 + L*(0,T; Hy)) N Wi (0, T; H™Y),
{v"}kers is bounded in L>(0,T5 H) N L*(0, T3 [L']) N L*(0, T5 V) N W (0, T

Making use of the Aubin—Lions compactness lemma (3.1), giving compact embed-
dings to achieve the strong convergences, we have

P% — ¢p strongly in C([0,T]; L?),
PF — ¢o strongly in L2(0,T; L*) N C([0,T]; H™1), (4.17)
v® — v strongly in L2(0,T; H) N C([0,T]; V'),
as k — 0o. The strong convergence ¢ — ¢r in C([0,T7]; L?) implies ¢1(0) = ¢
in L? and similarly ¢,(0) = ¢y in H~ ! and v(0) = vg in V’. Therefore, the limit
functions (¢, i, ¢o, v) of the Galerkin approximations already fulfill the initial data
of the system (2.6).
In the case of d = 2, we can also conclude ¢, € C([0,T]; L?) and v € C([0,T]; H)
due to the continuous embedding (3.2). Here, we used [H',(H')'];/» = L? and

[V,V']i/2 = H. In contrast, in the three-dimensional case, we deduce the respective
weak continuities of ¢, and v due to the continuous embedding (3.3).

4.5. Limit process

It remains to be shown that the limit functions also fulfill the variational form (4.1),
as defined in Definition 4.1. Multiplying the Galerkin system (4.3) by n € C2°(0,T)
and integrating from 0 to T, gives

T T
/0 (O, wy) am(t)dt :/0 (—mEVpk + ¢ho®, Vw;)n(t) + (S§, w;) L2n(t)dt,
T T
/0 (/Jlk? wj)n(t)dt = /0 (\I//((bl’}) - X0¢§7 wj)LQn(t) + 5%(v¢§7 ij)L277(t)dtv

T T
/O (0085, ) pan(t)dt = / (—mb (67 Ve — xoVok) + okt V) pen(t)

+ (S, y;) p2n(t)dt,
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T T
/ (00", 2 )y n(t)dt = / (Do, Dz n(t) + (1 [o*[oF + Falor|2oe, 2;)n(t)
0 0

+ (av® + SE, z;)n(t)dt,

for each j € {1,..., k}. We take the limit k& — oo in each equation. The linear terms
can be treated directly in the limit process since they can be justified via the weak
convergences (4.12), e.g. the functional

T
- / (i, w0y )n(t)dt < ]| o e w2 o
0

is linear and continuous on L?(0,T; L?) and, hence, as k — oo

T T
|t = [ g

Thus, it remains to examine the nonlinear terms. We do so in the steps (i)—(vi) as
follows.
(i) We have derived the convergences, see (4.17),

¢k — ¢r in L*(0,T;L?%) = L?((0,T) x ),

¢k — ¢o in L*(0,T;L?) = L*((0,T) x Q)
as k — oo and, consequently, we have by the continuity and boundedness of mr,
mh. = mq (5 (t, ), o8 (t, 2)) = mr (o7 (t, x), ¢ (t,x)) =2 mr  a.e. in (0,T) x Q
as k — oo. Applying the Lebesgue dominated convergence theorem gives

mEVw;n — mrVw;n in L2((0,T) x ;R

as k — oo and, together with V¥ — YV weakly in L2((0,T) x Q;R%) as k — oo,
we have

mr (5 )nVw; - Vi* = mp(¢r)nVw; - Vi in L'((0,T) x Q)

as k — oo. We use here the fact that the product of a strongly and a weakly
converging sequence in L? converges strongly in L'. The same procedure can be

used with terms which involve the functions m” and v*.
(ii) By (4.17), we have ¢% — ¢r in L2((0,T) x Q) and v¥ — v in L2((0,T) x ; RY)
as k — oo, hence, as k — oo,

Pk - Nwin — ¢rv - Vwn in L'((0,T) x Q).
(iii) By the continuity and the growth assumptions on W', we have
W (ki (t,z)) = V' (pr(t,x)) ae. in (0,7) x Q as k — oo,
(68 | < C(1L+ [,
and the Lebesgue dominated convergence theorem yields as k — oo,

V(¢ )nw; — ¥ (¢r)nw; in LM((0,T) x ).
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(iv) Using the triangle inequality, we conclude that
[[0* 0" = Jolo] = [[v*[o* = [v*]o + [o"|v — [v]v]
< o] ot = o] + Jof - [J0F] = o]
< 0% = vl (jo*] + Jvl).
and, thus, taking the limit £ — oo, results in
[P - zim — |vlv - zym  in LY((0,T) x Q).
(v) Similarly to (iv), we apply the triangle inequality to deduce that
ok Por — [v]?0] = |[0F Poe — [0 [Pv + [F 20 — [u]20" + Jo*0* = [v]?0)
< 0% =l (lokl* + Jvf* + [0"] - Jul)
and, again, taking the limit as k — oo gives
W [20% - 2im — v - z;m in LY((0,T) x Q).

(vi) We have the strong convergence of u* and ¢¥ in L?((0,T) x Q). Together with
the weak convergence of Voh in L2((0,T) x Q;R?) it is enough to conclude the
convergence of the term involving S¥ = (u + yo¢%)Veh..

Using the density of (J,cy Wi in H', Upen Ya in Hy, Upen Zx in V and the
fundamental lemma of the calculus of variations, we obtain a solution (¢, 4, ¢y, v)
to our model (2.6) in the weak sense as defined in Definition 4.1. U

Remark 4.1. We can associate a pressure function to the velocity so that we
have a quintuple (¢, i, ¢o, v, p), which solves (2.6) in distributional sense. See also
Refs. 82 and 75 for a similar argument. Let

w = —0w + div(vDv) — av — Fy|[vjv — Fy|v]?v + S,.

Then w € W10, T; H™') = (W, (0,T); H~') and (w(v), &)y = 0 for all
(IS VVO1 ’1(0, T),& € V. Thus, by the corollary of the de Rham lemma, see Corollary
3.1, there is a unique p € W~1°°(0, T’; L3) such that Vp = w.

Remark 4.2. If F, = 0, then we only have u € L3(0,T;[L3]?) instead of
L4(0,T; [LY%). We have to control

T t
/ (o]0, O)dt < / [W21C1dt < [02] s paalCluszs < ClofipslClussn.
0 0

Hence, we are even able to bound d;v in L3/2(0, T; V') instead of only L*/3(0,T;V").
That means the velocity itself has less regularity, but its derivative’s regularity is
larger. Still, via the Aubin—Lions lemma, we are able to extract a subsequence of

the Galerkin approximation {v*}recn, which converges strongly to a function v in
L?(0,T; H).
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5. Nonlocal Effects

In this section, we consider nonlocal effects in a tumor growth model with a con-
vective velocity, which obeys the unsteady Darcy—Forchheimer—Brinkman law. In
biological models nonlocal terms are used to describe competition for space,®® cell-

12,38 and the inclusion of such nonlocal

to-cell adhesion and cell-to-matrix adhesion,
effects in mesoscale models of tumor growth leads to systems of nonlinear integro-
differential equations.

Models, that account for cell-matrix adhesion effects, involve matrix degrading
enzymes, which erode the extracellular matrix and therefore, allow the migration
of cells into tissue. Such systems have been analyzed in-depth in Refs. 78, 25 and
12. There, the tumor volume fraction is modeled by a reaction—diffusion equation,
in contrast to the fourth order Cahn—Hilliard phase field equation in our setting.

Following Refs. 12 and 31, we consider cell-cell adhesion effects, which are
responsible for the binding of one or more cells to each other through the reaction
of proteins on the cell surfaces. It is reasonable to take cell-to-cell adhesion into
account since the Ginzburg-Landau free energy functional (2.3) leads to separation
and surface tension effects,3! which implies that the tumor cells prefer to adhere to
each other rather than to the healthy cells. Moreover, cell-to-cell adhesion is a key
factor in tissue formation, stability, and the breakdown of tissue.

The well-known local Cahn—Hilliard equation has an phenomenological back-
ground!! and in the search for a physical derivation Giacomin and Lebowitz studied
the problem of phase separation from a microscopic background using the methods
of statistical mechanics, see Refs. 39 and 40. They obtained a nonlocal version of
the Cahn—Hilliard equation with the underlying free energy functional

1 2
| vera@nae+ g [ [ J@=n)er@ - or)Pays, 61

which is also called the nonlocal Helmholtz free energy functional.'333 Here, J :
R? — R is assumed to be a convolution kernel such that J(x) = J(—z). One can
obtain the classical Ginzburg-Landau free energy functional from (5.1) by choosing
the kernel function J(z,y) = k2 1)(|k(z —y)|?) and letting k — oo, see Refs. 29
and 44, and therefore, the well-known Cahn—Hilliard model can be interpreted as
an approximation of its nonlocal version.

We modify the nonlocal Helmholtz free energy functional (5.1) to account for
chemotactic effects,

eor.00) = [ Wor@a+ 1 [ [ Je=p(or) - or) dyis

—Xo/Q¢a(x)<i>T(x)dar.

The chemical potential is given by the first variation of the system’s underlying free
energy functional £ and therefore, we consider a class of long-range interactions in
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which nonlocal effects are characterized by chemical potentials of the form,

&, - o B
n= g =Vor) + /Q (@ — y)(ér(z) — é7(4))dy — X060,

and recalling the convolution operator, which we denote by %, we can rewrite the
chemical potential as

p=V(¢r)+or-J*1—Jx*dr — X0¢o-

This leads directly to a nonlocal model governed by the system,

Ocpr + div(grv) = div(mr(ér, ) Vi) + Sr(dr, do),
p="V(¢r)+ ¢r-J*1—J*dr— xobo,
o + div(dev) = div(me(dr, ¢0) (5, Voo — xoVér)) + Se(d7, d0),
dv + av = div(v(ér, do)Dv) — Filvjv — Falv*v — Vp + Sy (¢7, ¢0),
dive = 0, (5-2)

with the initial-boundary data as before, see (2.7).

The nonlocal Cahn—Hilliard equation has been analyzed in Refs. 4, 3, 2, 32 and
33. In Refs. 15, 27, 28 and 29, it has been coupled to the Navier—Stokes equation,
in Ref. 22 to the Darcy equation, in Ref. 23 to the Brinkman equation and in
Ref. 31 to a reaction—diffusion equation. We briefly discuss modifications in the
energy estimates of the nonlocal model (5.2) in contrast to the estimates derived
in the proof of Theorem 4.1 for the local model. Due to the integro-differential
structure, some inequalities have to be analyzed again, but overall the existence
of a weak solution remains valid for the nonlocal problem. Notice that we cannot
expect ¢r € L°(0,T; H') since no Laplacian appears in the potential equation.
Therefore, the term yo div(m,V¢ér) has to be treated again in the estimates with
an additional assumption on the chemotaxis constant xg.

Definition 5.1. (Weak solution) We call a quadruple (¢7, i, ¢, v) a weak solution
of the system (5.2) if the functions ¢7, p, ¢ : (0,T) x Q — R,v: (0,T) x  — R4
have the regularity

¢ € Wha(0,T; (H')) N L*°(0,T; L?) 0 L*(0,T; HY),
pe L0, T; HY),

¢ € WHT(0,T; H™) 0 (1+ L*(0, T Hy)),
v e WYa(0,T; V') N LY 0, T; [LYY) N L2(0,T; V),

fulfill the initial data ¢7(0) = ¢1,0, ¢o(0) = ¢6,0, v(0) = v and satisfy the following
variational form of (2.6)

(Ocdr, p1) i = (b1v, V1) — (mr Vi, Vi) + (St, 1), (5.3a)

(11, 02) = (V' (¢7), 02) + (¢ - J * 1,2) — (J * ¢, 02) — Xo(bo, ©2),
(5.3b)
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<at¢av 903>Hé - (ngv, VS03) - 60_1(mav¢av v903) + XO(maV¢T7 VSOB)

+ (Soy 3), (5.3¢)
(00, pa)v = —a(v, 1) — (VDv, Depy) — Fi(|v|v, 04) — Fa([v[*v, 04)
+ (Su, 4), (5.3d)

for all ¢1,p0 € H, 3 € H}, 04 € V.

Theorem 5.1. (Existence of a global weak solution) Let (A1l)—(A4) hold and
additionally:

(A6) U € C?(R) is such that |¥(z)| > Ci|z|* — Co, W'(x) > C3 — (J * 1)(x),
and |¥'(z)| < Cu(|z| + 1) for Cs,Cy >0, C1 > 1|J|p1 — 5(J x1)(z) for a.e. x € Q
and

2X0Moo 4X0m2 S + 2moXoMecds + X305 m0

Cs >
mo 2m3
(A7) J € WHLH(RY) is even and (J * 1)(z) > 0 for a.e. x € Q.
Then there exists a solution quadruple (¢, i, po,v) to (5.2) in the sense of
Definition 5.1. Moreover, the solution quadruple has the regularity

C([0,T]; L?), d=2,
T € 0. T) (YY) 1 Cull0, T) 17), d =3,
C([0, T]; L2), d=2.
be € C(0,T]; HY)Y N CyW([0,T]; L?), d =3,
C([0, T]; H), d=2.
=0, 1)V N Cu (0,7 H), d=3.

Additionally, there is a unique p € W=1°°(0,T; L3) such that (¢, i, bo,v,p) is a
solution quintuple to (5.2) in the distributional sense.

Proof. Since the approach is similar to the proof of Theorem 4.1, we will directly
derive an energy estimate in the continuous setting. We take, as the test function
n (5.3b), w2 = —0:¢r, which gives

d
~(016r) = =5 (19l + 107 2 120113~ 3(6r. x0m))

+ x0(¢o, 0 P7)

% (wenin 3 [ [ oo - orwasy)

+ x0(¢o, OrdT),
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where we used the fact that

d 2
dt /Q /Q J(& —y)(¢r(z) — or(y)) dyde
=2 /Q /Q Iz —y)br(z) — o)) - [Bror(z) — Opor(y)|dyda

—4 /Q /Q J(@ — 4)[ér(x) — dr(y)odr(z)dyda,

since J is assumed to be even, see (A7) in Theorem 5.1. As in the local model, we
use the test functions ¢1 = u + X0¢s, 3 = K(¢s — 1) and ¢4 = v in (5.3), which
gives, after adding the equations,

d 1 K 1
G 1ol + 1 [ [ 3= ner@ - or)asdy + 16, - 18 + 5l

+ (m, |[Vul?) + K6, (Mg, | Voo |?) + (v, IDv|?) + Fi|vl3s + Falv|7s + alv|3s

= _XO(mTV,u7 V¢U) + (ST; M + XOCbU) + XOK(mUV¢T7 V¢a) + K(Soa ¢a)7
(5.4)

where we again used that the tested convective terms cancel with S,,. We estimate
the terms involving the source functions St, S, as before in the local case, see (4.6)
and (4.8). Also, as before in the local model, we additionally test with @3 = 1 in
(5.3b) to deduce the following estimate on pu:

Il < W' (or) o + xo0ldelrr < C(L+ |72 + |do|r2).

Here, we used the fact that (¢r,J * 1) = (J * ¢, 1), since J is assumed to be
even, see (A7) in Theorem 5.1. Therefore, we can estimate the right-hand side in
(5.4) as

21,2

mo XoM4o
(RHS) < Z7Vulis + =V + O+ |9ol12 + [é7l1)

K?mo Moo
4 X02 Meo gy |2, 4 X0
2 2
Notice that at this point we have no information on ¢ on the left-hand side of
(5.4), which is crucially needed to absorb the terms from the right-hand side. We

can do the following calculation due to the growth estimate on ¥, see (A6),

|v¢0|%2'

Wonl + 5 [ [ = n)or) - or()Pdady
= [ (@r)l1 + 17 1) 263 — (67,7 * 6r)

> [ Jen+ 50 0@ - 31l or@)Pds - Cale

> C(|prli: — 1), (5.5)
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where we used the Young convolution inequality®? to get

(1, J * or) < |pr|L2|] * ¢r|r2 < |pr|ie|]|L0-

This estimate will give us ¢ € L>(0,T; L?). Indeed, integrating (5.4) with respect
to time on the interval (0,s), 0 < s < T, and introducing the result into (5.5) and
employing the estimates of the source terms give

K 1 mo
Clor()3 + G100 (s + 5l0(s)Ea + 2Vl s +molDol3a 0

Km 21m2 m
+F2||v||‘i4L4+( 0 _ X0oo _ X0 °°)

50- mo 2
XOKQmoo
< IV6al3ase — X5 Vo |2y
< CL+IC+ o7l 72ge + 1doll7are), (5.6)

where

1C = [¥@ralli+ 7 | [ I =)o) = oro)*dedy

K 1
+ §|¢a,0 — 172+ §|U0|2L2,

and, due to assumption (A6), we have |U(¢ro)|r < C(|¢r0l32 + 1). Note that

we have a negative term on the left-hand side in the inequality (5.6), which we

still have to overpower so that we can apply the Gronwall lemma. We have, on one
hand,

1 C
(Vit, Vor) < —|Vul2s + =2 |Ver|2,,
Cs 4

and, on the other hand, using the growth estimate on ", see (A6), and again the
Young convolution inequality, we deduce that

(Vi, Vor) = (Y (¢r), [Vor?) + (IVor|*, T« 1) + (V(J x 1), ¢rVr)
— (VI x¢7,Voér) — xo(Vés, Vor)
> C3|Vorliz — V|1 |or|2|Vor|re — xo|Véo|r2|[Vér|re
C 2
> SVl — Clorlis = Z IVl

Combining these two inequalities gives the following estimate on Vor:

moC? mo mox2
16 2|\Ver|i. < TWN\QH + Clor|i: + TO\V%’%%

Adding this inequality to (5.6) results in

K 1 mo
Clor(s) 3 + 190 (5) 3 + 510(5) 3 + IV lEaza + mol Dol
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Kmo  Xxgmi, XoMeo  MoX§
F 4 A0 o 0 v o 2
 Falolfags + (T - M0 X0 TN g 13,
moC2  xoK’mso
(T - XK 9,
< C(A+ICH [|orZope + 60l7212)- (5.7)

We choose K large enough such that the prefactor of |V, |2, , is strictly positive.
As a consequence, the prefactor of ||V¢r||2.,. is also strictly positive due to the
assumption on Cj, see (A6). Hence, by applying the Gronwall lemma, see Lemma
3.1, we can deduce the final energy estimate

o7l 72 + 0ol Foc 2 + [0l 7 L2
+IVullieze + Dol 222 + [0l zars + Voo lZere + [Vor|Zare
< C(1410)e“T.

In the same way as before, we can bound the time derivatives of ¢7,¢,,v and
conclude existence of strongly converging sequences in the discrete case. The only
difference to the local model in the limit process is the integral term, but it can be
treated immediately since the functional

T
¢r > / (P - J x 1 — Jx dr,wy)n(t)dt < 2[n|s|w;i|rz||dr|lL2r2|]L
0
is linear and continuous on L?(0,T; L?). O

The first steps in deriving the energy estimate were the same as in the local case.
The lack of regularity on ¢, which is caused by the new chemical potential, required
us to derive additional estimates as a replacement. We achieved the regularity
¢ € L>(0,T;L?*) N L*(0,T; H') instead of L>°(0,T;H') as in the local case.
Nonetheless, this regularity is enough to prove the existence of weak solutions.

The new assumptions in Theorem 5.1 were crucial for the proof to be completed.
We assumed a lower bound assumption on ¥” directly involving the new constant
('3, which has to be sufficiently large. In the case of a sufficiently small chemotaxis
constant yg, the assumption on Cj is fulfilled. Moreover, we introduce assumptions
on properties for the new function J in the chemical potential, which are fulfilled
by a typical kernel function.

6. Sensitivity Analysis

The relative effects of model parameters in determining key quantities of interest
(Qols), such as the evolution of tumor mass over time, are very important in the
development of predictive models of tumor growth. Accordingly, in this section we
address the question of sensitivity of solutions of our system (2.6) to variations
in model parameters, and we provide a sensitivity analyses using both statistical
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methods®% 7™ and data-dependent methods based on the notion of active sub-
spaces.'%18 We first introduce each method and then compare the sensitivities of
the parameters

0 = (e, X0, 0os M1y Aoy Aa, M, My B, o, v, Fy, Fy) T € RY3

in our model for each method.
As the quantity of interest in the sensitivity analysis of both methods, we choose
the volume of the tumor mass at different times ¢t € Z, i.e.

_ | b dim(Z)
00) = [rg [ oritiaa] e

which depends on the choice of the parameter setting p. Further, we choose the
following uniformly distributed priors,

er ~U(0.01,0.10), Ap ~4(0.01,1.00), Mz ~(0.10,1.00),

Yo ~ 1(0.10,1.00), A, ~2(0.01,1.00), M, ~ (0.10,1.00),

8, ~1(0.01,0.10), Aa ~ U(0.00,0.05), ~ U(0.25,1.00), (61)
a ~1(0.10,10.0), v ~1(0.10,10.0), Fy, F» ~ 4(0.10,10.0).

6.1. Variance-based method

The statistical method of sensitivity analysis employed in this work is a variance-
based method, developed by Ref. 76, and described in detail by Ref. 73. The
variance-based method takes into account uncertainties from the input factors,
showing how the variance of the output is dependent on these uncertainties. The
main drawback of this method is the high computational cost, which is N(k + 2),
where N is the number of samples and k is the number of parameters (here k = 13).

The algorithm implementing the variance-based method consists of initially gen-
erating two matrices, A and B, with size N X k, given as:

0§A1) Ggm) . 9§A1) . 0}(;41)
HEAZ) 9§A2) o HZ(AQ) . 91(;42)
A= ;
egAN) eéAN) LopAN) OI(CAN)
95141) 9531) o 0531) o 9](631)
0532) 9532) o 91(32) o 91232)
B =
egBN) egBN) o GEBN) o el(fBN)

Each row represents one set of values from the vector of parameters sampled
from the priors given in (6.1). The following step is to generate k matrices C;,
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where column 7 comes from matrix B and all other £ columns come from matrix
A, such as:

9§A1) eéAl) N 01(31) N H,EAI)

9§A2) 6éAz) N 61(32) N 9}2;42)
C; =

egAN) eéAN) N QgBN) N HIE:AN)

The output for all the sample matrices, that means A, B and C;, are com-
puted, and stored as the vectors Y4, Yp and Yc,. Each line of the vectors Y,
J € {A, B,C;}, of size N represents the Qol computed for each row of the matrix
J. The last step from the variance-based method is to compute the first-order sensi-
tivity indices, .S;, and the total effect indices, St,. The first-order sensitivity indices
are computed as

_Ya- Yo f§

Si=v—V 72
Yy Yp— f2

where

1 & ’
2 _ (n)
= (NEYA ) '

These indices are always between 0 and 1. High values of S; indicate a sensitive
parameter, and low S;, for additive models, indicates a low-sensitive parameter.
For non-additive models, the total effect indices take the first-order effects and the
contribution of higher-order effects into account due to interactions between the
model parameters. These indices are given as:

S, —1- Y8 Yo = fg
' Ya-Ya—f¢
According to Ref. 73, for #; to be a non-influential parameter, it is necessary and
sufficient that S, = 0. If the total effect index from the ith parameter is close to
zero, then the parameter can be fixed to any value within the uncertainty range
without affecting the variance of the Qol.”

6.2. Active subspace method

The active subspace method is used for dimensional reduction of subspaces of prob-
ability distributions of model parameters and identifies the directions of the sen-
sitive parameters.'%!8 Let p be the probability density function corresponding to
the distribution of the parameters 6 as chosen in (6.1) and let f be the data misfit
function, which is given by

1
f:R¥ SR, p— §!|F_1/2(d —Q())l3;
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Fig. 1. Data of the evolution of the tumor confluence over the duration of 21 days for three
different initial tumor confluences.

where d = Q(#) + n is some data for a zero-centered Gaussian noise n ~ N(0,T)
with covariance I'. Our data® consists of in vitro data observed during the evolution
of tumor cells with different initial tumor confluences without any treatment in a
well with radius 0.32 cm over the course of 21 days, see Fig. 1.

We selected initial tumor cells corresponding to confluences of 0.00562, 0.00871
and 0.01410. For example, an initial confluence of 0.00562 corresponds to an initial
tumor volume of Ajnix = 0.00562 - 7 - 0.32%2 cm? ~ 0.00181 cm? with radius 7 =
v0.00562 - 0.322 cm = 0.0240 cm.

The covariance matrix V' of f is given by the integral of the outer product of
the gradient of f weighted with p,

V= Vi@)(Vf) plz)de.

R13

In our algorithm we approximate the covariance matrix V' by

N
1 T
VS S OVHENVHXNT, Xj~p,
j=1

whose eigenvalues are close to the true eigenvalues of V' for a sufficiently large IV,
see Refs. 18 and 16.

We consider an orthogonal eigen decomposition of V; that means for the eigen-
value matrix A = diag(Aq, ..., A13) with descending eigenvalues and the correspond-

ing eigenvector matrix W = [wy - - - wy3] we have

V=WAWT.
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Since V' is a symmetric and positive semi-definite matrix, its eigenvectors can be
chosen to form an orthonormal basis in R™ and its eigenvalues are non-negative. In
particular, the ith eigenvalue is given by

A= w] Vo, = / (w] V f(2))2plz)d.
le}’

from which we can see that it reflects the sensitivity of f in the direction of the
1th eigenvector. In other words, on average f changes a little in the direction of an
eigenvector with a small corresponding eigenvalue, and f may change significantly
in the direction of an eigenvector with a large corresponding eigenvalue. But this
is not enough to identify the sensitivity of each parameter. Following Ref. 17, we
define the activity score «; for the ith parameter p; as

13
_ 2 -
CVi—E Ajw; ;5 i=1,...,13,
i=1

and use the resulting number to rank the importance of each parameter. As dis-
cussed in Ref. 17 this metric has fared well in comparison to other standard sensi-
tivity metrics such as the Sobol’ sensitivity index”® when adequate data is available.

6.3. Comparison of the sensitivity methods

In Fig. 2, we list the relative sensitivity of each parameter for each method. We see
that the proliferation rate Ay is highly sensitive for both methods. For the active
subspace method the effects of other parameters besides Ar and A4 are nearly
zero for this choice of Qol. Therefore, to notice the difference, we also listed the
comparison of the sensitives in Fig. 3 with a logarithmic scale.

1 ! ! ! ! !
— 00 variance-based
[0 active subspaces
0.8 - | -
2z
=
Z 0.6 -
=
3
O
2 04F -
+
@
5
o't
0.2 |
O, lll__ld]lllllll |

ET X0 6yp A Ao AA Mpr My, E & V F I

Fig. 2. Comparison of the relative sensitivities for the variance-based and the active subspaces
method; linear scale.



1718 M. Fritz et al.

- 00 variance-based
10-1 1 B 0 active subspaces | |
> - e = = - -
=
= 1077 - _ .
<
8 -
qz) 1075 - B | - _
5
=
1077 y
1079 ¢ ] W -

er Xo 50 >\T )\O' >\A MTMLT E @ v Fl F2

Fig. 3. Comparison of the relative sensitivities for the variance-based and the active subspaces
method; logarithmic scale.

We remark that the dominance of the proliferation rate Ay in the results shown
is largely due to the choice of the Qol; other choices favor different parameters of
the model. For example, numerical simulations described in the next section suggest
that the velocity parameters play an important role in determining the evolution
of tumor shape and, for example, surface area.

7. Numerical Discretization and Examples

We choose a similar computational framework as in Refs. 55 and 53 to solve the
deterministic system (2.6) with the initial and boundary data (2.7). This frame-
work includes a discrete-time local semi-implicit scheme with an energy convex—
nonconvex splitting. Here, the stable contractive part is treated implicitly and the
expansive part explicitly. In particular, introducing the Ginzburg-Landau energy?®

g2 1
E= / V(opr) + 7T|V¢T|2 + ﬁCﬁi — X091 9, dx
Q o

we can rewrite the chemical potential in the following way,

oF
=<
o1
where % is the first variation of F with respect to ¢r. We split the energy in its

contractive and expansive parts via £ = E. — E..

Let the time domain be divided into the steps At,, = t,,+1—t, forn € {0,1,...}.
We assume At,, = At for all n. We write ¢7;, for the approximation of ¢ (t,) and
likewise for the other variables. The backward Euler method applied to the system
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(2.6) reads
¢Tn+1 - ¢Tn di = di v A
T + 1V(¢Tn+1vn+1) - lV(mT(¢Tn+1, ¢Gn+1) Hn-i-l) - A¢Tn+1
+ )\T¢U7L+1C(¢Tn+1 (1 - ¢Tn+1 ))’
Hn+1 = D¢>TEC(¢Tn+1 s ¢O'n+1) - D¢TE€(¢Tn ’ ¢0n)7
¢O’n 1 ¢0'n . . _
+T + le(¢an+1'Un+1) = le(ma(¢Tn+1 9 ¢0n+1)(50' 1v¢0'n+1 - X0v¢Tn+1>)
- )\0¢0n+1c(¢Tn+l)’
Un+1 — U

A7 =+ aUny1 + Va1 = divw(dr, s Goney ) VOni1) — Filongi|vni

- FQ’Un-i—l ‘2Un+1 + (Mn-i—l + X0¢an+1)¢Tn+17
divu, 11 =0, (7.1)

where C(¢7, . ,) = max(0, min(1, ¢7,_,)) is the cut-off operator.

We uncouple the equations and use an iterative Gaufi—Seidel method for solving
each equation. In Algorithm 1 below, the subscript 0 stands for the initial solution,
k the iteration index, njir the maximum number of iterations at each time step
and TOL the tolerance for the iteration process. In each iterative loop three linear
systems are solved and the convergence of the nonlinear solution is achieved at
each time if max |¢§ﬁl — qﬁ[}n+1| < TOL. We obtain the algebraic systems using a
Galerkin finite element approach. In this regard, let 7" be a quasiuniform family
of triangulations of {2 and let the piecewise linear finite element space be given by

Vh={ve H' Q) :v|p € P(T) for all T € T"} € H'(Q),

where P;(T') denotes the set of all affine linear function on 7. Moreover, we intro-
duce the piecewise linear finite element space with homogeneous Dirichlet boundary

Vi ={veV": v =0o0n00},

and for the divergence-free space V' we consider the Brezzi-Douglas—Marini (BDM)
space of order 1, see Ref. 6. In Ref. 64 it was shown that the mixed finite element
space BDM1-DGy is stable for the mixed formulation of the Darcy—Forchheimer
equation.

We formulate the discrete problem as follows: for each k, find

PR eyh ke v oEtl e1 4Vl oft € BDMy, pltl € DGo,

Thia Ont1
for all
pr € yh, Ou € yh, S Vg, ©y, € BDM1, ¢, € DGy,
such that:

(vzi% — Un, 8011) + Am(%’iﬂ, 9011) + At(”(¢§‘n+1 ) ¢§n+1)vU5T—;l[a VSOU)
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+ALF (lopilop i, o) + AtF(Jog i Popil, oo) — At(pri, dive,)

= —At((ph )+ x00E ) e0);

k
( nii? v@p)
k k
(¢I;:i1 - ¢Un7 900') - At(¢a:i1 nile; VSDO')

+ At(mg (¢§n+l ’ qb(]::_il) ) (5;1v¢§:i1 - XOVQSI;%-H)’ VCPU>

+AtA (¢55 C(,, 1), p0) = 0; (7.4)

k k+1 , k+1
( Tj:_,l_l — o1, 1) — AY( T:H nilvaOT)

+ At<mT(¢l}+i1a s\ uriy, Ver)

— Athr (o C(e5H (1= 0! )) er) = 0; (7.5)
(nt 3 on) = (Dor Be(95 L 851, 0u) = (Do Be (01,5 b0, ), 1) (7.6)

Algorithm 1. Semi-implicit scheme for (7.1)

1 Input: ¢7,, ¢0,,v0, At, T, TOL

2 Output: ¢, tin, ¢o, , vn for all n

3t=0,n=0

4 while ¢t <7T do

5 | o7,,, = ¢m,

¢ | while max|l¢5"' —¢% | >TOL do

7 ¢Tn+1 - ]%:il

8 solve Uﬁiiv pi‘_’i'_ll using (7.2) and (7.3), given gban,gb%lﬂ
9 solve qbk"‘l using (7.4), given (;ﬁan,cb’r}nH

10 solve d)l;’—i:l’ “ﬁi—-ll using (7.5) and (7.6), given ¢Tnv¢%+1’¢§ﬁ1
11 k—k+1

12 end

13 OTpiy = l}i’il

14 Hn+1 = Nﬁill

15 | Gop = OhTL

16 Upt1 = vnﬁ

17 ne—n-+1, t—t+ At

18 end
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We implemented Algorithm 1 in FEniCS,?” an open-source computing platform

for solving partial differential equations using finite element methods. We use this
implementation to obtain the numerical results below.

7.1. Spherically symmetric case

For specificity and demonstration purposes, we assume a spherically symmetric
tumor volume and use polar coordinates to transform our model (2.6) to a system
of equations depending solely on time ¢ and radius r. We consider the domain
R =[0,0.32] imitating our data setting as described in Sec. 6. We choose parameters

matching the priors we used in (6.1); in particular we choose the dimensionless
values

er =0.01, A =10 Mp=1.0, a = 1.0,

Yo=05 A, =10, M,=1.0, v = 10.0, (7.7)

d, =0.05, A\a=0.01, E=0.25 F,F =10.0.

We consider a smooth approximation of the Heaviside function matching the

initial tumor confluence 0.00562 of our data setting, as it can be seen in Fig. 4(a)
below. The approximation is given by

1
¢T(07T) = 1+ eXp(M(T‘ — 7"ini‘c)),

where a larger M > 0 is increasing the steepening of the function around zero, and
rinit = 0.32v/0.00562 again represents the radius of the initial tumor cell.

In Fig. 4, the simulation of the tumor cell ¢ is shown at different time spots.
First, the initial tumor cell is illustrated, then after 7, 14 and 21 days. We plot

! _'\ —or(0,r) [ 1 4\"" —‘)\T =0.6 [

\ --= A =08
P I A = 1.0
0.5 0.5 .
0 \ 0 \ ‘

| | | | | | | |

0 0.04 0.08 012 0.16 0 0.04 0.08 012 0.16
(a) Oth day (b) Tth day
Fig. 4.

Simulation of the evolution of the tumor cell volume fraction ¢ over the duration of 21
days for three different proliferation rates.
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(c) 14th day (d) 21st day
Fig. 4. (Continued)
three different curves for different proliferation rates, 0.6, 0.8, and 1.0. We observe

that a higher proliferation rate is increasing the expansion of the tumor cell volume
fraction ¢, and the tumor cell is continuously growing over time.

The simulation of the evolution of the tumor confluence is depicted in Fig. 5

below. We observe that the confluence grows continuously in time with an increasing
rate.

7.2. Two-dimensional case

We simulate the tumor growth on the circular domain

Q= {recR?: 2?4+ 23 = 0.32%}

T
—a— )\ = 0.8
—— A7 =1.0

0.3

0.2

0.1

Confluence of the tumor mass

0 |
0 5) 10 15 20

Days

Fig. 5. Simulation of the tumor confluence

for three different proliferation rates A7 over the
duration of 21 days.
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0 0.5 1

Fig. 6. Choices for the initial tumor mass ¢7o, (a) slightly elliptic, (b) highly elliptic, (c) sepa-
rated, (d) irregularly perturbed.

with the same parameters as chosen in the one-dimensional setting; see (7.7). For
the initial tumor volume we select the following four possibilities, which are depicted
in Fig. 6:

if 0.9-27 +a3 <rf

init>

]‘7
(a) ¢r(0,2) = {

0, else,

if 0.15 27 + 23 < r?

init»

, else,

1, if0.9-(x1 £0.05)% + 23 <12,
() ér(0,7) = { oo

0, else,

1, if (sin(7.221 + 5.622) + 1) - (421 — 0.2)?
(d) ¢r(0,z) = + (sin(8xy) + 1) - 6423 < 1,

0, else.

In Fig. 7, we show the evolution of the slightly elliptic initial tumor mass (a)
using

I model (2.6) without any influence of the velocity, that means we set v = 0 and
neglect the convection terms in the equations of ¢ and ¢,;
IT model (2.6) without the effect of the Forchheimer law, that means we set F} =
F5 = 0 in the velocity equation;
IIT the full model (2.6) without any restrictions.

Afterwards, we simulate the entire model III together with the initial tumor
volumes (b), (c¢) and (d), see Fig. 8 below for the results.

The simulation of the full local model III with a slightly elliptic initial tumor
mass (a) is depicted in the bottom row of Fig. 7. Similar to Cristini et al.19-20-83785
Macklin et al.>® %! and Garcke et al.®” we notice an evolving shape instability.
Starting from the slightly elliptic initial tumor mass, the ellipticity is enforced at

the beginning and on the 10th day we see a clearly elliptic tumor volume. At the



1724 M. Fritz et al.

15th day 21st day 27th day

0 0.5 1

Fig. 7. Evolution of the tumor volume fraction ¢ starting from the initial slightly elliptic tumor
mass (a) using the models, I without velocity, II without the Forchheimer law, III full model.

15th day, a slight bulge forms along the horizontal direction and two buds form
at the horizontal end points. These buds continue to evolve vertically with a new
bulge oriented along the vertical directions and therefore, for each bud two new
buds are forming, see the simulation on the 21st day. This behavior of the tumor
cells implies that the instability repeats itself and this highly complex evolution in
tumor shape is captured by the high-order phase-field structure of the model and
is indicative of examples in tumor growth in living tissue.

To inspect the effects of the velocity itself in the model, we redo the first simula-
tion with the same initial data (a) but without the presence of any velocity, which
means we are in the case of model I as described above. We depict the results of
the simulation in the first row of Fig. 7. We observe that the tumor stays in its
symmetric shape, resembling the results in Ref. 48. We conclude that the velocity
highly influences the shape of the tumor, even though the velocity parameters do
not mainly impact the tumor volume as the sensitivity analysis has shown in Sec. 6.
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6th day 12th day 18th day 27th day

IH@....

HI(C)....

IH@....
EE s

0 0.5 1

Fig. 8. Evolution of the tumor volume fraction ¢ using the full model III, starting from (b) a
highly elliptic tumor mass, (c) two separated tumor masses, (d) an irregularly perturbed tumor
mass.

In the next simulation, see the middle row of Fig. 7 for the result, we use the
slightly elliptic initial data (a) and model II, that means we set the Forchheimer
constants F; and F5 equal to zero. We observe that the result largely resembles the
simulation of the full case III (a), in the sense that the Forchheimer terms delay
the tumor evolution. We notice that the tumor mass splits into two parts, which
begin to approach each other on the lower and upper bulbs. Eventually, these buds
reconnect and therefore, trapping the healthy tissue within the tumor, which has
also been observed in Ref. 20.

Next, we start from the three initial conditions (b)-(d), which have been
depicted in Fig. 6, and simulate the evolution of the tumor cell volume fraction
using the full model III. See Fig. 8 for the simulation results.

In the case of the highly elliptic initial tumor shape (b), we observe on the 6th
day that three buds are forming, two at the end points of the horizontal shape and
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one in the middle. These buds continue to evolve vertically and eventually separate
from each other, see the result on the 18th day. The lower and upper parts of
the buds will connect again, and therefore, trapping the health tissue in between.
Finally on the 27th day, we observe that the tumor shape has formed a simply
connected domain.

In the middle row of Fig. 8, we see the results of the simulation of model III
starting with the separated initial tumor shape (c). We observe on the 6th day
that the tumor cells are moving toward each other, until they connect, form buds
and separate again. As in the case of the highly elliptic initial tumor shape (b),
eventually, the tumor mass is forming a simply connected domain.

Lastly, we simulate model III together with the irregularly perturbed tumor
mass (d), see the last row of Fig. 8. Before, we always used for the initial tumor
mass a symmetric shape. Now, the tumor volume fraction is starting irregularly
and it keeps this form while growling in the evolving buds.

8. Concluding Remarks

In this paper, we present a mathematical analysis of a class of phase-field mod-
els of the growth and decline of tumors in living organisms, in which convective
velocities of tumor cells are assumed to obey a time-dependent Darcy—Forchheimer—
Brinkman flow and in which long-range interactions of cell species are accounted
for through nonlocal integro-differential operators. Under some mild assumptions
on mathematical properties of the governing operators, we are able to establish
existence of weak solutions in the topologies of the underlying function spaces.

In addition, we explore the sensitivity of key quantities of interest, such as
the evolving tumor volume, on model parameters. We demonstrate that when
observational data are available, the method of active subspaces can be used to
estimate parameter sensitivity. In parallel, we consider methods of output-variance-
sensitivity as an alternative measure of parameter-sensitivity. Remarkably, for cer-
tain quantities of interest, such as tumor volume or mass, these two approaches
yield very similar estimates. In the case in which the tumor volume is selected as
the quantity of interest, the tumor proliferation parameter of the model was found
to be, by far, the dominant factor compared to other parameters.

To determine the effects of various flow terms in the evolution of tumor shape
and growth, we performed numerical experiments using finite-element approxima-
tions of the model for representative cases. These numerical results reveal that
nonlinear flow regimes, expected to be relevant in certain types of tumors, can
apparently affect the shape, connectivity, and distribution of tumors.
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A.2. Local and nonlocal phase-field models of tumor growth and invasion
due to ECM degradation

Local and nonlocal phase-field models of tumor growth and
invasion due to ECM degradation

Marvin Fritz, Ernesto Lima, Vanja Nikoli¢, J. Tinsley Oden, Barbara Wohlmuth

In this article, we consider a system of for modelling the growth of a tumor cell
colony inside an [ECMl The[ECM]lis an important factor in mathematical oncology since
it functions as a regulator around the tumor and controls the flow of nutrients. The goal
of the tumor cells is the erosion of the [ECMIlin order to get to the nutrients outside of
it. The basis of our model is a multiphase system with the Cahn—Hilliard equation for
the viable tumor volume fraction ¢y,. Here, we included the proliferative and hypoxic
cells in one variable. It is particularly important to single out the necrotic cells since
many processes, such as chemotaxis and haptotaxis, do not involve the dead cancer
cells. We propose two [ODEE for the evolution of necrotic cells ¢ and extracellular
matrix density 6, as well as two [RDEI for the nutrients ¢, and the MDEk ¢5ppg. In
our analysis, we treat both the cases of a local gradient-based and a nonlocal-based
cell-matrix adhesion effect. These two have been used in the literature before, and we
compared both of them in numerical simulations. Our contribution is the modeling,
analysis, and numerics of the full system.

In Section 2, we explore two types of haptotaxis effects in tumor modeling — the local
gradient-based haptotaxis and the nonlocal one. We investigate the modeling of the
new variables 6 and ¢,/pg in contrast to our first paper [62] on this subject. In Section
3, we state some mathematical preliminaries that we need in the further sections, e.g.,
the Aubin—Lions compactness lemma. Section 4 presents a thorough mathematical
analysis of the local and nonlocal systems. We show the existence of weak solutions in
both cases, and we prove both of the cases at the same time by introducing a parameter
that indicates whether we are in the local or nonlocal setting. Interestingly, we need
to assume a higher regularity on the initial condition of the [ECM] density in the local
system. In fact, we had to assume that the initial is in H'(Q) N L>(Q) instead of L*(Q)
in the nonlocal setting. In Section 5, we present a fully discrete scheme of the systems
based on the and write a complete algorithm for solving the system. Finally,
we collect the findings of numerical experiments in Section 6 and compare both the
local and nonlocal models from a numerical point of view. In Section 7, we give some
concluding remarks.

I was heavily involved in the idea generation process and was principally responsible
for establishing the mathematical framework and carrying out the scientific work
described in this article. Additionally, I was responsible for authoring the essay, while
my co-authors participated by providing corrections.
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necrotic cells, and the evolution of matrix-degenerative enzyme (MDE) and extracellular
matrix (ECM), together with chemotaxis, haptotaxis, apoptosis, nutrient distribution,
and cell-to-matrix adhesion. We provide a rigorous proof of the existence of solutions
of the coupled system with gradient-based and adhesion-based haptotaxis effects. In
addition, we discuss finite element discretizations of the model, and we present the
results of numerical experiments designed to show the relative importance and roles
of various effects, including cell mobility, proliferation, necrosis, hypoxia, and nutrient
concentration on the generation of MDEs and the degradation of the ECM.

Keywords: Tumor growth; ECM degradation; nonlocal adhesion; existence of solutions;
energy method; finite elements.

AMS Subject Classification: 35K35, 35A01, 35D30, 35Q92, 65M60

1. Introduction

An important factor in tumor growth and invasion of healthy tissue in humans,
and a first step toward metastasis, is the over expression by tumor cells of matrix-
degenerative enzymes (MDEs) that erode the extracellular matrix (ECM) and allow
the migration of tumor cells into the tissue. The expression of MDEs such as
urokinase-plasminogen activator and matrix metalloproteinases lead to the activa-
tion of plasminogen and the degrading protein plasmin (see, e.g. Refs. 8, 46 and
42). According to Ref. 42, “matrix degradation is central to tumor pathogenesis”,
and the degradation of ECM “makes room for migration as cells cannot move into
regions of the tissue which are too dense”, see Ref. 46.

This study complements and extends recent work on general phase-field mod-
els reported in Refs. 21, 40 and 38. The models developed and analyzed there
are intended to depict phenomena at the mesoscale and macroscale where tumor
constituents are determined by fields representing volume fractions of mass concen-
trations of various species. Local versions of multiphase models have been proposed
by several authors over the last decade, and we mention as examples the papers of
Araujo and McElwain,? Garcke et al.,?>2% Wise et al.,>® and Lima et al.3® Recent
literature on models of tumor growth is surveyed in, for example, Refs. 4, 11 and 47.
Among studies of phenomenological models of tumor cell invasion and tumor-host
interaction, we mention Refs. 1, 8, 27, 31, 42, 43, 46, 48-50. Typically, in these
works, the models are characterized by systems of reaction—diffusion partial dif-
ferential equations describing the evolution of concentrations of densities of tumor
cells, ECM, and some form of matrix-degradation agent, such as MDE.

Among other factors influencing tumor cell mobility and migration are long-
range interactions due to such phenomena as cell-to-cell adhesion. Cell-to-cell adhe-
sion involves the binding of one or more cells to each other through the reaction of
proteins on the cell surfaces and is a key factor in tissue formation, stability, and the
breakdown of tissue. This adhesion related deterioration of tissue is a factor con-
tributing to the invasion and metastasis of cancer cells (see, e.g. Refs. 3, 7 and 8).
Several nonlocal mathematical models of adhesion (meaning models in which events
or cell concentrations at a point z in the tumor domain depend on events at points
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distinct from 2 but within a finite neighborhood of x) have been proposed in the lit-
erature. For an example of such cell-to-cell adhesion models, see Armstrong et al.,?
Chaplain et al.,""® Engwer et al.,'” and Stinner et al.,’* the latter two references
addressing the effects of adhesion on tumor-cell invasion.

The inclusion of such nonlocal effects in mesoscale models of tumor growth
leads to convolution terms in the Ginzburg-Landau free energy functional of the
tumor and gives rise to models involving systems of nonlinear integro-differential
equations. An analysis of a class of such models is discussed in a recent study, see
Ref. 21.

In this work, we introduce new nonlocal, multi-species, phase-field mathemat-
ical models of tumor growth and invasion due to ECM degradation. The models
depict the evolution of volume fractions of tumor cells, viable cells (proliferative
and hypoxic cells), necrotic cells and the evolution of MDE and ECM, together
with chemotaxis, haptotaxis, apoptosis, and nutrient distribution.

We then provide a rigorous analysis of existence of solutions of the full model
system. To the authors’ best knowledge, there has been no prior analytical treat-
ment of a phase-field tumor system with ECM degradation. In Refs. 7, 17 and
54, diffusion-type tumor models with invasion due to ECM degradation are ana-
lyzed. Phase-field tumor systems without ECM degradation are treated in Garcke
et al.>>?* We combine these two aspects in one tumor growth model. The main
challenge in the analysis is to control the ECM density without having a maxi-
mum principle for the phase-field tumor equations, as can be done for diffusion-type
tumor models; see, e.g. Ref. 54.

In this work, we also discuss efficient finite element discretizations of the model.
We present the results of numerical experiments designed to show the relative
importance and roles of various effects, including cell mobility, proliferation, necro-
sis, hypoxia, and nutrient concentration on the generation of MDEs and the degra-
dation of the ECM.

Following this introduction, we describe two families of haptotaxis effects in
tumor models in Sec. 2, and include discussions of the role and interpretation of
key terms in mass balance laws and the models of MDE production, and the evolu-
tion of ECM. After the mathematical notation is introduced in Sec. 3, a complete
mathematical analysis of a local and nonlocal model is presented in Sec. 4. Finite
element approximations and time-marching schemes are presented in Sec. 5 and
results of numerical experiments are collected in Sec. 6. Concluding comments are
provided in Sec. 7.

2. Models of Tumor Growth and ECM Degradation

We begin with a generalization of the setting described in Ref. 47 in which a tumor
mass, contained in a region @ C RY, d € {2,3}, at time t € [0,7], is viewed as
a mixture of constituents of constant and equal mass density gg characterized by
volume fractions ¢ : Q x [0,T] — R, 8 € {T, P,H, N}. The volume fraction of
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tumor cells ¢7 is made of proliferative cells (¢p), which have a high probability of
migration or growing in density (e.g. through mitosis and cell-to-cell and cell-to-
matrix adhesion) in €2, hypoxic cells (¢ ) that are in a harsh environment with low
nutrient availability, and necrotic cells (¢ ) that are cells that died due to the lack of
nutrients. The total tumor cell volume fraction is then the sum ¢ = ¢p+ oy +odn.
We assume that the tumor growth is logistic, with a proliferation rate A7'°, and
thus the viable cells (¢py = ¢pp + ¢ = ¢ — ¢n) can proliferate until the capacity
of the domain is reached (i.e. ¢ = 1). The tumor volume fraction can decrease due
to two phenomena: (1) natural cell death (apoptosis) of viable cells at a rate A7’;
(2) degradation of necrotic cells at a rate )\?\,eg.

The tumor is supplied with nutrients, ¢,, such as oxygen or glucose by the
vascular system that nourishes both healthy and tumor cells and which dictates the
process of chemotaxis whereby cells migrate in the direction of increasing gradient
of the nutrient. Here, we characterize the nutrient concentration over Q x [0, T by
a scalar field ¢, = ¢, (x,t) governed by a reaction—diffusion equation.

The tumor is embedded in a network of macromolecules called the ECM, the
density of which is represented by a scalar-valued field 6 = 6(x,t). The ECM is non-
diffusible*8 and its evolution can be modeled by a logistic-type evolution equation
which captures the degradation of ECM due to the action of certain MDEs. When
the local nutrient supply (indicated by ¢, ) drops below a certain threshold, tumor
cells may enter a state of hypoxia in which enzymes are released by hypoxic cells that
make room for cell migration by eroding the ECM. This process is called haptotaxis.
The concentration of MDEs is characterized here by a field ¢pr = ¢pr(x, ).

The mechanical behavior of the tumor mass must obey the balance laws of
mechanics, namely the laws of conservation of mass, momentum, and energy. We
will ignore thermal effects, and also, for the moment, mechanical deformations, see,
e.g. Ref. 40, as well as convective flow velocities in the material time derivatives,
see, e.g. Ref. 21, concentrating on mass conservation.

Under these assumptions, tumor mass (mp = fQ oo¢r dz) is conserved
(dmp/dt =T, " being the mass supplied to by other constituents). This leads to
the evolution equation,

Bydr = divJ — divdy + A0, by (1 — dp) — XiP%%y — XoE gy (2.1)

Here, J is the mass flux, AJ'° and A\JP° are non-negative parameters governing
the rate of growth and decline of tumor cell volume due to cell proliferation and
apoptosis, respectively, )\(]i\fg is the rate in reduction of ¢ due to the natural removal
of necrotic cells and J,, is the adhesion flux (cf. Ref. 3) representing the influx of
tumor mass due to cell-to-matrix effects, such as haptotaxis and cell-ECM adhesion.
We refer to both J and J, as “mass” fluxes recognizing that they are actually
characterized by volume fractions of constituents rather than mass concentrations
because the constituent mass densities are assumed to be equal and constant and
thus do not appear in the mass balance law.
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According to well-established thermodynamics arguments, the mass flux is of
the form,

J =mr(¢v)Vp, (2.2)

where mr is the cell mobility matrix (such as mr(¢y) = Mroi (1—¢y)?, My > 0)
and p is the chemical potential,

o0&

p=——="V(¢r) — 5 Apr — XCPo + S7dT, (2.3)
dor

& being the Ginzburg-Landau free energy functional,

2

E(Or, o) = /Q (\If<¢>T) + %TIWTIQ — XcPs7 + %dﬁ + %%%) dz.  (2.4)
0E/d¢pr denotes the variational or Gateaux derivative of £ with respect to ¢r.
In (2.4), ér is a positive parameter relating to the level of cell diffusion, ¥ is a
double-well potential (such as ¥(¢r) = E¢2(1 — é7)%, E > 0), er is a parameter
characterizing surface energy of domains separated by large gradients in ¢, and
Xc is the chemotaxis parameter. If 4 is simply dr¢r, then div(J) in (2.1) collapses
to a classical diffusion term J = div(my(¢y)orVeér). The potential ¥ penalizes
the energy (increases it to move the system away from a minimum energy point)
when ¢ ¢ [0,1]. The presence of the Laplacian in (2.3) leads to a fourth-order
evolution equation of the Cahn-Hilliard type when g is introduced into (2.1). The
resulting model is a diffused-interface or phase-field model in which the boundary
between “phases” (¢r, ¢y, dn,...) is an implicit part of the solution.

The adhesion flux J, in (2.1) represents either a local gradient-based (cf.
Refs. 54, 56 and 57) or a nonlocal adhesion-based haptotaxis effect; cf. Refs. 3, 7
and 29. Therefore, we consider the cases a € {loc,nonloc} with respective fluxes of
the form

Vo, «a=loc,
Jo = XHOV - (2.5)

k6, « = nonloc,
where x g is the so-called haptotaxis parameter, k is a vector-valued kernel function
and * denotes the convolution operator, which is set to zero outside of the domain
Q. We will specify assumptions on k£ needed in the analysis later.

The rate-of-change of the volume fraction of necrotic cells, ¢, is assumed to be
non-diffusive and increases when the nutrient drops below a threshold oy . Also,
some of the necrotic cells are removed from the tumor domain and leave as waste
products. We propose to capture these phenomena by the evolution equation,

BdN = AN (ovN — bo)Pv — AocBn, (2.6)

where Ay is a non-negative parameters and .7 is the Heaviside step function.
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To the mass balance (2.1), we add the equations governing the evolution of the
nutrient, the MDE, and the ECM,

Ois = div(Dy (97)(0; Vo = xoVor)) = M 'dv o o e (27)
Drprs = div(DM<¢M>V¢M) — Mi“om

+ A v —— + . (1= ¢ar) — 250, (2.8)

0,0 = —A;}egeng. (2.9)

In (2.7)-(2.9), we assume that the nutrient volume fraction decreases as it is con-
sumed by viable tumor cells. The production of MDE by the viable cells is propor-
tional to the nutrient and ECM concentrations at a rate A\},°. We assume that the
production is higher at low-nutrient*® and high ECM concentration environments.
The MDE concentration decreases due to a natural decay, /\deC and the decay of the
ECM, )\dec. The quantities A})°, )\ﬁl\}}c, )\dec, and )\ °® are non-negative parameters

governing the rate of growth or decay of the MDE and ECM, as indicated.

3. Notation and Auxiliary Results

For notational simplicity, we omit the spatial domain {2 when denoting various
Banach spaces and write only LP, H™ W™P where 1 < p < oo and 1 < m < oo.
These spaces are equipped with the norms |- |s, | - |gm, and |- |ym.». We denote
by (-, -) the scalar product in L2. The brackets (,-) stand for the duality pairing on
(H'Y x H'. In the case of d-dimensional vector functions, we write [LP]¢, [H™]?
and [WmP)4,

For a given Banach space X, we define the Bochner space

T
LP(0,T;X) = {u :(0,T) — X : u Bochner measurable, / lu(t)[5 dt < oo},
0

where 1 < p < oo, with the norm

T 1/]9
lullzex = llullLeo,1;x) = (/0 lu(®)x dt) )
see Refs. 18 and 52. For p = oo, we equip L*°(0,7; X) with the norm

[l Lo x = llull Lo 0,75x) = esssup |u(t)|x
te(0,T)

and we introduce the Sobolev-Bochner space as
WP (0,T; X) = {u € LP(0,T; X) : Qyu € LP(0,T; X)}.

Throughout this paper, C' < oo stands for a generic positive constant.
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3.1. Helpful inequalities
We recall the Poincaré inequality,
\f — fle < Cp|Vf|2 forall fe H, (3.1)

where Cp < oo and f = ﬁ Jo f(x)dz is the mean of f; cf. Ref. 52. We also recall
Young’s inequality for convolutions,

1 1 1
‘f*g‘LTS‘f‘Lp’g’qu puq’TZ]-a 1+;:;+57 (32)

where f € L?, g € L9; see Theorem 4.2 in Ref. 37. Gronwall’s inequality will be
often employed as well.

Lemma 3.1. (Gronwall, cf. Lemma 3.1 in Ref. 23) Let u,v € C([0,T];R>¢). If
there are positive constants C1,Cy < 0o such that

t
u(t) +o(t) <CrL+ 02/ u(s)ds for all t € [0,T],
0

then it holds that
u(t) +v(t) < C1e?T  for allt €[0,T).

3.2. Embedding results

Let X, Y, Z be Banach spaces such that X is compactly embedded in Y and Y
is continuously embedded in Z, i.e. X —— Y < Z. In the proof of the existence

theorem below we will rely on the Aubin—Lions compactness lemma, see Corollary 4
in Ref. 53,

LP(0,T; X) N WY 0,T; Z) —— LP(0,T;Y), 1<p< oo,

L=, T; X)NWh(0,T; Z) < C([0,T];Y), r> 1. (33)
Furthermore, we make use of the following continuous embeddings:

L*(0,T;Y) N H'(0,T; Z) = C([0, T) [Y, Z)12), (3.4)

L>(0,T;Y) N Cyu([0,T); Z) — Cw([0,T];Y), (3.5)

where [Y, Z]; /2 denotes the interpolation space between Y and Z; cf. Theorem 3.1
in Chap. 1 in Ref. 41 and Theorem 2.1 in Ref. 55. We refer to Definition 2.1 in
Chap. 1 in Ref. 41 for the definition of the interpolation space. In (3.5), C\, ([0, T]; Y)
denotes the space of weakly continuous functions on the interval [0, 7] with values
inY.

3.3. General assumptions

We make the following assumptions on the domain and parameters throughout the
paper.

(A1) © C R? where d € {2,3}, is a bounded domain with Lipschitz boundary and
T > 0 is a fixed time horizon.
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(A2) The mobility mr € Cy(IR?) satisfies
(3mo, Moo > 0) (Vr € R?) : mp < mp(z) < Meo.
(A3) The functions D,, Dy € Cp(R) satisty
(3Do, Dow > 0) (Y €R) : Dy < Dy(z) < Doe, Do < Das(z) < Do,

(A4) The constants er,d,, Ay,” are positive and fixed, while x¢, o, oyn, AF°,
)\i}?g are non-negative fixed constants.

(A5) The potential ¥ € C1'1(R) is non-negative, continuously differentiable, with
globally Lipschitz derivative, and satisfies

(3R1, Ry, R3 > 0)(Vx € R) : ¥(2) > Ry|z|> — Ry, |/ ()] < R3(1 4+ |z]).
(A6) The adhesion flux J,, where a € {loc, nonloc}, is of the form

Ja (¢T: ¢N7 0) = g(¢T7 ng)G(e)
with g € Cy(R?) and G € £ (X,;[L?]%). The space X, is defined as

H'NL*>®, «=loc,
o= (3.6)

L2, «a = nonloc.

The assumptions (A1)—(A5) are typical in tumor growth models; see, e.g.
Refs. 21-24 and 26. Assumption (A6) is satisfied if we modify the adhesion
flux in (2.5) by replacing ¢y with the bounded cut-off functional C(¢y) =
max (0, min(1, ¢y )). This approach is also common in tumor modeling; cf. Refs. 21
and 24. We define g(¢r, dn) = C(dr — ¢n) and

{VG, a = loc,

k6, « = nonloc,

G(6) =

for a kernel function k € L'(R?), which gives the following estimate on the adhesion
flux:

| Jroc| 22 < xu|VO|L2 < XxH|O| 1AL,
|Jnonloc’L2 S XH"IC * 9|L2 S XH’k’Ll ’9|L27

where we applied Young’s inequality for convolutions (3.2) in the case a = nonloc.
Here, we equip the intersection space Xjoc = H' N L> with the norm |- |gi1qpe~ :=

[+ e

3.4. Comparison to other tumor growth models

In Sec. 4, we provide a rigorous analysis of existence of solutions to a modification
of the system governed by Egs. (2.1), (2.3), (2.6)—(2.9). In our model, we combine
the effects of tumor growth and invasion, ECM degradation and the separation of
tumor phases into viable and necrotic cells.
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The basis of phase-field tumor models, i.e. a Cahn—Hilliard equation for the
tumor volume fraction ¢ and a reaction—diffusion equation for the nutrient con-
centration ¢,, has been proposed in Ref. 30 and has been extended to general
multiphase models in Ref. 25. The existence analysis for this model is provided in
Refs. 9 and 23 and additionally, several flow models for the velocity field of the
mixture have been proposed and analyzed, e.g. flow models by Darcy,!0-22:24,26,32
Brinkman, !¢ Darcy-Forchheimer-Brinkman?! and Navier-Stokes.3?

To account for cell-to-matrix and cell-to-cell adhesion effects, nonlocal models
have been proposed, see, e.g. Refs. 7 and 20. For the analysis of cell-to-cell adhesion
models, we refer to Refs. 12, 13 and 21. To account for cell-to-matrix adhesion,
one has to introduce the ECM, and up to the authors’ knowledge, there has been
no coupling of the ECM density to a phase-field type tumor growth model. In
Refs. 7, 17 and 54, diffusion-type tumor models with ECM degradation have been
considered and analyzed.

Our model combines both the phase-field type and the effect of ECM degrada-
tion into one system. The main challenge in the analysis of our system is to control
the ECM density without having a maximum principle for the phase-field tumor
equations, as can be done for diffusion-type tumor models, see Ref. 54.

4. Analysis of the Local and Nonlocal Model

We consider the system given by Eqgs. (2.1), (2.3), (2.6)-(2.9) and modify it to
perform the analysis. Since the equation for the ECM density (2.9) is given by an
operator-valued ordinary differential equation, its solution can be expressed via the
integral

0(z,t) = 0(z,0) exp {—/Ot s s)ds} ae. in Q x (0,7T). (4.1)

We will employ equation (4.1) going forward. Next, we eliminate the viable cell
volume fraction ¢y from the system by expressing it in terms of ¢ and ¢y, i.e.
¢y = ¢ — ¢, which yields the system

o = div(imr(ér, on)Vu) — div(Ja(dr, dn,0)) + ¢o f1(d1, dN)
— AP or — AN o,
p="V(¢r) — 7 A¢r — xcPo + Ordr,
Oion = L (ovn — ¢o) f2(d1,ON) — ANEON, (4.2)
Db = div(Do(60)(05 ' Voo — xcVor)) + (61 — ) f3(90),
Orpar = div(Das(dar)Vonr) + 0 fa(dr, dn, boy dar) — N3y dr,

0(z,1) = 0(,0) exp {—/Ot Fs(omi (2, s))ds},
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where Ad¢¢ ;= X9 _ \%° Note that we have additionally modified the equation
for ¢ by introducing the Sigmoid function . as a smooth approximation of the
Heaviside step function .7#. This modification is necessary to derive H!-estimates in
space of the necrotic tumor volume fraction ¢ 5. Furthermore, we have generalized
the right-hand side terms in (2.1), (2.3), (2.6)—(2.8), (4.1) by introducing functions
fi,i€{1,...,5}, on which we make the following assumptions:

(A7nonloc) The functions f1 S Cb(Rz), f2 € Llp(R2) N PCl(Rz), f3 S Cb(R), f4 -
Cp(RY), and f5 € Cp(R;R>q) satisfy

(3 foos foo >0) (V) | fi(2)| € foo, Vi€ {l,...,5}, |Duf2(2)] < foo ace.,

in the case of the nonlocal model (e = nonloc), or

(ATi0c) Let (A7nonloc) hold. Additionally, let f5 € Lip(R;R>¢) such that | D, f5(z)| <

fo a.e.,

in case of the local model (o = loc).

Here, PC! denotes the space of piecewise continuously differentiable functions,
which ensure together with Lipschitz continuity the validity of the chain rule in the
situation of a composition with a vector-valued Sobolev function; see Refs. 36 and
45. We note that the assumption on f5 is strengthened in the local case from conti-
nuity to Lipschitz continuity. Since Lipschitz continuous functions are almost every-
where differentiable, the expression D, f5 is well-defined a.e. for f5 € Lip(R;R>g).

In Sec. 5, we give specific and practically relevant examples of functions
f1,--, f5, which satisfy the assumptions given in (A7, ) and relate the system (4.2)
to the model given by (2.1), (2.3), (2.6)—(2.9).

We couple the system of equations (4.2) to the initial data and homogeneous
Neumann boundary conditions

an¢T = an¢a = n¢M
= mT(qu, qu)an;L — Ja(gﬁT, ng, 9) -n=0 on Jf) x (O,T), (43)
(D7, ON, Gy O0r)t=0 = (D70, ®N,05 P05 Par,0)5

where n denotes the outer unit normal of 0.
We next define the notion of a weak solution to our system.

Definition 4.1. (Weak solution) Let o € {loc,nonloc} and 0y € X,, with X,
defined as in (3.6). We call (¢, u, dn, o, drr,0) a weak solution of the initial-
boundary value problem (4.2), (4.3) if

¢r € L0, T; H)n HY(0,T; (HY)), pe L*0,T;H'),
én € L0, T; HY) N H*(0,T; L?),
b0, dpr € L?(0,T; HYY N L>(0,T; L*) N H*(0,T; (H")),
Whee(0,T; L*°)N HY(0,T; H') for a = loc,
{Wl’oo(O, T;L?) for o = nonloc,
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and it holds that

(0:d1, 01) + (mr(d1, ON)V 1, Vipr) — (Ja(@T, dN,0), Vior)

— (o [1(PT, )5 1) + (NP1 + AN N, 1) = 0, (4.4a)
_(:u7 502) + (\D/(QST)a 902) + 6%(V¢T7 VSOQ)
—xc (b, p2) + o1(d1,92) =0, (4.4b)

(BN, 03) — (F(ovN — do) f2(d7, ON ), 03) + A B (DN, 3) = 0, (4.4c)
(0105, 04) + (Do(05)Vepa, 0, Voo — xcVor)

+ (o7 — On) f3(b5), 1) = 0, (4.44)
(O¢dnr, 05) + (D (dar)Vorr, Vos) — (0 fa(or, dn, dur, do), ©5)
+ Ao (bar, 95) = 0, (4.4e)

a.e. in time, for all test functions ¢, 2, @4, 05 € H', @3 € L?, and

O(z,t) = 0o(x) exp {—/0 fg,((bM(x,s))ds} a.e. in 2 x (0,7), (4.4f)
where

(b1, ONs Doy OM)lt=0 = (d7,0, ON0s Do05 PM0)-

4.1. Existence of solutions

Our first goal is to prove existence of solutions for the local and nonlocal model.

Theorem 4.1. (Existence of weak solutions) Let a € {loc,nonloc} and 6y € X,
with X,, defined as in (3.6). Furthermore, let assumptions (A1)—(A6), (A7,) hold
and let the initial data have the following reqularity:

¢T,O € Hla ¢N,O € H17 ¢G,O € L27 ¢M,O S L2~

Then there exists a solution (¢, i, dN, Po, drr,0) of the problem (4.2) in the sense
of Definition 4.1. Additionally, the following energy estimate holds:

o7 o + el Zopr + lEn 1T o + bl oe 2 + b0l T2

+lonrllFoe 2 + lonalZo g + 107 x, < C(T)(1+1C),
where

IC = |pr.0l7n + [dn0lT + |Do0l72 + [Darol7> + |60l%,. -
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4.2. Galerkin approxrimations in space

To prove existence of solutions, we employ Galerkin approximations in space, fol-
lowing the strategy in e.g., Refs. 21, 23 and 26. We construct approximate solutions
by considering eigenfunctions {wy }ren of the Neumann-Laplacian:

—Awk = )\kwk, in Q,

4.5
% =0, on Jf. (4.5)
on

It is known that the eigenfunctions of the Neumann-Laplacian form an orthonormal
basis of L? and an orthogonal basis of H'; cf. Theorem I1.6.6 in Ref. 5. We then
define the discrete space by

V,, = span{wy, ..., wy}. (4.6)

We seek approximate solutions of the form

oz, t) = Za](twj . on(z,t) = Zﬂj Jw;(x
(4.7)

=2_®w;), (1) Za

where a, 85,7;,0; : (0,7) — R will be determined by a system of ordinary differ-
ential equations. We choose the approximations of the initial conditions as follows:

o7 =1y, d10, ONo =Ilv, N0,
b0 = v, 50, Ohro = v, Pm0-

Above, Ily, denotes the L? projection operator: (Ily, u,v) = (u,v) for all v € V,,.
Note that for all n € N it holds that

(4.8)

970l < |éTolur, |ENolmr < |dNolmrs

(4.9)
[950le2 < |doolrz,  [Phrolre < [@molLe,
see, e.g. Lemma 7.5 in Ref. 51.
The semi-discretization of the problem (4.2) is then given by
(Oed7, ") + (mr (97, ORIV, V™) = (Ja(d7, o, 0"), V")

— (G f1(d7, %), ©") + (AP0 + AT DR, ") = 0, (4.10a)

—(u", ") + (V' (87), ©") + e (Voip, Vo) = xo (5, ¢")
+ o7 (o7, ¢") =0, (4.10b)

(D%, ™) — (L(ovn — 82) 2, OR), ™) + ANE (O, ™) =0, (4.10c)
(8edir, ©™) + (Do (92) (6, Vi — xc Vi), V™)
+ (67 — oN) f3(85), ™) =0, (4.10d)
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(at¢7J€47 Spn) + (DM(¢7M>V¢71\147 VSOH) - (enf4(¢r%’ ¢7]i77 Z? ¢7](4)7 Son)
+ A (@4, ™) =0, (4.10e)

W%%t>=9Mx%mp{fétﬁ0%Q@%$kb}, (4.10f)

for all ™ € V,,, with

(¢%7 qu]{f? 27 qu](/[)‘t:O = (qb%,Oa qb%,(]a Z,Ov gb?\L/[,O)' (411)
The system (4.10)—(4.11) is equivalent to an initial value problem for a system
of integro-differential equations for the unknown function £ = (&1,...,&,), where

& = (au, Biy iy 0i), 1 € {1,...,n}, which can be equivalently written as
= F(1 (1)) + ' (1,€(1), KE(1)),
for all i € {1,...,n}, where K¢{(t) = fg fs(32j—1 05(s)w;)ds and

Fi = [ 0(63(2.0). 0% e, 0)Gl00 xp{~KE()}) - Vs do

Fi = F} =0,

Fi = [ Buexp (=K} al0 (.1, 08 .0). 63 ,), 3y . )
We note that the given functions V', my, Dy, Dy, f1,..., fs are all continuous.
Therefore, on account of an extension of the Cauchy-Peano theorem for integro-

differential equations, see Theorem 7.1 in Appendix A below, we obtain a solution
of (4.10)—(4.11) such that

<¢%7 Mn) ¢T]i75 27 ¢T]\L47 en) € Cl([O’Tn];Vn) X C([()?Tn]?Vn)
< (CH([0, T]; V) x C(10, T]s Xa),

for sufficiently short time T;,, < T'. The upcoming energy estimate will allow us to
extend the existence interval to [0, 7.

4.3. Energy estimates

Our next goal is to derive an energy estimate for solutions of (4.10a)—(4.10f), (4.11)
that is uniform with respect to n. To this end, we test Egs. (4.10a)—(4.10e) with
different test functions.

Estimates for 6™.
Since the integral and the exponential function are continuous and the function
f5 is non-negative by assumption (A7,), we conclude

10" ()| » < [6o|Le, (4.12)



2446 M. Fritz et al.

for all t < T;,. Above, p € [1,2] for 0y € Xnonloe = L% and p € [1,00] for §y € Xjoe =
H'NL*>.

In the nonlocal case, this uniform bound of ™ is already enough for the upcom-
ing energy estimates. We recall that the term J,(¢%, ¢%;,0™) in the equation for
¢n. can be expressed as g(¢7, % )G(0™) on account of assumption (A6). Since the
operator (G requires an argument in X,, we still have to derive an estimate of 6"
in H' when o = loc.

a = loc: By the product rule and the chain rule for the composition of a bounded
Lipschitz continuous function with a Sobolev function, see Ref. 60, we further infer
that

v (t) = (Von— 0 [ Aot )T ) e {=[ o tnas),
(4.13)

for all t € [0,T,]. From here, using assumption (A7), we obtain the bound for
the gradient of the ECM density

VO™ (1) L2 < [Vo|r2 + 00|/ T foo Vil 1212,

for t € [0,T},], where we have used the abbreviation L?L? for L?(0,t; L*(Q)). By
combining this estimate and the estimate (4.12) with p = 2, it follows for all ¢ €
[0, T,] that

10" ()7 < 2l00lF + 2T 100l 7 VORI 72 - (4.14)

Estimates for ¢7%,.
Testing equation (4.10e) with ¢™ = ¢7,(t) € V,, and recalling assumption (A3)
as well as the bound (4.12) for 6" yields

1d
2dt

Jfoo

B34l32 + Dol V& [3a + MFI0h 12 < 2216030 + 103 30).  (4.15)

After integrating over (0,t), where ¢t < T,,, we conclude by the Gronwall lemma
that

(Dhr (22 + VO lT2 2 + 100011222 < C(T0) (165r0/72 + [00l72)-  (4.16)

Adding to this estimate (4.12) and (4.14) for o = loc, or (4.12) for av = nonloc, we
get

0"k, + 168 (OlLz + 10Tz < C(T) (100, +I0aroliz).  (417)

Note that above we have also employed the uniform bound for the approximate
initial data ¢}y, 4 given in (4.9).
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Estimates for ¢7., u™, ¢o.
Testing equation (4.10a) with p™(t) + xc¢X(t), Eq. (4.10b) with —0,¢%(t), and
Eq. (4.10d) with K;¢7%(t), where K7 > 0, and adding the resulting equations yields

d

n E%’ n |2 5T n |2 Kl n|2
T W (p7)| L + 7|V¢T|L2 + 7‘¢T|LQ + 7’¢0|L2

| o) |+ Kt VB Ve
1.2

= —xc(mr(¢h, $%) VU™, Vor) + (Ju(dh, 9%, 0M), V(u"™ + xc b))
+ (f1(D, P ) D% — AP — AN DR, 1™ + X L)
+ K1xc (Do (¢2)Voh, Vi) — Ki((¢F — ¢%) f3(o0), ¢2) = RHS.  (4.18)

We can then estimate the right-hand side of (4.18) by using assumptions (A2),
(A6), (A7,), and Holder’s inequality as follows:

2

2
L2

RHS < xcMoo| V" 12| Vg 12 + Cl0™ | x, (IVL" |12 + x|V éy|L2)
+ (fool @ r2 + AP @ L2 + [ANC - [0 |22) (1™ |22 + xcl o2 r2)
+ KixcDoo|VOT 2|V oy |2 + K1 foo (|07 12 + |ON]02) |05 L2.  (4.19)

We note that we need a bound on |u™|2 to further estimate (4.19). Testing (4.10b)
with 1 € H! and taking into account assumption (A7) on the function ¥ results in

W < / V() |dz + xeld2 s + rldL
Q

< Rs(|Q] + [¢7]01) + xclég|or + 0r|op|0
< Rs|Q + (B3 + 07)[Q %67 12 + xc|92/'2 |05 2,

we refer also to Ref. 22 where a similar argument is employed. By the Poincaré
inequality (3.1), we then conclude

_ _ 1
(W2 < |p" = p e 4+ |p" e < Cp|VE" |2 + 7571”0
€2

< Cp|Vu™|12 + Ry + (Rs + 67)|Q) 726 12 + xc|Q 7% [¢2] 2. (4.20)

Therefore, by using (4.20), we can further estimate the right-hand side of (4.18) as
follows:

RHS < xcmoo| V" 12|V @y L2 + C10" |x, (IVE" |22 + x|V 5|L2)
+ (foolile + AP0 L2 + V] - [0R | 22){Cr V" 2 + Rs
+ (Rs + 07) Q1267 12 + xc Q1262 12 + xc|d2 |12}
+ K1Xc Doo| Vo7 12| V5|2 + K1 foo (|07 |12 + [ON]12) 165 |2
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By employing Young’s inequality, we get

2,2
XcMso
2m0

+C(1+ (@072 + 97172 + VORI + (0% 172 +10"]%. )

RHS < (% + 45) V2, + ( +e> V"2,

where £ > 0. Introducing this estimate of the right-hand side into (4.18) and recall-
ing assumptions (A2) and (A3) yields

d n et 1o n 0T | n Ky on
7 1@ + ZIvorEs + Tiops + SHioniz:]

2 2
XoMx

(5 = 16) 9 + (HDod? - XE= ) vt

SCA+10"%, + 10072 + [T (o) + [VOr|7e + (9% ]72),  (4.21)

where we have first picked € € (0,m(/8) and then chosen K; sufficiently large so
that

2 2
XcMoo

Kz = K1D050_1 -
mo

—e>0. (4.22)

Estimates for ¢%;.
Testing equation (4.10c) with ¢% (t) € V,, yields, after some standard manipu-
lations,

1d
2dt

n n f
B[22 + ANEIOR I < 22 (1onl3a +192), (123)
This estimate would be enough to absorb the ¢%; term on the right-hand side of
(4.21). However, we here also derive an estimate of ¢ in the space L>°(0,T; H'),
which will enable us to perform the limit process as n — oo later on. Testing (4.10c¢)

with —A¢% (t) € V,, and performing integration by parts results in

S S IVOR L+ SE VR I

= AN (V(Z(ovn — 05) f2(97, 0%)), VOR )

= (=Vos7" (ovN = ¢5) f2(d7, ON), VON)
+ (S (ovn — ¢7)V 1o f2(97, o)), VOR )

+ (S (ovn — ¢5)VORO2f2(d7, o), VOR ),
where we have applied the chain rule for the composition of a bounded Lipschitz,

piecewise continuously differentiable function and a vector-valued Sobolev function;
see Refs. 36 and 45. After employing the same type of arguments as before, this
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estimate implies that

d Ko

CIVORIZ: + YOk < T2VOIE + O) - (Vok[ + [VoR),  (4.2)
where K5 is the positive constant in (4.22).

Final energy estimate.
Combining the upper bounds (4.20), (4.21), (4.23), and (4.24) yields

d n n n n n n
G @D + VR + |02 + 105152 + [onlin] + 1" 5 + V51
< O(L+10"%, + 9572 + V(0P| + VORI T2 + 0% [71)- (4.25)

After integrating (4.25) over (0,t), where t < T,, and taking into account estimate
(4.17), we have

W(S(0)]2r + VRO + 62O + 165 (O + 11" 2 g+ VG222 2
SIC" + C(Th) - (141602 + [0 (@P) s + [Voplia + [6klZ).  (426)

Above, we have introduced the following constant that depends on the approximate
initial data to simplify the notation:

IC" = | ol7n + [V (D o)|er + Dol + [0% 0|72 + (B0l + 60l -

We can employ the fact that
[T (¢0)l1 < C+ Clefglia < C+ Cloro

2
L2

and thus, IC™ can be estimated in terms of the initial data as follows:

IC" <1IC = |¢ro|31 + C + Clorol32 + |Po0

12+ |onolFn + |éar0l22 + 100k,

where the constant C' does not depend on n. By adding (4.17) to (4.26), applying
Gronwall’s inequality to the resulting estimate, and taking the supremum over
(0,T5), we get

(o)l Lgors + HVQb%H%t‘X’LQ + H¢ZH%§°L2 + H¢%H%?Hl + 160715 x.,
D81 2 + NSRN T2 e + I 172 0 + 105172 100
< O(T)(1 +1C), (4.27)

for all t € [0,7},]. The right-hand side of this estimate is independent of T},, which
allows to extend the existence interval to [0, T]; see also Sec. 1.6.VI in Ref. 58.

We remark that from (4.27) we can get a uniform bound for ¢ in L>(0,T; H')
by noting that

1
G013 < 2089 (Ol + 2103 (O
< 2RV ()2 + 2 (W01 + Ra),  (4.28)

Q2 Ry
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for all ¢t € [0,T]. Above, we have made use of the Poincaré inequality (3.1) and
assumption (A5) on the potential W.

Additional estimates of the time derivatives of 0™, ¢%,, ¢7., and ¢_.

The derived energy estimate (4.27) implies the boundedness of the Galerkin
solution (@7, u™, ¢, ¢, ¢%,) and of #™ in appropriate Banach spaces, which in turn
implies the weak and weak-* convergence of subsequences. We consider taking the
limit n» — oo in the Galerkin system (4.10). Since the equations in our system are
nonlinear in ¢%, ¢%;, ¢ and ¢';, we want to acquire strong convergence of the
respective subsequences. We can obtain strong convergence from compact embed-
dings (3.3), which requires the boundedness of the respective time derivative. We
derive these estimates in this section.

Testing equation (4.10c) with 0,¢% (t) € V,, and employing Young’s inequality
yields

)\deg )\deg

(L= )06 [IL2 2 + =5 lon T2 < C(To€) + = =lénolie,  (4:29)

where ¢ € (0,1). Furthermore, from Eq. (4.10d) we find that for all ¢ € L?(0,T; H')
it holds that

T
/ / o dadt < (Doods | Ve2 | 1212 + Dooxcl| V|| p2re
0 Q

+ foo(lON 2222 + |07 | L222) @l L2 A7

from which we also get that

10:d5 L2y < CUIVoGlLzrz + |IVoT|lLzre + |onlz2r2), (4.30)

where the constant C' > 0 does not depend on n. Similarly, from Eq. (4.10a) we
have

T
/ / Oy o dadt < (moo|[ V| poze + Cl0% [ zoze + fooll 80l L2L2
0 Q

AP Dl 22 + IXFC] - 19 I n2re2) 1l Lom

and from Eq. (4.10e)

[ bt o et < (Ducllloss + fcl" Vi + X165 Nzl
for all ¢ € L?(0,T; H'). From the above two estimates it follows that
10:07 || L2ary < CUIVE 2202 + (VO[22 + |65 ]| 22 L2
+ 107l 2> + 9% [ 222),

10cdhs L2y < CUIVON L2z + 10" |22 + |63y L2L2)- (4.31)

Lastly, we note that from the integral representation of the ECM density 6" we
can directly derive a uniform bound of ;0™ in L*(0,T; L?) for a = nonloc and in
L>°(0,T; L) N L*(0,T; H') for a = loc.
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4.4. Passing to the limit

On account of the final estimate (4.26) for Galerkin approximations and estimates
(4.28)—(4.31), we can conclude that

{¢"}pen  is bounded in L*°(0,T; H) N H*(0,T; (H')"),
{1 }nen  is bounded in L2(0,T; H'),

{¢" Y pen  is bounded in L*°(0,T; H') N H'(0,T; L?),

{¢5}nen  is bounded in L*(0,T; L*) N L*(0, T3 H') N H'(0,T; (H')),  (4.32)
{@hr}nen  is bounded in L*(0,T; L*) N L*(0, T3 H') N H'(0,T; (H')'),
Whee(0, T L?), o = nonloc,

o™y, is bounded in
10" Jnen {le“(O,T;L“’)ﬂHl(O,T;Hl), a = loc,

uniformly with respect to n. This implies the existence of weakly /weakly-* converg-
ing subsequences, indexed again by n, to some limit functions (¢7, p, dn, d0, Par, 0)
in the respective spaces and the following strong convergences due to the Aubin—
Lions Compactness lemma, see (3.3),

¢ — ¢p  strongly in C([O,T];LQ),
¢% — ¢n  strongly in C([0,T7]; L?),

(4.33)
" — ¢,  strongly in L*(0,T; L?),
oy — ¢ strongly in L2(0,T; L?),
as n — oo and the following weak convergence:
0" — 0 weakly in L?(0,T; X,). (4.34)

We next show that the limit functions (¢, i, dn, ¢o, dar,0) are a solution of
the problem (4.2) in the sense of Definition 4.1. In particular, for the ECM density
0 we have to prove that it possesses the integral representation given in (4.4f). Due
to the strong convergence of ¢%, to ¢ps in L2(2 x (0,T)), there is a subsequence,
for notational simplicity indexed again by n, such that

oh(x,t) = dar(x,t)  for ae. (x,t) € Q x (0,7T),

for n — co. On account of the exponential function being continuous, the Lebesgue
dominated convergence theorem, and f5 being continuous and bounded, we have

0 0.0) = tn(a)exo { - [ (e, s} = tota) e { - [ alom (e s

almost everywhere as n — oo. Applying the Lebesgue dominated convergence the-
orem again yields

o ((x,t) s G0 () exp {—/Ot fg,((bM(m,s))ds}) in L2(Q % (0,7)),
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as n — 00. Since strong convergence implies weak convergence and weak limits are
unique, we have proven that 0, given in (4.34), is of the required form.

For the other solution functions, we multiply the Galerkin system (4.10) by an
arbitrary test function n € C2°(0,7) and integrate from 0 to 7', which gives for all

je{l,...,n},
/j[@%»wﬂ + (mo (97, oX) V", Vw;) = (Ja (¢, 0, 0"), Vw;)
— (05 f1(, &N ), wj) + (AP O + AN OR, wy)n(t)dt = 0,
/OT[—(M",wj) + (V' (7),w;) + en(Vor, Vw;) — xc (g, w))
+ 07 (o, wy)In(t)dt =0,

T
/ (06T, ™) — (F(ovn — 68 (0, 612, w;)
0 (4.35)

AL (G, ) In()dt = 0,
/ (06 w5} + (Do (6257965 — XoV 63, V)
(65 — O3 (), wi) () = 0,
/ (0 05) + (Dar (50 V 65, Vog) — (67 Fa( 63, % 60 05, )

+ Ay (@3, wy)]n(t)dt = 0.
We take the limit n — oo in each equation. The convergence of the linear terms
follows directly from the definition of weak convergence. For instance, the functional

un e / W w0t < ez g2 e 0.2,

is linear and continuous on L?(0,T; L?) and therefore, we conclude that

/(,u L, WM dt—>/ [, w;)n
0

as n — oo. It remains to treat the nonlinear terms. We note that a similar limit
process is performed in Ref. 21 for a tumor growth system which also includes a
nonlinear mobility, diffusion, and potential function with the same assumptions as
n (A2), (A3), and (A5). The same arguments can be applied to our model; we
therefore omit the details here.

We focus on the treatment of the adhesion flux J, and the nonlinear functions
fi,.--, fs. We employ the following three arguments.

(i) By assumption (A6), the adhesion flux has the representation
Jo (07, 0N, 0") = g(o7, o} )G(0"),
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for g € Cy(R?) and G € £ (X4;[L?]?). On the one hand, we know 0" — 6 weakly in
L?(0,T; X,) as n — oo by (4.32), which implies by the weak sequential continuity
of G,

GO™ — GO  weakly in L*(Q x (0,T);R?),

as n — 00. On the other hand, we have derived ¢ — ¢r and ¢y, — ¢n strongly in
L?(Q x (0,7)) in (4.33). Therefore, applying the Lebesgue dominated convergence
theorem yields

9(¢. %) Vwjn = g(¢r, dn)Vwyn  strongly in L*( x (0,T); RY),
as n — oco. Putting these two results together, we finally have, as n — oo,
Jo(%, ¢, 0"V win — Jo(dr, dn,0)Vw,;n strongly in L'(Q x (0,T)).

(ii) Since . and fy are bounded, continuous functions, we obtain analogously to
(i), as n — o0,

S (ovN — ¢g) f2(d7, O )win — S (ovn — &) f2(dr, dn)w;m,
strongly in L2(Q2 x (0,T)).

(iii) Similar to (i), we employ that 8™ — 6 weakly in L?*(2 x (0,7)) and

f4(¢’?"7¢7]<77 Z>¢R4)wj77 — f4(¢T7¢Na¢Ua¢M)wj77 Strongly in L2(Q X (07T>)’

as n — oo, which implies the convergence of their product in L'(Q x (0,7)). Con-
vergence of the terms involving f1, f3, and f5 follows in the same manner.

Finally, by taking the limit n — oo in the system (4.35), using the density
of span{wy,ws,...} in H', and the fundamental lemma of calculus of variations,
we obtain a solution (¢, i, dn, do, drr,0) of the system (4.4) in the sense of
Definition 4.1.

We note that on account of the standard Sobolev embeddings, we have the
following regularity in time of our solution:

o7, on € C([0,T); L*) N Cy([0,T]; HY),
¢O’7¢M S C([OvT]7L2)7

and, thus, initial conditions are meaningful and the Galerkin approximations fulfill
the initial data. This completes the proof.

5. Finite Element Approximations

We select a similar algorithmic framework as in Refs. 21, 39 and 38 to solve the
deterministic systems of the respective local and nonlocal model with the initial and
boundary data (4.3). This framework contains a discrete-time local semi-implicit
scheme with an energy convex-nonconvex splitting; that means the stable con-
tractive part is treated implicitly and the expansive part explicitly. In particular,
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recalling the Ginzburg-Landau energy £ in (2.4), we split its contractive part &,
and expansive part &, via £ = & — &, see also Refs. 30 and 38.

Let the time domain be divided into the steps At,, = t,+1—t, forn € {0,1,...}.
To simplify exposition, we assume At,, = At for all n. We write ¢, for the approx-
imation of ¢/(t,) and likewise for the other variables. The backward Euler method
applied to the system (4.2) reads

¢Tn 1 (ZST’VL 1
+T - le(mT(¢Tn+l ) ¢Nn+1)v'u”+1> + ¢U”+1f1’n+1

— )\:}poqun_H - diV(Ja (¢Tn+1 ) ¢N'n+1 ) 9n+1)) B /\(]i\(fecng"‘H
Hn+1 = D¢T‘€C(¢Tn+17¢0n+l) = DorEe(dT,, Po)s

¢ n41 _¢ n e
% =S (ovN — bopii) fo,ne1 — A}jvg¢Nn+17

- (5.1)
% = div(Dy (0041)(8; ' Vo, ., —xcVér,,,))

+ (¢Tn+1 - ¢Nn+1)f3,n+17

OMppr — PM,
At

9n+1 - ‘9n
_— —9 n .
At Js.mt

= div(Dps (0n41)VOrr,.y) + Oni1 famis — XaFOr, s

The functions f; ,+1, % € {1,...,5}, are given by

fl,n—l—l = /\g“ro(c(¢Tn+1) - C(¢Nn+1)> : (1 - C(¢Tn+1))7
f2,n+1 = AVN(C((;sTn-H) - C(¢Nn+1>)7

C(¢o,4)
(Popsy) + A2

f4,n+1 = A?\;O(C(¢Tn+1) - C((anﬂ)) on+ Z?; ) (1 - C(¢Mn+1))

f3,n+1 = /\Ij)“ro(c(gthJﬂ) - C(¢Nn+1))c
(5.2)

- )‘gecc(¢Mn+1 )7
Font1 = XgBC(Par,,1),

where C denotes the cut-off operator,
C(0) = max(0, min(1, 0)).

The functions f; 41,7 € {1,...,5}, are selected so that the model given in (2.1),
(2.6)—(2.9) is replicated besides the cut-off operator and the Sigmoid function .7
approximating the Heaviside step function 7. Furthermore, the functions satisfy
the assumptions given in (A7)oc).

We solve the highly nonlinear coupled system (5.1) by decoupling the equations
and using an iterative Gaufi—Seidel method. In Algorithm 1, the subscript 0 stands
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for the initial solution, &k the iteration index, njser the maximum number of iterations
at each time step and TOL the tolerance for the iteration process. In each iterative
loop, three linear systems are solved and the convergence of the nonlinear solution
is achieved at each time if maxngil - gb%nﬂl < TOL.

We obtain the algebraic systems using a Galerkin finite element approach. Let
T" be a quasiuniform family of triangulations of Q and let the piecewise linear

finite element space be given by
Vh={veC@Q):v|r e P(K) forall K € T"} c HY(Q),

where P;(T") denotes the set of all affine linear functions on 7.
We formulate the discrete problem as follows: for each k, find

k+1 k+1 k+1 k+1 k+1 k+1 h\6
( Totr? Hnt1 ¢Nn+17 ¢Un+1’ ¢Mn+1’ 0n+1) < <V ) ’
for all
(@Tu Pus, PNy Po, PM, 909) € <Vh)67
such that

(G55 — o, 00) + AL(Da (00 11) - (6, VoL —Xxc VT, ), Ves)

C(o51) .
C(PEIL) + xeat " 77

=0, (5.3)
(651, = dm,or) + At(mr (8571 O ) Ve, Ver)
— At(Ja ($5 oK, 0811), Veor)

= AR ((C(orL,) = C(oN,1)) - (1= Cler) L)), ool or)

- At}‘l%ro (¢];—‘71,+1 - ('25]16\71,,4-1) (C (gb];—‘n-&-l) - C(¢’]€Vn+1))

+ALAPOOLT], +AVOK,,,p7) =0, (5.4)
(1t 0u) — (Do el lfpﬁlﬁﬁﬁl);(ﬂu) = (Do Ee(d1, 5, )s Pu)s (5.5)
(BNL, = on,on) = ALC(o5] = oR ), S (ovn — d5T] ) en)

+AYE (R o) =0, (5.6)

( ?\Z}Jrl o ¢Mn’ SOM) + At<DM (92+1)v¢§/};1+1,V(pM)

ro k k oH k
A - L) S (1 ek, ) o)

+ ARG (0511 C(D01) ) om) + AXSE (57 om) = 0, (5.7)

(GZI} - ena 909) + At)\geg (GZI%C( ?\/—f’;p,l-fl)’gpe) =0. (58)
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Algorithm 1. Semi-implicit scheme for (5.1).

Input: ¢Toa ¢Noa ¢0'05 ¢M0 ) 00) At, Ta TOL
Output ¢Tn ) /’LTH d)N.,L ) ¢€7n ) ¢Mn ) e’ﬂ fOI' a'H n
n=20

t=20
while ¢t <T do
0
BTy = BT BNy = ONws Boss = Gons S,y = OM,0s Or = On

while mam||¢>§+j1 — ¢, | > TOL do

k _
¢T ¢Tn+1» ¢Nn+1 ¢N +1a ¢UV,L+1 (ZSO'n_;,_lv ¢Mn+1 (ZSMn-J—l’
TL+1 - n+1

solve qbg +1 using (5.3), given d)an,qﬁ%nﬂ,qﬁ]fvnﬂ
’%jil, uﬁill using (5.4) and (5.5), given

k k+1
¢Tn7 ¢Tn+1 ) ¢Nn+1 ) ¢0n+1 3 en-i-l

solve ¢

k+1 . . k1 k+1
solve ¢y ° | using (5.6), given NP1, L Ponin
k+1 . . E+1 k+1
solve ¢Mn+1 using (5.7), given ¢y , Tn+1’¢0n+1’ 1

solve Gf:'_i using (5.8), given Gn,qﬁﬁ/‘[:lﬂ

k—k+1
end

_ k+1 _ o k+1 k41
¢Tn+1 - (ZST +1’ ,un-i-l - lu’n+1’ ¢Nn+1 - ¢Nn+1
k+1 k+1
¢U71,+1 ¢0'n+17 ¢Mn+1 = ¢]\2_ nt1’ 'I’L+1 = enil
n—n+1
t—t+ At
end

We implemented Algorithm 1 in libMesh,3? an open-source computing platform
for solving partial differential equations using finite element methods. We use this
implementation to obtain the numerical results as follows.

6. Numerical Simulations

In this section, numerical approximations of the growth of the tumor volume frac-
tions ¢ and the simulation of the other variables in the local and nonlocal model
(4.2) obtained by implementing Algorithm 1 are presented. We present a numeri-
cal experiment of the local model both in two and three dimension in the domain
Q= (-1,1)% d € {2,3}. Afterwards, we compare the growth of the tumor volume
fraction in the local and nonlocal model in two dimensions.
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We impose for the nutrient concentrations an inhomogeneous Dirichlet boundary
condition at z1 = 1, namely ¢, = 1. This is a slight modification to the analyzed
model in Sec. 4, but the existence proof can be adapted in a straightforward way,
see Ref. 21.

We choose for the parameters in our system (4.2) the dimensionless values

ep =0.005, xc =0, xg =0.001, 6,=001, &7 =0,
APIO — 9 AZPO — 0.005, A2 =0, Avn =1, Ast — 0,
ec T ec d Ea
Agee — 1, A0 =1, Adee = 0.1, A =1, FE =0.045,
oy =06, oyy=044, Mp=2, D, =0.001, Dy =0.1.

6.1. Local model in two dimensions

In Fig. 1, the computed simulations of the volume fractions of tumor cells (¢7),
necrotic cells (¢xn) and viable cells (¢y) for a local model in a two-dimensional
domain are shown at four different time points ¢ € {0,5,10,15}. For the initial

t=0 t=5 t =10 t=15
d)N ..--
|

0 0.5 1

or

ov

Fig. 1. Simulation of the volume fractions ¢, ¢n, ¢y in the local model in the 2D domain
Q = (—1,1)?; the evolution of the tumor, necrotic and viable cells is shown at the times t €
{0, 5,10, 15}.
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conditions, we start off from a small circular concentration of tumor cells without
a necrotic part, that means ¢ = ¢y at t = 0.

In the first row of Fig. 1, one observes that the tumor volume fraction ¢
evolves towards the nutrient-rich part of the domain, see also Fig. 2 below for the
simulation of ¢,. As the transition between tumor phenotypes is guided by the
nutrient concentration, the necrotic concentration increases in the nutrient-poor
region, see the second row in Fig. 1. Moreover, in the third row in Fig. 1, the viable
tumor cells, responsible for the tumor growth, are concentrated closer to the right
side of the domain, which is the region with higher nutrient concentration.

In the first row of Fig. 2, the ECM density (6) is degraded over time by the
matrix degrading enzymes (¢ps). These enzymes are released by the tumor cells,
mainly at regions with low nutrient and high ECM density. The nutrient concentra-
tion decreases as the tumor grows, with a higher value of ¢, towards the boundary
on the right-hand side of the domain Q = (—1,1)2, due to the imposed Dirichlet
boundary condition ¢, =1 at z1 = 1.

6.2. Local model in three dimensions

The simulation of the ECM density in the three-dimensional domain = (—1,1)3
at the times t € {8,11} is illustrated in Fig. 3. Additionally, an isosurface of the
tumor volume fraction ¢ at 0.7 is shown in the same plots.

At time t = 0, the top part of the domain has a higher ECM density § = 1 than
the lower part with 8 = 0.5, similarly to the initial data in the two-dimensional

t=0 t=25 t=10 t=15

0 0.5 1

Fig. 2. Simulation of the ECM density 6 and the nutrient concentration ¢, in the local model
in two dimensions; their evolution is shown at the times ¢ € {0,5,10,15}.
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0 0.5 1

Fig. 3. Simulation of the ECM density 6 in the three-dimensional domain Q = (—1,1)3 together
with the isosurface of the tumor volume fraction ¢7 at 0.7, at the times t = 8 (left plot) and
t = 11 (right plot).

case, see Fig. 2. At t =8 and t = 11, one observes in Fig. 3 that the ECM density
has degraded around the tumor volume, similar to the two-dimensional case.

The evolution of the volume fractions of tumor cells ¢ and necrotic cell ¢ in
the three-dimensional case is depicted in Fig. 4 below. As initial data we take two
separated elliptic-shaped tumor volume fractions, which start to connect at ¢t = 5.
At the initial time there are no necrotic cells. They begin to form at ¢ = 6.5 and
already inhabit a large portion of the tumor volume fraction at ¢t = 11, as seen in
Fig. 4.

6.3. Comparison to the nonlocal model

In this section, we compare the simulation of the tumor volume fraction ¢ in
the local and nonlocal model (4.2), that means in the local model we choose for
the adhesion flux Jj,c = xgov VO and for the nonlocal model Jyonioe = XHOVE *
6, as introduced in (2.5). In the case of the nonlocal adhesion-based haptotaxis
effect, we have to select an appropriate vector-valued kernel function k. In the
existence proof of the nonlocal model we only had to assume k € L'(R?) and
no additional requirements on its representation. Following Refs. 7, 28 and 29,
we choose a kernel function k., ¢ > 0 indicating some parameter, such that it
approximates the gradient-based haptotaxis effect as ¢ — 0. See also Refs. 14 and
44 for different choices for nonlocal gradient operators.

In tumor growth models involving nonlocal cell-to-cell adhesion effects, it is a
standard procedure to replace the term e |Vér(z)[? in the Ginzburg-Landau free
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T1 Z1

To T2

Z1 X1

T2 Z2

X X1
X2 Z2
ér ON

0 0.5 1 0 0.5 1

Fig. 4. Simulation of volume fractions of tumor cells ¢ and necrotic cells ¢ in a three-
dimensional domain, the isosurfaces of 0.2 and 0.4 of each volume fraction at times t €
{3.5,5,6.5,8,9.5,11} are shown.

energy functional (2.4) by
1 @ = worte) - or)? dy (61)

As shown in Ref. 19, choosing J(z —y) = j9"x(0.11(7(z —y)|?) and letting j — oo,
one returns to the Ginzburg-Landau free energy functional, where the interfacial
parameter is expressed by €3 = 2 [o, J(|2|?)|z|?dz. Therefore, one can interpret
the classical Cahn—Hilliard equation as an approximation of its nonlocal version.
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Taking the Gateaux derivative of the nonlocal energy functional results in the
chemical potential p. In particular, the term in (6.1) becomes

¢T'J*]-_J*¢T,

instead of —e2.A¢r in the case of the local Ginzburg—Landau free energy functional.
This suggests for the gradient operator the following approximation:

E®0(x):=(kx6)(x)—0(z)- (kx1)(z)

_ / Kz — )(0(y) ~ O(x))dy
~ / k(x = y)(VO(@) - (y - 2))dy

= V0(0) [ (v=2) ko~ 1)y
- Vo),

where we chose k such that zk(—z) is a Dirac sequence with the typical property
Jga Tk(—z)dz = 1. We impose the representation

k(z) = —w(e)zx(o,e (17]o0), (6.2)
which gives in the two-dimensional case

[k —wte) [ [ @+ aaide — w3t
R?2 —eJ—¢

and defining w(e) = 3e7* yields the desired normalization property.
Note that k(x) = —w(e)xX|0,¢](|Z]cc) is an odd function and therefore,

( * 1)(z) = / hr—y)dy =0,

and we can write k ® 0 = k x 6.

In the following, we numerically investigate the effects of the different haptotaxis
parameters x g on the growth of the tumor volume fraction. We distinguish between
three different values for xz, xg € {5-107%,1073,2-1073}. We can observe in Fig. 5
that a lower haptotaxis parameter results in a more circular shape than for a higher
XH, e.g. for xg = 1073, we see that the tumor shape forms a bump at the vertical
axis. Moreover, we compare the local gradient-based (¢ = 0) and the nonlocal
adhesion-based haptotaxis effect, for which we select e € {2.75-1072,5.25 - 1072}
in the definition of the kernel function (6.2).

The larger ¢, the less sensitive the results are on the three considered values for
Xxz- However as we can see in the last column in Fig. 5, different (e, x) pairings
can also yield quite similar results. A larger € requires a larger yg to show similar
effects as a pairing with smaller ¢ and g values.
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g = 0.0005  xu =0.001 i = 0.002 different vz

0.0015
0.0025

0.0030

. i | -1

0 0.5

Fig. 5. Simulation of the tumor volume fraction ¢ for three different haptotaxis parameters
xz € {5-107%,1073,2- 1073} and different kernel functions k. for ¢ € {e1,e2,e3} := {0,2.75 -
1072,5.25 - 1072} for a fixed time ¢t = 12; also three different parameters x g are selected such
that the shapes are in accordance with each other.

The larger xp, the more the local and nonlocal model differ from each other.
This results from the fact that for € > 0 in the nonlocal model terms involving &2
play a more significant role.

7. Concluding Comments

In this study, we have presented and analyzed new local and nonlocal mathematical
models of growth and of invasion of tumors in healthy tissue that depict the erosion
of the ECM by MDEs and the affects of long-range interactions such as cell-to-cell
adhesion. Under reasonable assumptions on the forms of the total energy of the
system, potentials, and cell mobility behavior, we proved the existence of solutions
to systems of phase-field models characterized by nonlinear integro-partial differen-
tial equations derived using the balance laws of mechanics and principal biological
mechanisms know to control the growth and decline of tumor masses. The results of
several numerical experiments based on two- and three-dimensional finite element
approximations of the models are presented which demonstrate that the models
provide realistic simulations of the effects of nonlocal interactions and MDE con-
centrations on erosion of the ECM and corresponding invasion of tumor cells for
various distributions of nutrient concentration.
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Appendix A. An Existence Result for
Integro-Differential Equations

We study the initial value problem for integro-differential systems in the form

{a:'(t) = f(t,@ (), Ka (D)), 1)
z(0) = xo,
where f € C([0,T] x R™ x R™;R"), fo ))ds, and prove a local

existence theorem. To this end, we employ the Schauder ﬁxed point theorem; see,
e.g. Theorem 3 in Chap. 9.2 in Ref. 18. The proof below can be considered as an
extension of the Cauchy—Peano theorem and Theorem 1.1.1 in Ref. 34, where a
similar integro-differential equation is considered. We note that since f is continuous
on [0,T] with respect to ¢, (7.1) can be equivalently rewritten as

£(t) = o + / f(s,2(s), K (s))ds,
for t € [0, 7.

Theorem 7.1. (Local existence of solutions of (7.1)) Let f € C([0,7] x R™ x
R™ R™) and k € C([0,T] x R*;R™). Then the initial value problem (7.1) has a
solution  on the interval [0,T] for some T € (0,T).

Proof. The proof follows the general outline of Theorem 1.1.1 in Ref. 34. Let b > 0.
The continuous function & is bounded on the compact set D = [0,7T] x By(x0),

k(t,z)| < Ck, (t,x) € D.

Here, Eb(l'()) denotes the closed ball around z¢ with radius b in the Euclidean norm.
We then have the estimate

K0(s) < [ Iblo,6(o)ldo < TCo =
Therefore, f is a continuous function on the compact set D = [0, 7] x By (x0) X B (0).
Then there exists 0 < 'y < oo such that
[f(y)| <Cy forally e D.
At this point, we introduce the space
Y ={¢ € C([0,TR") : $(0) = z0 and ||¢ — 20]|ec < b},

for T = min{T,b/C}}, where |z/o0 = max, ., 7 |(t)| for = € C([0,T); R™). This

particular choice of T will be justified below.
Let ¢ € Y. We consider the mapping 7 : ¢ — w such that

wit) == To(t —xo+/f Ko(s))ds (72)
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where ¢ € [O,’f |. We intend to prove that 7 is a continuous self-mapping on the
compact and convex set Y, which yields the existence of a fixed point ¢ € Y of T
on account of the Schauder fixed-point theorem.

Firstly, we prove that the convexity of Y holds. For arbitrary ¢,v € Y, and
A € [0,1], we have Mg + (1 — N)yp € C([0,T];R™) and Ap(0) + (1 — A)p(0) = .
Furthermore, it holds that

[A@ + (1 = At = zolloo = (¢ — 20) + (1 = A) (¢ — m0)[loc < AD+ (1 = A)b=0D.

Secondly, we show the compactness of Y by employing the theorem of Arzela—
Ascoli; see, e.g. Theorem 4.25 in Ref. 6. For all ¢1,t2 € [0, 7], we have the uniform
equicontinuity of T,

to

To(t) — To(tr)] < / 1£(5,8(5), K(s))|ds < Clta — ta].

Thirdly, we prove that 7 is a self-mapping, i.e. T¢ € Y for ¢ € Y. We have
T$(0) = w(0) = x¢ by definition of 7. Thanks to our choice of T', we can conclude
that

To(t) — z0| < /0 (5, 6(s), Ko(s))lds < TCy < b,

for all t € [0, 7).
Finally, we show the continuity of 7. Let £ > 0 and ¢, € Y be arbitrary. Since
f is uniformly continuous on the compact set D, there exists a § > 0 with

[0(s) = ()| + [K(s) — Kip(s)| <6,

such that

1£(5,6(5), K(s)) — f(s,00(s), Kb(s))| < %, (7.3)

holds true ~for all s € [0, T] Moreover, k is uniformly continuous on D and hence,
there is a 6 > 0 with |¢(s) — ¥ (s)| < & such that

K6(s) ~ K(s)] < 3.

which remains true for |¢(s) — ¢(s)| < min{0,8/2} =: 4. Hence, we have derived
the existence of a parameter § > 0 with |¢(s) —(s)| < § such that (7.3) is fulfilled.
Therefore, we conclude

1T¢ = Tillo <e,

which completes the proof. O
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Analysis of a new multispecies tumor growth model coupling
3D phase-fields with a 1D vascular network

Marvin Fritz, Prashant K. Jha, Tobias K&ppl, J. Tinsley Oden, Barbara Wohlmuth

The major purpose of this research is to offer a holistic approach to tumor growth
that includes analysis and numerics of a novel model of mathematical oncology. The
model depicts [ECMI degradation, interstitial flow, and the influence of vascular flow
and nutrition delivery on the growth of tumors. One-dimensional equations are used to
model flow and transport mechanisms in the vasculature feeding healthy and malignant
tissue. We establish a new 3D-1D coupled model that has not previously been studied
and examined in the literature. The transport and flow processes are combined with
cell-species models on a three-dimensional domain. For the modeling and prediction of
tumor growth, mathematical analysis and numerical treatment of the system of
are useful methods. We apply the Faedo—Galerkin approach and compactness theorems
to conduct a rigorous analysis and prove the existence of weak solutions. Due to the
unusual nonlinear coupling of the equations and non-standard function spaces, the
analysis is not done in a straightforward manner. For the solution tuple, we also derive an
energy inequality. A combined finite element/volume technique is used in our numerical
treatment. Several numerical experiments in three dimensions are used to demonstrate
the evolution of the tumor and the stratification into its proliferative, hypoxic, and
necrotic phases. Section 2 introduces the 3D tissue domain, the 1D network domain,
and the constituents in the multispecies phase-field model, among other components
of the entire model. The controlling [PDEk are derived from balance laws and the
Ginzburg-Landau free energy functional. The resultant model is a nonlinear coupled
system of [PDEk with a high degree of nonlinearity and mixed-dimensional coupling.
We introduce the cylinder surface I' and propose a mixed-dimensional coupling through
the 2D surface in order to avoid the high-dimensional gap. Section 3 introduces certain
analytical preliminaries such as Sobolev embeddings and interpolation inequalities in
Bochner spaces that will be utilized in the subsequent sections. In Section 4, we give
a theorem stating the existence of weak solutions to the coupled nonlinear 3D-1D
model under some given assumptions. We prove the theorem in Section 5 using the
Faedo—Galerkin approximation and compactness approaches. Finally, in Section 6, we
present numerical data indicating tumor cell development inside a tissue with a vascular
network.

I was heavily involved in the generation of concepts and was principally responsible
for establishing the mathematical framework and carrying out the analytical effort
described in this paper. I took charge in the implementation of the 3D model and the
co-authors handled the coupling to the 1D constituents in the code. I was in charge of
writing the article, while the co-authors helped by making revisions.
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ARTICLE INFO ABSTRACT

Article history: In this work, we present and analyze a mathematical model for tumor growth
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Galerkin method

1. Introduction

We develop and analyze a mathematical model of vascular tumor growth designed to simulate abstractions
of many of the key phenomena known to be involved in the growth-decline of tumors and therapeutic
treatment in living tissue. The complex vascular structure of tissue and the network of blood vessels sup-
plying nutrients to a solid tumor mass embedded in the tissue are modeled as a network of one-dimensional
capillaries within a three-dimensional tissue domain, while the growth of the tumor is represented by a
phase-field model involving multiple cell species and other constituents. Our tumor models may be regarded
as mesoscale depictions of physical and biological events employing continuum mixture theory to construct
general forms of the Ginzburg—Landau—Helmholtz free energy of biological materials in terms of volume
fractions or mass concentrations of the cell phenotypes and principal mechanical and chemical fields. The
equations governing the tumor growth are derived from the balance laws of continuum mixture theory as
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in e.g. [1-5], and representations of the principal mechanisms governing the development and evolution of
cancer [5,6]. In the tissue containing the tumor cells, the microvascular network is represented by a graph
structure with 1D filaments through which nutrient-containing blood may flow. The exchange of nutrients
between the network and tissue is depicted by a Kedem—Katalchsky type law [7]. We briefly describe the
construction of approximations of these models, see also [8-13].

There is a significant and growing volume of published work on various aspects of this subject. Continuum
mixture theory as a framework for developing meaningful models of materials with many interacting
constituents is proposed in [3-5,10,14,15]. Of particular interest are the comprehensive developments of
diffuse-interface multispecies models described in [16,17], the four- and ten species models presented in [5,14],
and the multispecies nonlocal models of adhesion and tumor invasion described in [12]. The book compiled
by Lowengrub and Cristini [10] contains over 700 references to relevant cancer cell biology and mathematical
models of cancer growth. The complex processes underlying angiogenesis which are key to vascular tumor
growth present formidable challenges to the goal of predictive computer modeling. Angiogenesis models
embedded in models of hypoxic and cell growth or decline were presented in [5,16,18-22]. More recent
developments have included models of the vascular network interwoven in tissue containing solid tumors,
and the sprouting of capillaries in response to concentrations of various tumor angiogenesis factors so as
to supply nutrients to hypoxic tumor cells. Such network-tissue models are discussed in [18,23,24]. These
models generalized the lattice-probabilistic network models of [25].

This article is organized as follows: In Section 2, we introduce various components of the complete
model, such as the tissue domain, the 1D network domain, the species in the multi-species phase-field
model. Further, we present the governing partial differential equations. The resulting model is a highly non-
linear coupled system of partial differential equations. We give some analytical preliminaries in Section 3,
e.g. Sobolev embeddings and interpolation inequalities in Bochner spaces, which will be used in the following
sections. In Section 4, we state a theorem for the existence of weak solutions of the coupled non-linear 3D-1D
model under certain given assumptions. In Section 5, we give the proof of the theorem via the Faedo—Galerkin
approximation and compactness methods.

2. Derivation of the model
2.1. Setup and notation

We consider a region of vascularized tissue in a living subject, e.g., within an organ, which is host to
a colony of tumor cells and other constituents that make up the so-called microenvironment of a solid
tumor. The tumor is contained in an open bounded domain 2 C R? and is supported by a network
of macromolecules within {2 consisting of collagen, enzymes, and various proteins, that constitute the
extracellular matrix (ECM). We focus on developing phenomenological characterizations of the evolutions
of the tumor cell colony that attempt to capture mesoscale and macroscale events.

The primary feature of our model of tumor growth is that it employs the framework of continuum mixture
theory in which multiple mechanical and chemical species can exist at a point « € {2 at time ¢ > 0. Thus, for a
medium with N interacting constituents, the volume fraction of each species ¢, 1 < a < N, is represented
by a field ¢, with value ¢4 (t,z) at x € 2, and time ¢t > 0, and > ¢o(t,z) = 1. Setting o = 1 = T,
the volume fraction of tumor cells ¢r(t,z) is understood to represent an averaged cell concentration, a
homogenized depiction over many thousands of cells, since in volumes as small as a voxel in modern tumor
imaging techniques, 4 — 5 x 10* cells can exist.

We could also develop equivalent models in terms of mass concentration, ¢, = pa®a, po being the mass
density of species a. Moreover, we assume that p, = pp = constant, 1 < a < N, and thus, C, and ¢4

2
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(a) Sketch of the domain £ containing a 1D network A. (b) Tumor core surrounded by a network

Fig. 1. Setup of the domain 2 with the microvascular network A = UA; and a tumor mass, which is composed in its proliferative
(¢p), hypoxic (¢y) and necrotic (¢n) phase (left). Three dimensional presentation of a given tumor core surrounded by a capillary
network (right).

are up to a fixed scaling equivalent. This simplification is regarded as a reasonable assumption in many
investigations since the mass densities of species are generally close to that of water at room temperature.

As another important feature of our model, we depict the evolving interfaces in which a smooth boundary
layer exists and which is defined intrinsically as a feature of the solution of the forward problem. This feature
is a property of phase-field or diffuse-interface models and avoids complex interface tracking while producing
characterizations of interfaces between cell species which are in good agreement with actual observations (see
Fig. 1).

Moreover, we consider a one-dimensional graph-like structure A inside of {2 forming a microvascular
network. The single edges of A are denoted by A; such that A is given by A = Uivzl A;. The edge 4; is
parameterized by a curve parameter s;, such that A; is given by:

Ai={zel|x=A(s;)) =xi1+si- (Ti2—xin), si €(0,1)}.

Thereby, z;1 € 2 and z;2 € {2 mark the boundary nodes of A;, see Fig. 2. For the total 1D network
A, we introduce a global curve parameter s, which has to be interpreted in the following way: s = s;, if
x = A(s) = A;(s;). At each value of the curve parameter s, we study 1D constituents, which couple to their
respective 3D counter-part in §2. In order to formulate the coupling between 3D and 1D constituents in
Sections 2.3 and 2.4, we need to introduce the surface I' of the microvascular network. For simplicity, it is
assumed that the surface for a single vessel is approximated by a cylinder with a constant radius, see Fig. 2.
The radius of a vessel that is associated with A;, is given by R; and the corresponding surface is denoted by
I';. In fact, I'; is the surface of the cylinder whose center line is given by A;, i.e.,

Iy ={x € 2| dist(z, A4;(s;)) = Ri, s; € (0,1) }.
According to the definition of A, the total surface I' is given by the union of the single vessel surfaces,
ie, I'=UN, I.

2.2. Constituents

After introducing the domains on which the 1D and 3D models are defined, we describe in a next step
all the dependent variables occurring in our model.
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(a) Outline of a blood vessel network (b) Approximation of the blood vessels by cylin-
ders with a constant radius

1

[ ]
..

(c) Reduction to a 1D graph-like structure (d) Notation related to a single vessel

Fig. 2. Modeling a blood vessel network (A) by means of a 1D graph-like structure (c). At first the surface of the blood vessels is
approximated by cylinders with constant radius whose surfaces are denoted by I';, see (B). Then, the blood vessels are lumped to the
center lines A; of the cylinders.

The tumor cell’s field, ¢ = ¢7(¢,x), can be represented as the sum of three components, ¢y =
¢p + ¢u + ¢n, where ¢pp = ¢p(t,z) is the volume fraction of proliferative cells, ¢y = ¢du(t,x) that of
hypoxic cells, and ¢ = ¢n(t,x) is the volume fraction of necrotic cells. Proliferative cells are those which
have a high probability of mitosis, division into twin cells, and to produce growth of tumor. Hypoxic cells
are those tumor cells deprived of sufficient nutrient (e.g., oxygen) to become or remain proliferative and
necrotic cells have died due to the lack of nutrients. The local nutrient concentration is represented by a field
o = Po(t, ). The tumor cells response to hypoxia (e.g., low oxygen), i.e., ¢, is below a certain threshold,
by the production of an enzyme (hypoxia-inducible factor) that accumulates and increases cell mobility and
activates the secretion of angiogenesis promoting factors characterized by another field, ¢rar = ¢rar(t, ),
tumor angiogenesis factor. Of several such factors, that most frequently addressed, is VEGF, Vascular
Endothelial Growth Factor, which induces sprouting of endothelial cells forming the tubular structure of
blood vessels, the lumins, which grow into new vessels that supply nutrient to the hypoxic cells. In this
article, we treat a stationary network of endothelial cells and neglect the sprouting.

Moreover, at lower oxygen levels the hypoxic cells release matrix-degenerative enzymes such urokinase-
plasminogen and matrix metalloproteinases, labeled MDEs, with volume fraction denoted by ¢ypr =

4
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dmpEe(t, ), that can erode the extracellular matrix, whose density is denoted by ¢penmr = ¢renm (t, x), and
make room for invasion of tumor cells, increasing ¢ in the ECM domain and increasing the likelihood of
metastasis. Below a certain level of nutrient, or sustained periods of hypoxia, cells may die and enter the
necrotic phase represented by the field ¢ . In many forms of cancer, necrotic cells undergo calcification and
become inert and can be removed as waste from the organism.

On the one-dimensional network A, we consider the constituents ¢, = ¢, (¢, s) and v, = v,(t, s), which
represent the one-dimensional counter-part of the local nutrient concentration ¢, and the volume-averaged
velocity v. In addition, we consider both in the vascular system and the tissue domain pressure variables
that are denoted by p, and p, respectively. The different constituents are coupled by the source terms of the
different partial differential equations governing the behavior of the constituents.

For convenience, we collect the constituents within the following 7-tuple:

¢ = (0P, PH, ON, G0, OMDE, OTAF, PECM) = (Da)acA,

where A = {P,H,N,0, ECM,MDE ,TAF}, and further, we distinguish between the tumor phase-field
indices CH = {P,H, N}, the reaction—diffusion indices RD = {0, MDE,TAF} and the evolution index
{ECM}, which corresponds to an abstract ordinary differential equation.

2.3. Three-dimensional model

The constituents ¢, o € A, are governed by the following mass balance law, see e.g., [5,26],

8t¢oe + diV((baUa) = 7diV']a(¢) + Sa(¢)v (1)

for all « € A, where v, is the cell velocity of the ath constituent, and S, describes a mass source term
depending on all species ¢. Moreover, J, denotes the flux of the ath constituent, which is given by

Jo(@) = =ma(P)Vpa.- (2)
Here, p, denotes the chemical potential of the ath species and m, the mobility function of it. In our
applications, we consider the mobilities
Ma(@) = Mady (1= ¢a)’ls, o €CH,
mp(P) = Mglq, B € RD,
mecm (@) = 0,

where M, are mobility constants and I is the (d x d)-dimensional identity matrix. Especially, we choose
mpey = 0 in accordance to the non-diffusivity of the ECM, see [27]. Following [5,14,16,26], we define the
chemical potential as

_ 0&(9)

Hao = S
«
where §€/8¢, denotes the first variation (Gateaux derivative) of the Ginzburg-Landau-Helmholtz free
energy functional,

e@ = [ {#oromom+ ¥ % 296u + 3 D26 (to tvimen) X G} ()

a€CH BERD ac{P,H}

Here, x. is the chemotaxis parameter, see [28], x, represents the haptotaxis parameter, see [12,29], and &,
a € CH, is a parameter associated with the interface thickness separating the different cell species. Lastly,
¥ represents a double-well potential, e.g., it can be of Landau type, where we mention the three possibilities

U(pp, du, on) = Cupd(l — ér)%,
U(pp, ¢, dn) = Cupdp(1— dp)* + Cupydf (1 — du)* + CuydX (1 — én)? + Cupdt (1 — é7)?,

U(pp,dr, on) = Cupdp(l — ¢7)? + Cupydf (1 — ¢7)* + Cuydn (1 — é7)3,
5
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where Cy,, are appropriate prefactors. Alternatively, one can also select a logarithmic potential of Flory—
Huggins type, e.g., see [30,31],

U(op, om,¢n) = Cupdplogpp + Cuydulogdn + Cuydnlog oy + Cuy (1 — ¢7) log(l — ¢r)
+ % (Copdp(1 —¢p) +Cuydu(l—dn) + Coydn(l — on) + Cupdr(1— 1)) .

Lastly, we also mention potentials, which are used for abstract multiphase models, see [15],

U(pp, b, on) = Cupdpds + Cuydh 0% + Cuy 03 0P,
The chemical potentials read

fia = 0o U(¢p, 01, ON) — €5 Aba — Xebo — XndEOM, « € CH\{N},
g = Dpgp, B € RD\{o},
un =0y U(dp, ou, oN) — 5 AdN, (4)
to = Dodo — Xc(dP + On),
pecm = —Xn(¢pP + On).

The necrotic cells are non-moving and only gain mass from the nutrient-lacking hypoxic cells. Therefore,
the mobility of the necrotic cells is set to zero. Consequently, we have my = vy = 0. Consequently, inserting
(2) and (4) into the mass balance equation (1), we arrive at the equations for (¢ )accn

Oidpp + diV(qf)pU) = diV(mP(qb)V/Jp) + Sp((ﬁ),
p = 0pp (PP, ¢1, oN) — €pAdp — Xebo — XnbEOM

Ocpn + div(gpv) = div(mu(#)Vun) + Su(@), (5)
i = O0py V(op, dm, ON) — €1 AbH — Xebo — XnbECM,
Orpn = Sn ().

Further, we propose the source functions

Sp(@) = Appsdp(1 — ¢1) — Aadp — ApaH(0PH — $0)PP + AupH(bo — OHP)PH,

Su(@) = Ap, do®u (1 — ¢7) — Aa, d15 + ApaH (0P — ¢0)dp — AP H (D0 — OHP)OH
— AunH(ouN — ¢o)PH,

Sn(@) = AunH(oun — ¢o)dm-

In (5), v = v, is a volume-averaged velocity for the fields ¢p and ¢p. In (6), Ap is the rate of cellular mitosis

(6)

of tumor cells, Ay and A4, are the apoptosis rates of the proliferative and hypoxic cells, respectively, Ap,
is the proliferation rate of hypoxic cells, Apgy the transition rate from the proliferative to the hypoxic phase
below the nutrient level opg, Agp the transition rate from the hypoxic to the proliferative phase above the
nutrient level ogp, and Agy the transition rate from the hypoxic to the necrotic phase below the nutrient
level oy . Finally, H denotes the Heaviside step function.

Related models of extracellular matrix (ECM) degradation due to matrix-degenerative enzymes (MDEs)
released by hypoxic cell concentrations and subsequent tumor invasion and metastasis are discussed
in [32-37]. Following these references, we introduce the equation for the ECM evolution,

Orppcm = Secm (D)
= —AEoMp PEoM PMDE + AEcMp Po (1 — dpem ) H(PECM — PECMP )

(7)

where Agcyr, is the degradation rate of ECM fibers due to the matrix degrading enzymes, and Apcprp, is
the production rate of ECM fibers above the threshold level ¢ gopg, for the ECM density.

6
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Further, for (¢3)serp we arrive at the following system of equations

Orpo + div(¢ov) = div(me (@) (Do Voo — X V(op + ¢m)) + S0 (@) + Sou(bo, Py vy o),
Ospmpre = div(mype(P) DypeV o vpe) + Supe(), (8)
Osprar = div(mrar (@) DrarVérar) + Star (),
with source functions
Sy (P) = =Appodp(l — ¢1) — Ap, Podu (1 — ¢17) + Aadp + Aa, du + Apcvp PECM P MDE
— Apomp 9o (1 — dpom ) H(dECM — PEOM, ),
OHP

Syvipe(P) = —AmpE, dMpE + AMpEp (9P + ¢H)¢E0Mm

Star (@) = Marp (1 — ¢1ar)duH(dH — dHp) — ATAFR, PTAF -

Here, AypE, and Arap, denote the decay rates of the MDEs and TAFs, respectively, Aypg, the production

(1 = ¢mpE) — AECMp PECM OMDE, ©)

rate of MDEs, and Arar, is the production rate of the ¢rar due to the release by hypoxic cells above a
threshold value of ¢f,. We note that the cell species ¢, o € {P,H, N,0, ECM}, form a mass conserving
subsystem in the sense that their source terms add to zero. The fields ¢ppr and ¢rar do not belong to this
mass exchanging closed subsystem system since they show natural degradation factors.

Additionally, we have introduced a source term S,, in (8) for the nutrient volume fraction ¢,, which
depends on the 1D constituents ¢, and p,, and therefore, this source term is responsible for the coupling
between the constituents in {2 and A. In particular, it governs the exchange of nutrients between the vascular
network and the tissue. In order to quantify the flux of nutrients across the vessel surface, we use the
Kedem-Katchalsky law, see e.g., [7],

Jau@m?, va;pv) = (1 - TU)JpU(ﬁ;pv)ng + La(¢v - 50)’ (10)
where J,, represents the flux of nutrients between the vascular network and the tissue. The Kedem—
Katchalsky law (10) consists of two parts: The first part quantifies the nutrient flux caused by the flux
of blood plasma Jp, from the vessels into the tissue or vice versa. It is determined by Starling’s law, which
is given by the pressure difference between p, and p weighted by a parameter L, for the permeability of the
vessel wall,

Jpv(ﬁapv) = Lp(pv - T?) (11)
Here, p denotes an averaged pressure over the circumference of cylinder cross-sections. For each parameter s;,

we consider a point on the curve A;(s;). Around this point a circle Bg, (s;) of radius R; and perpendicular
to A; is constructed and the tissue pressure p is averaged with respect to OB, (s;),

1 /
p(si) = pr(x)dS.
(5:) 2T R; OB, (si) ir(®)

From a physical point of view, the averaging reflects the fact that the 3D—-1D coupling is a reduced model,
whereas in a fully coupled 3D-3D model, the exchange occurs through the surface.

In order to account for the permeability of the vessel wall with respect to the nutrients, Jp,¢% is weighted
by a factor 1 — r,, where r, is considered as a reflection parameter. The value of ¢Y is either set to ¢, or

¢, depending on the sign of Jp,,
¢U _ {¢va Pv 2> D,y

Gy DPv <D-
The second part of the law (10) is a Fickian type law, accounting for the tendency of the nutrients to balance

out their concentration levels. Again, the 3D quantity ¢, has to be averaged such that it can be related to

the 1D quantity ¢,
_ 1

5,60 = 5o | eelr@)ds

7
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The permeability of the vessel wall is represented by another parameter L.

Since the exchange processes between the vascular network and the tissue occur at the vessel surface I', we
concentrate the flux J,,, by means of the Dirac measure dr, i.e., with the distributional space D’ = (C2°(2))’
we define

(6r, o)prxp = / olr(x)dS for all ¢ € D.
r

This yields the following source term in (8),

Sav(¢oyp7 vaapv) = JO"U(¢O’7Pa ., prv)(sfv

where Il € L(L?(A); L3(I')) is the projection of the 1D quantities onto the cylindrical surface I' via
extending the function value IIr¢,(s) = ¢, (s;) for all s € IBg, (s;). In particular, we have

/ IIré,(x)dS = 27 Riry (51).
OB, (i)

We assume a volume-averaged velocity v for the proliferative cells, hypoxic cells, and the nutrients. This
assumption of a volume-averaged velocity is reasonable since the cells are tightly packed. Therefore, we
assume v to obey the compressible Darcy law

v = 7K(Vp - Sp(¢7 Hp, ,U'H))7
—le(KVp) - Jpv(p, Hva)5F - le(KSp(¢7 Up, ,U‘H))v
where K > 0 is the permeability and J,, (p, IIrp,)dr models the flux between the vascular system and the

(12)

tissue. Moreover, the source S, is assumed to represent a form of the elastic Korteweg force, e.g., see [30],
and we correct the chemical potential by the haptotaxis and chemotaxis adhesion terms as done in [15],
giving
Sp(@,np,pm) = —(Vip + X Voo + xnVorenm)op — (Vim + X Voo + xnVdrcn)pm. (13)
Collecting (5)—(12), we arrive at a model governed by the system,
Odp + div(gpv) = div(mp()Vup) + Sp(d),
pp =0, ¥(dp, dr,on) — EpAdp — Xcbo — XnbBOM
O¢u + div(¢pv) = div(mu (@)Vin) + Su(),
pg = 0y, V(op, om, dn) — €11 APH — Xebo — XnbECM,
don = Sn (),
Orpo + div(gv) = div(me(¢)) (Do Voo — X V(0P + ¢r)) + So (D) + Jou(@o, P, Hrdw, Hrp,)or,  (14)
Oprvpr = div(mype (@) DupeV éupe) + Supe(P),
Ordprar = div(mrar (@) DrarVérar) + Star (@),
Orvrom = Seom (),
v=—K(Vp—Sy(¢,up, 1)),
—div(K'Vp) = Jpu(p, Hrpy)or — div(K Sy (@, pp, pu)),

in the time-space domain (0,T") x {2 with source functions Sp, Sy, SN, So, Smpe, STAF, SECM, Sp, recall (6),
(9) and (13), with properties laid down in Assumption 1 of Section 4. We supplement the system with the
following boundary and initial conditions,

Ma(P)Ontia — Pav -1 = mg(P)Onds = Ondy =0 on (0,T) x 912,
P =po 0on(0,T)x I2p,
Onp =0 on(0,7) x 02\02p,
#5(0) = ¢s0 in £2,
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for o« € {P,H}, B € RD, vy € CHU{ECM}, and 6 € A. Here, ¢5, are given functions with regularity as
in Assumption 1 of Section 4, 9, f = Vf - n denotes the normal derivative of a function f at the boundary
0f2 with the outer unit normal n and 9f2p is a part of the boundary with positive measure representing an
inlet where the pressure is set to the time-dependent function p., : (0,7) x 2 — R.

2.4. One-dimensional model for flow and nutrient transport in the vascular network

Since the vascular network typically forms a system of small inclusions, we average all the physical units
across the cross-sections of the single blood vessels and set them to a constant with respect to the angular
and radial component. This means that the 1D variables ¢, and p, on a 1D vessel A; depend only on s;. For
further details related to the derivation of 1D pipe flow and transport models, we refer to [38]. Accordingly,
the 1D model equations for flow and transport on A; read as follows,

8t¢’v + asi (UU¢U) = 881' (mv(¢v)Dvasi¢u) - QWRiJUv(¢J7ﬁ7 (bvapu)a
- asi (Rz‘zﬂ-Kv,i asipv) = _QWRinv(ﬁv pv)'

As in (14), the fluxes J,, and J,, account for the exchange processes between the blood vessels and the
2

(16)

R: L
S where py; represents the viscosity of blood.

For convenience, we fix it to a constant value, i.e., the non-Newtonian behavior of blood is not considered

tissue. The permeability is given by the relation K, ; =

in this work. The diffusivity parameter D, is the same as the one of the nutrients in the blood. The blood
velocity v, is calculated as follows via a Darcy-type model,

v, = —RITK, 05, .

In order to interconnect the different solutions on A; at inner networks nodes on intersections z € 94;\04,
we require the continuity of pressure and concentration as well as the conservation of mass to obtain a
physically relevant solution. To formulate these coupling conditions in a mathematical way, we define for
each bifurcation point z an index set N(z) C {1,...,N}:

N(z)={i| z€d;, ie{l,...,N}}.
Using this notation, we have for p, and ¢, four different coupling conditions at an inner node x € 04;:

1. Continuity of p,:
pv’Ai(m) :pv|Aj(m) for all j € N(z)\ {i}.

2. Mass conservation with respect to p,:
B R?TF Opy
8pn1 0s;

JEN(z) Aj

3. Continuity of ¢,:
¢“|Ai(x) = ¢v|Aj(w) for all j € N(z)\ {i}.
4. Mass conservation with respect to ¢,:

Oy
Z ) <Uv¢v - mv(¢v)Dv asj)

JEN (z

(x) = 0.
A~

J
Further, we decompose the boundary of A into a Dirichlet boundary d4p and a Neumann boundary 04y
such that 94 = dAp UIAN. We introduce the inlet functions ¢, o, Py,0o : (0,7) — R on dAp and prescribe
the following boundary data for ¢, and p,,

(z)v - ¢v,oo = Pv — Pv,oo = 0 on (O,T) X 8/1[),

(17)
anA¢v = anAp'U =0 on (O,T) X 0An.

9
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3. Analytical preliminaries

Notationally, we equip the function spaces LP({2), LP(A), W™P(£2), W™P(A) with the norms |- [;p o),
| Iepay |- lwmaea) |+ lwmapa)- In the case of d-dimensional vector functions, we write LP(£2; R?) and in
the same way for the other Banach spaces, but we do not make this distinction in the notation of norms,
scalar products and applications with its dual.

Throughout this paper, C' < oo stands for a generic constant, which may change from line to line. For
brevity, we write z < y for x < Cy. We recall the Poincaré-~Wirtinger and Sobolev inequalities, see [39-41],

f = fQ‘L:D(_Q) < |Vf|LP(_Q) for all f € W'P(12),
flir) SIVFlioey  for all fe Wyt (92), (18)

Flymaa S Iflwk,p(m forall f € WHP(@), k=S zm-2 kzm,

where p,q € [1,00) and f, = il QI [ f(x) dz denotes the mean of f with respect to 2. Also, the last inequality

yields the continuous embedding Wk’p((l) Wma((2).

For a given Banach space X, we define the Bochner space, see e.g., [42],
T
LP(0,T; X) ={u: (0,T) = X : u is strongly measurable, / lu(t) % dt < oo},
0
where 1 < p < oo, with the norm ||ull},y = fo |u(t)[% dt. For p = oo, we equip L>(0,T; X) with the norm
[ull oo x = esssup,e (o, |u(t)| - Moreover, we mtroduce the Sobolev—Bochner space,
WYP(0,T; X) = {u € LP(0,T; X) : dyu € LP(0,T; X)}.

Let X, Y, Z be Banach spaces such that X is compactly embedded in Y, and Y is continuously embedded
in Z,i.e., X <Y < Z. In the proof of the existence theorem below, we make use of the Aubin-Lions—Simon
compactness lemma, see [43, Corollary 4],

LP(0,T; X) N WhY0,T; Z) < LP(0,T;Y), 1<p < oo,

L 0 (19)
L0, T; X)NW>"(0,T; Z) <= C°([0, T];Y), r>1,
where we equip an intersection space X NY with the norm || - || xny = max{|| - ||x, || - ||y }. Further, we make
use of the following continuous embeddings, see [44, Theorem 3.1, Chapter 1],
L20.T:Y)NH' (0,T5Z2) = C([0,T1:[Y, Z]12), (20)

L=(0,T:Y) N Cw([0,T]; Z) = Cu([0, T]Y),

where [Y, Z]; /2 denotes the interpolation space between Y and Z, see [44, Definition 2.1, Chapter 1] for more
details. Also, C,([0,T];Y) denotes the space of the weakly continuous functions on the interval [0, 7] with
values in Y.

We note the following special case of the Gagliardo-Nirenberg inequality, see [45, Lemma 11.2.33],

_ 1 1 o
‘f|Lp(9) S |f|?11(9)|f|1L2(ag) for all f € H'(£2), 5 T3 3 a€0,1],
which gives in a time-dependent setting, choosing oo = 2/q with ¢ > 2,
T T (1 )
Il rmcay = | 0Oy at S [ Ol g OI25)
r 2 2
= | )0y 15355 (21)
S Hu||i2(()7T;H1 HuHLoo 0,T; LZ(Q)

< (max{||u\|Loo<o,T;Lz<m>v lull 20,7101 2) D)
10
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In particular, it yields the continuous embedding

12 1
L>=(0,T; L*(2)) N L*(0,T; H'(2)) — L0, T; LP(2)), -+ =73
P 3q

We also make use of the classical Gronwall-Bellman lemma in the energy estimates to absorb solution-
dependent terms on the right hand side of the energy inequalities.

Lemma 1 (Grénwall-Bellman, cf. [45, Lemma I1.4.10]). Let uw € L*>(0,T), g € L*(0,T;R>0) and up € R.
If we have

u(t) < wug + /t g(s)u(s)ds  fora.e. t € (0,T),
0

then it holds u(t) < ugexp fo s)ds) for almost every t € (0,T).

4. Existence of solutions

In this section, we lay down some general assumptions on the model that are in force throughout this
paper. Under these assumptions, we state the definition of a weak solution, and we then state a theorem,
which provides the existence of a weak solution.

For simplicity, we write

SQZSQ(¢)7 ’I’)’Lg:mﬂ(¢))7 v = W(QZSP’QSH»QSN),
Jpv = qu(ﬁ7pv)7 Jpv,F = qu(pv Hva)7 Jav = Jav(agvﬁa ¢v7pu)a JJv,F = Jav(¢ovpv HF¢v7 Hva)v

where o € A and 8 € A\{N, ECM}. We introduce the scaled parameters R=2rR; and K, = RinK,; in
order to express the 1D model (16) in a shorter way. Moreover, we define the cut-off operator

C(z) = max{0, min{1, z}}. (22)
Moreover, we introduce the following abbreviations for frequently appearing function spaces,

V=H(2) = H=I*Q) — V' =(H(Q),

Vo=Hp(2) = H=L*2) = Vo’ = (Hp(2))',
W =w¥2(0) < =I%(0) < = (WH3/2(Q)Y,
X =H'(4) — Y =L*A) < = (H'(4)),
Xo=Hp(4) = Y=L*(4) <= Xg=(HpA),

where we have denoted the Sobolev space of vanishing trace on 02p C 992 by HL(2) = {u € H() :
ulon, = 0} and in the same way H}(A) = {u € H'(A) : ulspa,, = 0}. We equip these spaces of vanishing
trace with the norms |- |y, = [V |y and ||y = [Va- |y, respectively. Here, we use the notation V, for
the space derivative of the 1D fields.

The space W with the Lebesgue order 3/2 becomes useful in the application of the Holder inequality.

Indeed, we have the relation % = é + %, and therefore, we obtain

‘U@|L3/2(Q) < |U|L6(Q)|SO|H S lulylely forallueVipe H,

where we also applied the Sobolev embedding theorem V < L5(2) in the three-dimensional domain 2.
Hence, we have for all u, ¢ € V|

2/3
3/2
fuply = (Il ) + IV @) ) < Nl g2y + IV ) oy S lulylelys  (28)

where we used the Bernoulli inequality to obtain (a 4+ b)" < a” + b" with a,b > 0, r € [0, 1].

11
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Assumption 1.

(A1) 2 C R? is a bounded domain with C*!-boundary, 4 is a 1D structure as depicted in Fig. 2c, I is the
2D associated cylindrical surface, see Fig. 2d, and T' > 0 denotes a finite time horizon,

(A2) ¢oo € V forall « € CHU{ECM}, ¢po € H for all B € RD, ¢y € Y, ¢y o0, Pv.co € H(0,T) C
C([0,T)) and ps, € HY(0,T; H) N L2(0,T;V) C C([0;T); H),

(A3) Xe,xn >0 and e, Dg, Cy,K,, R> 0 for a € {P,H}, 3 € RD,

(A4) S, are of the form

Sa(@) =Y dyfan(®), o€ A{N,ECM},

vEA

Ss(@) = fs(9), B € {N,ECM},
Sp(p, p, pr) = —C(op)(Vip + X Vdo + XnVorcn)
—C(ou)(Vur +x.Voo + xnVorcn),

where fo, € Cy(RMI), f5 € Lip(RM) N PCY(RM), such that |fo|,|fs],0p,f3] < foo for all
aec A\{N,ECM}, B € {N,ECM}, v € A,
(A5) Jp, and J,, are of the form

Jpv(y17y2) = Lp(y2 - y1),
Jou(T1,Y1,22,Y2) = fa,v(xla‘T?)Jpv(ylayQ) + Lo (2 — 1),

where f,, € Cp(R?) such that |f, ()| < fx for all z € R? and Ly, L,, K > 0 are sufficiently small
in the sense that the prefactors in (53) are positive,

(A6) My € Cp(RMAD) such that 0 < mg < my(z) < My for all z € RAI for all a € A\{N, ECM},

(A7) ¥ € CY(R?) non-negative such that ¥(0,0,0) = ¥’(0,0,0) = 0, and there are constants Cu,,
j €{1,...,3}, such that for all (z,y,z) € R? it holds

U(z,y,2) > Cuy (2> + [y +12*) = Cps.
|02 ¥ (x,y,2)|, |0y ¥(x,y, 2)|,|0: ¥(x,y, 2)| < Cuy(1+ x|+ |y| + |2]).

Remarks on the assumptions:

(A4) After a suitable reformulation of the source functions (6) and (9) with the cut-off operator C,
see (22), and replacing the Heaviside functions by the continuous Sigmoid function, the source
functions can be brought into the form as stated in assumption (A4). Further, the assumption
fs € Lip(RHA) n PCY(RIAN), B € {N, ECM}, ensures the validity of the chain rule if fz is composed
with a vector-valued Sobolev function; see [46,47]. In particular, we have for all o € A,

(Vf5(¢)vv¢)a)H = Z(8¢'yf5<¢)v¢%v¢a)H < foo Z |V¢V|H|V¢0¢|H

vEA ~yEA

(A5) We consider the unique, linear and continuous trace operator, see [48],
trp : W — WY33/2(I') such that trpu = up for u € C(£2),

onto the two dimensional associated cylindrical surface I" of the one-dimensional network A, see Fig. 2.
In two dimensions, we can apply the Sobolev embedding theorem to obtain W1/3:3/2(I") — L2(I),
12
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see (18). Note that this embedding does not hold in three dimensions. Consequently, we have

lorllw: = sup [{0r,¢)w|= sup ’/trpgo ds‘ < sup [trrelpam
lelw <1 Iso\w<1 lelw =<1
<cH D)

Wwl/3.3/2(r) |tr1“ |5(W;W1/3,3/2(1«)),

where CW1/3 3/2(r) denotes the embedding constant from W1/3:3/2(I") < L'(I'). Therefore, we have

dr € W’ and in the following existence proof we often apply the estimate for ¢ € W
<6Fa Jow,FSD>W = ‘/F Jow,FtrFSD<3) ds < ‘Jav,F|L2(p)|trF(P‘L2([') < CF|J04U,F|L2(F)|SO|W7 (24)

for « € {0, p}, where
L2()
Cr= Cw1/3,3/2(r)|trf‘£<W;W1/373/2(F))'

Further, we can estimate the fluxes by

‘Jpv,F|L2(F) < Lp(CF|p|W + |HF|L(Y;L2(F))|pv|Y)a

|Jav,F|L2(F) < fooLp(CI‘|P|W + ‘HF‘[:(Y;LQ(F))lpU|Y> + LG(CF|¢0|W + ‘HF‘LJ(Y;LQ(F))l(bUlY)'
The assumption of smallness of L, and L, is generally accepted in the analysis of very weak solution
of the stationary Navier—Stokes equation. There, one also considers a distributional divergence, which

should be sufficiently small, see [49]. Additionally, in [50] the authors have shown well-posedness of
an abstract stationary 3D-1D model if the prefactor of the Dirac delta functional is sufficiently small.

(25)

(A7) The assumption on the potential ¥ is quite typical in the analysis of Cahn—Hilliard equations, see
also [12,13]. In order to take the fourth order polynomial (z +y + 2)%(1 —  — y — 2)?, we have to
extend it by a quadratic function outside of the interval [0,1], i.e

(z+y+2)? r+y+2<0,
U(r,y,2)=q(@+y+2)?1-a-y—2)?% z+y+zel0,1],
1-z—-y—2)2 z+y+z>1,

and one can show that ¥ € C%(R3;R).
We invoke from (A7) and the fundamental lemma of calculus the upper estimate
Sp(x,y,)—ip()y, /8!pxy>

Yy z
_ gv(o,o,o)+/ 0, w(a:«,y,z)dfc+/ ay;v(o,g,z)dg+/ 0,7(0,0,5)dz  (20)
0 0 0

ST+l + " + 12l
We define a weak solution of the coupled 3D-1D system, see (14) and (16), in the following way.

Definition 1 ( Weak Solution). We call the tuple (¢, pp, pim, v, p, by, Uy, Dy) & weak solution of (14) and (16)
with boundary data (15) and (17) if the functions ¢ : (0,7)x 2 — R pp, g, v, p, ¢y, Vo, o : (0, T) x 2 —
R have the regularity

bo € HY(0,T; VYN L>(0,T; V), ac{P H},

e € L2(0,T;V), a€{P H},

¢s € H'(0,T; H) N L>(0,T; V), B € {N,ECM},

¢y € HY(0,T;V')NL>®(0,T; H)N L*(0,T;V), ~ € RD, (27)

(v,P = Poo) € L*((0,T) x £;R?) x L*(0,T; Vp),
bv — Pv.oo € HY(0,T; X)) N L>®(0,T;Y) N L*(0,T; Xo),
(Vy, Do — Pu.oo) € L2(0,T;Y) x L*(0,T; Xo),
13
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fulfill the initial data ¢4 (0) = ¢a,0, @ € A, ¢,(0) = ¢,0, and satisfy the following variational form of (14),

(Ocpp, p1)wr30) — (C(dp)v, V1) u + (mpVup,Voi1)n = (Sp,01)u,
—(up, 02 i + (Opp ¥, 02) 1 + €0 (Vop, Voo )i = Xe(boy 02) 1 + Xn(bECM, 02) 1,
(b, p3)wrso) — (C(éu)v,Vos)u + (muVum,Vos)u = (Su,¢3)H,
—(prrypa) i+ Opy Uopa) i + €5 (Vor, Vo) u = Xe(bo, 1)1 + Xn(PECM, 01) 1,
(0o, 05)m = (SN 5)m,
(OcPos p6)wis(o) — (C(bo)v, Vo) i + Do (moVoe, Vos)n = (S, 6) i + (Or, Jov,rpe)w

(28)
— Xe(MmoV(op + é1), Vis)u,
(OcdmpE, 7)v + Dyvpe(mupeNV évpe, Ver (SmpE, ©7)H,
(Ordprar, ps)v + Drap (mrarV érar, Vs (STaF, ¥8)H,

Ju =
H
(OrbECM, po)v = (SEcm, o)H,
)i =
Ju =

(v,010)5 = —K(Vp,010) 1 + K(Sp, ¢10)H,
K(Vp,Voi)u = (6r, Jpu,rein)w + K(Sp, Vo1,

for all p; € V, j € {1,...,9}, p10 € L*(£;R3), ¢11 € Vj, and the variational form of (16),

(81, ©12)x — (C(D0)00, Vag12)y + Do(myVade, Vagia)y = —R(Jow, 012)y,
(Vo 013)y = —Ky(Vapo, ¢13)y, (29)
K’U(v/lpva VAQO14)Y = _R(Jp'm @14)Y;

for all p; € Xo, J € {12, 14}, P13 €Y.

The initial data ¢ (0) = ¢a,0, o € A, are well-defined with assumption (A2) on the regularity of the initial
data. Indeed, from the regularity given in (27), we achieve, by the embeddings (20), the continuity-in-time

regularity
bo € CO[0,T); HY N CW([0,T); V), «a€CHU{ECM},

¢p € C°([0,T); V') N Cu([0,T); H), B €RD,
¢y € C([0,T]; X) N Co ([0, T);Y),

and therefore, ¢,(0) is well-defined in H, ¢3(0) in V' and ¢,(0) in X{.
We use a mixed boundary approach for p, ¢,,p,, e.g., for the pressure p we define p = p — po with
Ploey = 0 and (0np + OnPos)a\00, = 0. Hence, we consider the partial differential equation

—div(KVp) — div(KVps) = 0 dpy,r — divSy,
with the weak form with the test function g € Vj
K(VP+ Voo, V@) i = K(OnP + OnPoo, @) 12(902) = (61 Jpo,r@)w + (KSp, Va)u — (KSp -1, 0) 12(50)
or, after the cancellation of the boundary terms,
K(Vp,Vg)u = (6r, Jpo,r)w + (KSp, V) n.

The main result of this paper involves stating the existence of a weak solution of the 3D-1D model, see
(14) and (16), in the sense of Definition 1.

14
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Theorem 1 (Ezistence of a Global Weak Solution). Let Assumption 1 hold. Then there exists a weak solution
tuple (¢, pup, i, P, v, Pu) to the 8D—1D model in the sense of Definition 1, which additionally satisfies the
energy inequality

2 2 2
H LDHLOO(O,T;Ll(Q)) + Z ||¢a||L°°(O,T;V) + Z H/~L5||L2(07T;V) + Z ||¢"/||L0°(O’T;H)QL2(O’T;V)
a€CHU{ECM} pe{PH} +ERD
2 2 2 2 2
10l 220,7m) + 120 720,7v) + 1001700 (0,7 )nL200,:) F 00l 220,75y + 1P llT2 00,7 %)

2 2 2 2 2
S1+(guoly + Z |Pa0ly + Z 98,0l + Hpm”?ﬁ(o,T;v) + |¢U,OO|H1(0,T) + |pv,00‘L2(o’T)‘
aECHU{ECM} BERD
(30)

5. Proof of Theorem 1

To prove the existence of a weak solution, we use the Faedo—Galerkin method [41] and semi-discretize the
original problem in space. The discretized model can be formulated as an ordinary differential equation
system and by the Cauchy—Peano theorem [51], we conclude the existence of a discrete solution, see
Section 5.1. Having derived energy estimates in Section 5.2, we deduce from the Banach—Alaoglu theorem
the existence of limit functions which eventually form a weak solution, see Section 5.3. This method is by
now standard in the analysis of tumor growth models, e.g., see [30,52-54]. Nevertheless, the novel nonlinear
coupling of the equations requires a thorough proof of the existence of a solution to the system.

5.1. Faedo—Galerkin discretization

We introduce the discrete spaces

Hy, = Span{hb SRR h’k:}v
HY =span{h),... h}},
Yk == Span{ylv cee 7yk}7

where h; : 2 — R, hg 2 >R y; - A = R, je{l,... k}, are the eigenfunctions to the eigenvalues
Ah,js AR js Ay,; € R of the following respective problems

(Vh;,Vo)g = Ay j(hj,v)g Yo eV,
(Vh$, Vo i = Mo ; (B, 0)r Vo € V,
(Vy;, Vo)y = Ay (yj,0)y Yo € Xo.

Since the inverse Neumann—Laplace operator is a compact, self-adjoint, injective, positive operator on LZ(12),
we conclude by the spectral theorem, see e.g., [55, 12.12 and 12.13], that

{h;};en is an orthonormal basis in H and orthogonal in V.

Therefore, UgenHj, is dense in V. Additionally, {h;};en is a basis in H%(2) = {u € H*(2) : Opu =
0 on 0£2}, see [8].

Next, we investigate the inverse Dirichlet-Neumann Laplacian (—=A)~ Y|y : H — H, see, e.g., [56] for
the consideration of the Dirichlet—-Neumann Laplacian in a Faedo—Galerkin approach. According to the
Lax-Milgram theorem, for all f € H there exists a unique solution uy € V; to the problem

(VUf,VU)H = (Uf,f)H Yov € Vo.
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Additionally, it holds |ugl|y, < [fl|y for all f € H and we can construct an operator T' € L(H;Vp) with
Tf = uy. Since Vp is compactly embedded in H, we conclude the compactness of T € L(H; H). Taking the
test function v = T'g for an arbitrary element g € H, we obtain the self-adjointness of T,

(Tg, f)u=(VNTf,VNTg)u = (9, Tf)u

and taking g = f yields the positivity of T

(Tf. f)u = |VTf|3 > 0.

Additionally, T is injective, since T'f = 0 yields (f,v)g = 0 for all v € H and hence, f = 0 almost
everywhere. Similarly, we can derive the same results for an operator T € L(Y;Y) corresponding to the
eigenvalue problem on Y. Hence, by the spectral theorem we conclude

{hg}jeN is an orthonormal basis in H and orthogonal in Vj,

{y;}jen is an orthonormal basis in ¥ and orthogonal in Xj.

Additionally, we deduce that UkeNH,g is dense in Vj and UgenYy is dense in Xj.
We consider the Faedo—Galerkin approximations, « € A, 5 € {P, H},

k
:Zga,j(t)hjv Z<5] hj,  Bu(t) = Gueolt JFZ&MJ )Y5»

+Z:ij ho pv( pvoo +ZCPU7J ij

where (£aj)aca : (0,T) = R (s ) peqpmy : (0,T) = R and &, 5, Cpjs Cpoj t (0,T) = R are coefficient
functions for all j € {1,...,k}. To simplify the notation, we set oF = (¢%)aea, and
Sk = Sale"), mpy=ms(@"), ¥* = (o}, ok, o),
TE = J@,05), 5 = Ty (0F, ITrpl),  JE, = Juu (B0, BF, 08, pF),
JSUJ" = ng(¢§’pk7 HF¢U7 Hva)7
where o € A and § € A\{N, ECM}. The Faedo-Galerkin system of the model then reads

= (SE. o1 m,
Xc (¢0'7<)02)H +Xh(¢ECM7Q02)

(00, 01) 1 — (C(EP)V", Veor) + (mpVulp, Vor
—(up, g2 + (O V*, 02) 1 + (Vo Voo

)i
) H
(001, 03) — (C(SF)V", Vepa) i + (M V gy, Vios)m = (S, 3)u,
—(Wi a)m + Oy V*, 0a)m + €5 (VO Vo) = Xe(S5 )1 + Xn(Sons, 9a)
(@ﬁw%) = (SNaSO5)H;
(0%, 06) 1 — (C(PEW", V6 i + Do (miV ek, Vs u = (S5, 06)u + (61, I3, ros)w (32)
= Xe(mgV(¢p + 0), Voo ) n
(0o 7)1 + Daapr(mimeV Shpe, Vor)n = (Skipg, ¢7)u,
(00 ars 8) i + Drar (MiapV lap, Veos) o = (Star, ¢8)m,
(at¢ECM7 Po)u = (SECM7 ©o)H,
K(Vp*,Vw)g = (0r, ), re)w + K (S, Vi)
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for all @; € Hy, i € {1,...,9}, 10 € HY, and

(000, 11)y + Do(mEVAGE, Vapr1)y = (C(¢5)0E, Vaprr)y — E(me ©11)y,

- ~ (33)
Ko (Vapy, Vagiz)y = —R(Jy,, o12)y,
for all p; € Yy, j € {11,12}, where we define the Faedo-Galerkin ansatz for the velocities vk, oF by
K ) o
Uf = —KUVApf.
We equip the system with the initial data,
¢E(0) = Ip, da 0, a€ A, (35)

¢5(0) = ¢U,oo(0) + HYRQSU,O)

where Iy, : H — Hj, and Ily, : Y — Y}, are the orthogonal projections onto the finite dimensional spaces,
which can be written as

k k

g, h =Y (h,hj)mhy, and Iy,y =Y (y,y;)vy;.
j=1 Jj=1

After inserting the Faedo—Galerkin ansatz functions (31) into the system (32)—(33), one can see that the
Faedo—Galerkin system is equivalent to a system of nonlinear ordinary differential equations in the unknowns

((€aj)acaufvy, (Cp.5) BecHuppo} ) 1<i<k With the initial data,

£0,j(0) = (ha,0,hj)H, a €A,
Ev»j(o) = (d)v,anj)Y-

Due to the continuity of the involved nonlinear functions the existence of solutions to (32)—(33) with
the initial data (35) follows from the standard theory of ordinary differential equations, according to the
Cauchy—Peano theorem [51]. We thus have local-in-time existence of a continuously differentiable solution,

(qska,ul}—’a,ulﬁlapk _pzxmqbﬁ - ¢U7007p]5 _pv,oo) S [Cl([oaTk]aHk)]lA‘ X [CO([()?Tk]ka)]Q X CO([O,Tk],H]?)
X Cl([O,Tk],Yk) X CO([O,Tk];Yk),

to the Faedo—Galerkin problem (32)—(33) on some sufficiently short time interval [0, T%]. Further, we obtain
divS;f € H by the representation of 557 see (A4), and therefore, v* € H with dive* = —K(Ap*F — divS;;) =
J§U7F(S]". Similarly, v¥ € Y with divof = —RJI’,“U.

5.2. Energy estimates

Next, we extend the existence interval to [0, T] by deriving Ty-independent estimates. In particular, these
estimates allow us to deduce that the solution sequences converge to some limit functions as k — oo. It will
turn out that exactly these limit functions will form a weak solution to our 3D-1D model (14)—(16) in the
sense of Definition 1.

Step 1 (Testing)
We derive energy estimates of the model (32)—(33) by choosing suitable test functions in the variational
form. For the Cahn-Hilliard type equations, we choose @1 = pk + xe0% + xndhcnr, w2 = dh — ub,
17
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03 = ik + xedk + Xndcns, 01 = Ondl, — Pk 5 = HH]C%;C wk — 2, Agk, and we arrive at the system of
equations,

2
(Ouh, b+ xeh + Xubhon ) + [\ mpVih| = (C(0})", Vuh +xeV6h + xaVohen)n
— (mpVpp, xe Vol + xnVdhen)

+ (SE, 1 + Xt + xndlcn) s
2

(D 0", 0005 ) + %%w(zﬁs@ bl = (b + xe0k + xnGhears BB + (D W5, b )i
— (Xe®% + XnPhoars 1P + ep(VOp, Vilp)a,
(@00l s+ xed + ndbenn + [\l V| = (Coh0" Vil + X V65 + XVobean)n
— (ME Vil XV + xnV dhen)

+ (St 1 + Xe®h + XnPhen) 1
(O ¥, 00 ) 1 + %%\Vd)'ﬁﬂif 1l = (el + xed® + xndenr, 00l + (O, ¥ i)
— (xe®h + Xn0henr: i) i + €3 (Vi Vi) u,
e d |V¢N|H (SN7HHka¢k )i+ e} (VSR Vo) m

k k
(8t¢N,HHk6¢§VW Yu + > df

(36)
We exploit that the time derivative operator is invariant under the adjoint of the orthogonal projection.
Further, for the reaction—diffusion type equations, we choose pg = Cadj, C, > 0 to be determined,
p7 = ¢7\4DE, ps = ¢£prF, g = qﬁ’fECM — A(ﬁ%CM, which yields the system,

2
5 dt|¢’“|H o = XeCo(mgV(9p + 83y, Vg )n + Co(Sg, 65)u
+Co(Clop )", Vg 1 + Color, I3y rd6)w
2
5 dt|¢MDE‘H + DMDE‘ V b eV Ohipe b (Shipe: Ohipe) H (37)
5&|¢TAF|H + DTAF‘ mh eV Sap b (STars Orar)

1d 1d
9 dt|¢ECM‘H 5 dt|v¢ECM|H = (SEears Pionr) i + (VSEenr Voens) s

and for the equations in Y}, we choose 12 = C,,(¢* — ¢y, o), Cy > 0 to be determined, giving

|¢U Bu.ooly = Cu(C(PN)VE, Vadh)y —Co(RIE, + &)y oo, O — du00)y,  (38)

2 dt
Similarly, we test Eqgs. (34)2 by %vﬁ to obtain
T k E
?‘%)'H = —(Vay = Pv,co) Vy)y = R<J 'u’pv Pu,co)Y - (39)
v

We test (34)1 by %vk and simplify the first term on the right hand side by comparing it with Eq. (34); for
the velocity v* and the pressure equation (32), which is tested by (19 = p* — pso. This procedure yields

1 2
2V T = = (V0" = poc), 0" )1 + (VPoo, V) + (S5, 0% m
= K(Vp'“ — SE N = poc)) it + (VPoo, v¥) i + (S5, 0%) (40)
<5F7 pv, F(pk _pOO)>W - (Vpooavk)H + (S§7Uk)H
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Step 2 (Estimates)
We separate this step into three sub-steps by deriving the energy estimates separately for (36)—(38).

Step 2.1 (Estimate for (36))
Adding the equations in (36) and (40) gives

d, . % e d o k2 2 k|2
&‘ v ‘Ll(Q) + = 9 dt|V¢P|H 9 dt‘v¢H|H gdt‘v¢N|H + ‘ mljgvlul}f?‘H + ‘ \/ mI;IVMH‘H
2
+ |uhly + |MH|H + ?|Uk|H
= (C(¢) " Vihs + X VoE + xu Vo ) g — (mSV ik, xeVok + xa Vo)
P)U S VHPp T Xe V@5 T XhVPECM)H PVHP; XcVPs T XhVPECM)H
+(Sp. pp + XeG + Xnbons) 1 + (O UF = xedy = Xnbons: 1p) 1 + €5(Volp, Viup) (41)
+ (C(S5)0", Vil + xe Vo + xnVden) m — (MG Vi, xe Vol + xnVdhen ) m
+ (Skrs 1 + Xe®h + Xnbhon ) 1 + (%k UF — xedls — Xndhone i) H + €5 (Vo Vi) u
+ (S I, @ ok V) g + e (VSR Vo) + (1, I, p (0" — Poo))w = (VPoo, V)1 + (S5, 0"
= RHScy.
We note that the two convection terms cancel together with the last term (S}’,f, v*) g on the right hand side.
We apply the Holder inequality on the terms on the right hand side, and use the assumptions (A4) and (A6),
which gives
RHScy < Moo Vil i (Xe| V5l 1 + X0 VOB i) + 1SBla (1p i + Xel O i + xnlPBcnr| o)
1l (10 WF| 4 Xel0G i + xalObenr| i) + €BIV O] [Vl
+ m00|vNII€J|H(XC|V¢§‘H + Xh|v¢]]€E‘CM|H) + |SIIEI|H(|MII€{‘H + XC|¢§|H + Xh|¢IfECM|H) (42)
1l (9 WH| 4 Xel0G 1 + XnlSen ) + €0V Ol || Vit
+ |S]%‘H‘HH196¢’]€V UF|y + NI VSR g Vokly + (Or, Jpv (0" = poo))w + VDol g [0F | 17
We note that the norm of the orthogonal projection is bounded by 1. We use a similar argument as in (24)

and (25) to estimate the term involving the Dirac delta functional dr, i.e., with the assumption on the form

of Jk

pu.rs See (AD5), we obtain

(Or, Ty, r (P* = poc))w

< Crlp® = poclwl g, rl

< CrLylp" = pooly (Crlp" — pooly + Crlpoolyy + |HF|£(y;L2(p))|P5 — Pucoly + |y r2(ry) IPo.cly)
< CLLy(IVP" 57 + [Vaphly + ooy + [Pesel”),

where we also applied the Poincaré inequality on p¥ — po, € Vp and p¥ — Du,oo € Xo with the Poincaré
constants Cp o and Cp 4, giving the constant

2 2
C1= max{2012ﬂ(01‘//v)2(0123,9 +1); |HF|L(Y;L2(1"))CI%’,A; |HF|£(Y;L2(F))|A|}'
Further, using the form on v* and v* gives
_ 2 2~ 2 2 2
(Or, Ty r (0" = poc))w < C1LLy (K 72" + 1Sy 1, + K2 05|y + [pocly + po,col)-

We apply Young’s inequality on the norm products to separate the terms. Here, the goal is to make
the terms involving |uf |, ||y, [VE|; small, since we cannot absorb them with the Grénwall-Bellman
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lemma later on. We only track the important constants, which are used to absorb the terms on the right

hand side with the left hand side, the other ones we simply denote by the generic constant C'. We have

2m?

2m? X7 2 2
7;0 h|V¢ECM|H+3|SP|H ( ‘MIJCD|H+X§|¢§|H

mo 2 X2
RHScy < TW#HH T:LO C|V¢k|H

4

2 g 2

XSl n ) +f|u’ia|H + 310, T2 4 X215 5 + X2 lb o o) + 2| Vb3,
4 ép mg

mo 2 mg 2 2m2 2 2 2m2 3 2 2
+ —= Vil + — Vil + Vsl + "N O henl iy + 31SF
4 4 mo mo
1 2 2 2 1 2 2 2 2
+1(‘M’E|H+X3|¢§|H+X%|¢%CM|H)+Z‘MI;I|H+3(|8¢’;{ Wk‘H+X3|¢§|H+X%L‘¢]ECM|H)
4 4
€ 2 mg 2 1 2 1 9 2 € 2
+ mflz|v¢llg|1{ + 7|V/LII€{|H + *|SJIiI|H + *|8¢k o* H +€‘VS§I|H + ﬁ|v¢lfv|H

ULy (K203 + K + K205y + Ipecl + posoel®) + o 1Vpecly + 70T

(43)
where ¢ > 0 is a constant, which will be determined later on, see (52) for more details. We estimate the
terms involving the potential ¥ via assumption (A7) and afterwards, we collect the terms with the same

norms, which yields

mo 2 2 1 2 2 4m? 2 2 2
RHSey < 7(‘VUII€D|H + | Vikly) + ’(|N]1€D|H + |k ly) + 7|V¢§|H +¢e|VSyly
1 2 44
SeloH i + CuLy (K210M Gy + 1H7, + B2k 5 + pscl? + [p1.ool?) (4
2 9 2 2
+C(1oky + lorly + |¢H‘v + |¢N|v + |¢ECM|V + |Poo|v + |SP‘H +1SH I + 15K u)-

We insert this estimate into (41), and absorb the terms involving the chemical potentials, and arrive at the

upper bound

d g2 2 g2 2 &2 2 mo 2 Mg 2 1 2
a [| wk|L1(Q) + 7P|V¢I;D|H + 7H|V¢II€{‘H + ?N|V¢]J€v |+ 7|VM,1€D‘H + 7|VM]I€{|H + §|M]1€D|H

1, . 1 CiL, 5
+§|MH\H+ <2K K2 vk |57 (45)
< 4mgo><3 k gk 2 Ch L Sk K 2k C k
—TO|V¢U|H+E|V Nl +Ch (| | + vy |Y)‘|' (|¢ |H+|¢P|v+|¢
2 2 2 2
+‘¢IICV|V+|¢%CM|V+|¢5|Y+|poo|v+|pv,00‘ +|S§3‘H+|SI]3‘H+|S]]%‘H)'

Step 2.2 (Estimate for (37))
Adding the equations in (37) gives

2
k
2 dtld) |H ’

1
Jr 2 dt|¢MDE|H + DMDE) V mk eV oime 5&‘¢TAF‘H

+ DTAF‘\/mTAFV¢TAF‘ 5 dt|¢ECM|H 2a|V¢ECM|H
= X Co(mEV (¢ + ¢11), VO i + Co(SE, 05 i + Co (C(OENW", VOE) i + Co (b, JE, pdE)w

+ (Syipes Shpe)H + (Star O5ur) o + (Shon Phon ) o + (VShon Vében ) 1
= RHS%p.

(46)
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We estimate the term involving the Dirac delta functional as before, i.e., we use assumption (A5) and the
inequalities (24) and (25) to obtain

CU<5F7JCIT€U,F¢§'>W
<Cs CF‘¢k‘W(fOOL (CF|pk|W |HF|L Y;L2(I |p5|y) + Lo CF|¢k|W |HF‘[:(Y ;L2(I)) |¢k|y))
< G0, max{Ly; Ly }(|¢k|v + |¢k|y + K~ 2|Uk|H + |Sk| + K 2‘vk|y + ‘poo|v + [Pu,ool )

where

2 2
Cy = max{24C%(C“,/V)2; fzoc%(CIYV)Q(CIQD,Q +1); f§o|HF|£(Y;L2(r))C123,A§ f§o|HF|£(Y;L2(r))|A|§

2
|HF|£(Y;L2(F))}'

In a similar way to the estimates before, we apply Holder’s and Young’s inequalities on the terms on the

right hand side, which results in

Coym? x2 2 C,D,m

RHSwp < =T |V (6h + 0l )y + =77 V6L |y + CUUSE iy + 10417)
Cngm() k 2 Cg- k k k 2 -2 k 2

+ T‘V¢U|H + m'v |H + CQCU maX{LP;LU} ( |¢0'|V + |¢’U|Y + K ‘U |H

k)2 =9 k)2 2 2 k 2 b 2 .
+ S, + K, 2ok ly + [Poss v + [Po,sol ) +C (1Skmely + |¢5mely + L

(47)

2 2 2 2
+ 15 ar g + 1SEen g + 185en | ) +elVShom g + g‘V(ﬁECM'Ha

where we used the same constant ¢ as before in (41) and applied the assumption on the form of J* o, I S€e
(A5). Again, collecting the terms on the right hand side and absorbing the terms with their counterparts,

we have

1d
55t |Gl T+ 08oelsy + el + Wobens iy + 19 0bcarl | + DaspemolVeime

2 C, 2
+ Drarmo|Vélraply + = (Damo — 202 max{Ly; Lo }) [V g

C CQC maX{L ,L } k12 k12 ~_ k2 k 2 (48)
< oz + SR ) |, 1 O miae{ Ly Lo b(SE Ty + R o) + <19 Skl
2 2 2 2 2 2 2 2
+C (loply +ouly + 1055 + Sxmelr + 97arly + 5ol + 1651y + psly
2 2 2 2 2
+ 1Puool” + 1S5 + 1S8meli + 1S%ar |y + 1SEeneln ) -
Step 2.3 (Estimate for (38))
Lastly, adding the equations in (38) and (39) gives
k k
2 dt‘qb ¢voo|y + = |’U ‘Y (49)

Co(C(pE)vh, Vadh)y — U<RJ5U+¢U,OO,¢£§—m,oo)y—R(Jv,pv Po,oo)y -

We estimate the last term on the right hand side with the Poincaré-~Wirtinger inequality (18) with constant
Cp, the Darcy law (34) and the Young inequality as follows

R c,% R2C2

k12
| pv y+ EWUlY'

v v

D k k k
R(J v)pv p’U,OO)Y S RCP|Jpv|y|vpv|Y - ‘ pvly |’UU‘Y S
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Additionally, repeating the steps from before and using the assumption on the forms on Jp, k and JE | se

(AS), we arrive at

2 2 1 2
|¢k ¢v oo|y + 07)Dvm0|v/1¢1’f|y + T"Umy

2 dt ’ K,
C C,D,mg 2 R?C? 2 2

= DU;,LO v 7‘VA¢]€|Y+R2| U|Y+c(|¢v oo‘ +|¢k ¢U7OO|Y> +~7UP|JIIJ€1)|Y+E|U5‘Y
C 2 CyD,m 2 1 2 ~

< polobly + S TTAGkly + C(16) el 4165 = Guely) + = Iokly + (1 + CBRY):

R202maX{Lp»L }(|¢k|v+|¢k|y + K~ 2|Uk|H‘|'|Sk| +K 2|Uk|y+|poo|v+|pvoo‘ )

4K v and absorbing
vMMQ

which gives after choosing C, >

A 2 3C, D BN A 1 (1+CE2K; Y)YR2Comax{Ly; Lo} \ | 12

) dt\<b (bv,OO|Y IVagy, ‘Y (2[? Kg vy |y
2 _ 2 2
< (1+C3K,;HYR*Cymax{Ly; Lo} ( |¢’;\V +10F — Puooly + |Puool” + K 20*| 5 + 1S,

+ Pool® + [Po.col? ) +C (16 l? + 165 = Buoolr)-

v

(50)

Step 3 (Adding)
We add Egs. (45), (48) and (50) to arrive at

1d
3t | 219 1us o + BT+ TS E + IVl + Colobly + 10wl + Ioharl
2 2 mo 2 mg 2 1 2 2
+ [0Bemly + Colds — du,o0ly +7|VM]1€>|H + 7|VMIE|H + §|M§D‘H + §|M]I€{‘H
(L Gl G (Cot R+ RPCEK,)Comax{Ly; Lo} o
2K K2 D,myg K2 H
CyDymg  4m2 2 ~ 2
+ ( 5 0 _ mOX —(Cy + Ky +1)Cy maX{Lp;LU}> Vo,
2 3C,D,m
+ DMDEmO|V¢§/IDE|H + DTAFmO‘V¢’7€“AF|H + %%V/lﬁbﬂy
(LGl (G + R2 + R2C2K;Y)Cymax{Ly; Ly} b2
2K, K2 K2 oly
k2 k 2 2 2 2
e(|VS¥|g +1VSEenln) + (Ci+ (Co + RP+R C3K; 1) Cq) max{Ly; Ly }|S | +C (1+¢ply

2 2 2 2 2
T A 1 A 1 I . A . Y R |¢TAFIH + | Bentls + [Bo — Bucl? + [Pool> + [Puool

2 2 2 2 2 2 2 2 2
+ | buool” 10 sl ™+ 1SBIzr + [SE e + 1K 5 + 1Sl + 1Shmelm + 1S5y + 1S5 s ) -
(51)

By assumption (A4) on the source functions, we have the three estimates

2
i Z cA |Sk|H N ZaeA |¢a|§{7
o VS |H+ VS CM‘H < 2‘A|f2 |-A| Za6A|v¢a‘H7
2
. |51'§|H < 8(IVb |3 + Va5 + 22V 5 + 23 Vlens 3r)

and insert these estimates into (51). Further, in order to treat the factor |V5’1’f[|z + |VS§CM|?{, we choose

the constant
mo

= W I’Illn{CUDU, DMDE7 DTAF}7 (52)
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so that we can conclude
2 2 mo .
5(|VS§/|H + |VSI]E‘CM|H) < Tomln{CaDmDMDEaDTAF} Z |V¢a|§{

acA
2 DMDEmo 2
< T|v¢§|H + f|v¢§MDE|H +

2 2 2 2
+ C(l¢5 1y + 1051 + loh | + 19%emly)-

C,D,mg Drarmo

k 2
1 IVoraply
We absorb, collect and summarize the constants, giving

o~ : 2 2 2 2 2

o [2| !pk|Ll(Q) + b |VOh |y + eIVl + x|V + Coldky + 105 mel s + |d5arn
2 2 1 2 1 2

16l + 168 = ducly | +5 Il + 5l

(75 8O+ (Co + B+ RORENCo) max{Lys Lo} ) (9ublyy + V)

( 1 CiL, C, (Cy + R2 + RQC]%IN{U—l)CQ max{Ly; LU}> |vk|2
H

2K K2  Dymg K2
(C’UDUmO 4m? 2

I M (O, P RPCRRS ) Camax{ Ly Lo} ) V05

3myg 2 2 2
+ T(DMDE|V¢'X49E|H + Drap|Vdiar|y + Do|Vadlly)

( 1 CiL, (C,+R*+ RQC’I%f{v—l)CQ max{Ly; LC,}) |Uk|2
- vlY

°K, K2 K2
2 2 2 2 2 2 2 2 2
<C(1+ 851y + 0%y + o5y + 105y + 18514 + |hme i + 10ar |y + [9ban |y + 165 — Gu,00ly

2 2 2 2
+ |p00|v + |pv,OO| + |¢U,OO| + |¢2},oo| )7
(53)
and we choose C, and L,, L,, K such that the prefactors are positive, see also assumption (A5). In

particular, we have to ensure the condition

D(rmO
2K

8m2 x?

<C, <

2
m§De

Step 4 (Gronwall-Bellman lemma)

First, we eliminate the prefactors on the left hand side of the energy inequality (53) by estimating it with
the minimum of all prefactors and bringing it to the right hand side to the generic constant C. Afterwards,
we integrate the inequality over the time interval (0,¢) with ¢ € (0,T%), apply the growth assumption (A7),
and obtain

|5 ()] gy + 65O + 65 (Ol + 165 (D] + 65O + 1655 + 105ar O + Do (O
+ 1 (1) — ¢v,00|?/ 1651 200,1,vy F 0B 2 0,2,y + 5 120,10y + 19008 120,217
+ ‘|¢§’M||%2(07Tk;v) +lof — ¢v,oo||i2(()7Tk;X0) + ||Uk||iZ(O7Tk;H) + |‘U5||i2(o,:rk;y)
= C (16313200000 F 1972001,y T 10N Z 201100 + 1961320 1) + 19512201729
+ HMWDEHQH(O,T,C;H) + \|¢I:7"AF||%2(0,Tk;H) + ||¢%CM||%2(07T,€;V) + 1oy — ¢v,oo||%2(O7Tk;y) )
< C(T3) - (14195 (0) | 1 gy + V0ol + [Vl olo, + V6ol + 165 0l + 108 mm 0l + [ 85ar ol

2 2 2 2
+ |¢%CM,0|V + ‘¢570|y + Hpooﬂiz(oj;v) + [Po,ool2(0,7) + [Dv.00 |31 0,1y ) -
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By applying the Gronwall-Bellman lemma, see Lemma 1, we obtain

k k(12 k12 k112
19 o menion + Do Idelicomw + Do Inalizoman + Do 1951 Tw 0 mumnrzo.mv)
a€CHU{ECM} a€{P,H} BERD

k2 k 2 k12
020, m5my + 190 = Pooollzoe .1 vy a2 0,13 x0) T W0 ll2200,7)

2 2 2
S C(Tk) ! (1 + ‘¢5,0|y + Z |¢Z,O|V + Z |¢§,O|H + |W(¢]1€3,07 ¢11<:-I,07 ¢{7CV,O)|L1(Q)
aceCHU{ECM} BERD

2 2
+ ||Poo\|2Lz(o,T;v) + ‘pU7W|L2(O,T) + |¢v,oo|H1(o,T) ) :
(54)

We have chosen the initial values of the Faedo—Galerkin approximations as the orthogonal projections of
the initial values of their counterpart, see (35). The operator norm of an orthogonal projection is bounded

by 1 and, therefore, uniform estimates are obtained in (54); for example
ko2 2 2
|¢P,0|V = |HH;€¢PA,0‘V < |¢P,0|V-

Using the upper bound (26) of ¥, we treat the term involving the potential function on the right hand side

in the following way:

2 2 2
‘ W(Qslzﬁ?,omb%,o@’f\r,o”g(m S+ |¢]1€—",0|H + |¢’1€L1,0|H + |¢)]I€V,O|H
= 1+ |, dpoly| + i, ot + |, dno0l3r
2 2
<1+ |ppolt + 0moly + lonoly-

Now, the k-independent right hand side in the estimate allows us to extend the time interval by setting

T, =T for all k € N. Therefore, we have the final uniform energy estimate,

k k k k
| 5| Loo (0,501 (2)) + E ||¢a||%°°(O,T;V) + E H/‘j’aHiQ(QT;V) + E ||¢5H2L00H0L2(0,T;V)
a€CHU{ECM } ae{P,H} BERD

+ Hvk”%2(0,T;H) + ||¢5 - d)v,oo”%OO((),T;y)mL%(),T;XO) + |‘U1’fH2L2(o,T;y)

<o (1+lowoly + Y Ibaoly+ X lopoly

a€CHU{ECM} BERD

2 2
+ Ipoel220. ) + [Poco 20y + [00clinory )
(55)

From this energy inequality and (34) we also get bounds for the pressures p* and p” in the following way

Hpk _PooHL?(o,T;VO) + ||Pf _Pv,oo||L2(0,T;X0) <C.
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5.8. Limit process

Weak convergence
Next, we prove that there are subsequences of (bk, ,u’f;., ,u’}_l, p¥, ¢ pF, which converge to a weak solution

of our model (14)—(16) in the sense of Definition 1. From the energy estimate (55) we deduce that

{#F }ren is bounded in L>(0,T;V), o€ CHU{ECM},
{1 }ren is bounded in L?(0,T; V), a € {P H},
{95} ren is bounded in L>(0,T; H) N L*(0,T;V), B eRD,

{v*}ren is bounded in L2(0, T; L*(2; R?)),

{p*}ren is bounded in (poo + L2(0,T; Vo)),

{64 }wer is bounded in L%(0, T5Y) N (@00 + L*(0, T X)),
{v¥}ken is bounded in L2(0,T;Y),

{p¥}ken is bounded in (p, o + L2(0,T; Xo)),

(56)

and, by the Banach—Alaoglu theorem, these bounded sequences have weakly/weakly-* convergent subse-
quences. By a standard abuse of notation, we drop the subsequence index. Consequently, there are functions
¢ :(0,T)x 2 = RAL up g, p: (0,T)x 2 =R, v:(0,T)x 2 = RE by, 0y,pp : (0,T) x A = R such
that, for £ — oo,

PF — po weakly-x in L>®(0,T; V), a € CHU{ECM},
pk = i weakly in L2(0,T;V), a € CH\{N},

¢l — ¢ weakly-+ in L>(0,T; H) N L*(0,T;V), B € RD,

P — v weakly in L%(0,T; L2(12;R?)),

p" —p weakly in (ps + L*(0,T;V0)),

P — ¢, weakly-* in L°°(0,T;Y) N (¢v,00 + L*(0,T; Xo)),
vP — v, weakly in L*(0,T;Y),
pﬁ — p, weakly in (py e + LZ(O,T; Xo))-

Strong convergence

We now consider taking the limit & — oo in the Faedo—Galerkin system (32)—(33) in the hope to attain
the initial variational system (28)-(29). Since the equations in (32)-(33) are nonlinear in ¢* and ¢F, we
want to achieve strong convergence of these sequences before we take the limit in (32)—(33). Therefore, our
goal is to bound their time derivatives and to apply the Aubin—TLions-Simon compactness lemma (19).

Let (¢, $,®) be such that ¢ € L2(0,T;V), $ € L*(0,T; H), $ € L*(0,T; Xy), and

with time-dependent coefficient functions gp?, @;?, gbé? :(0,T) =R, j€{1,...,k}. We multiply Egs. (32) and
(33) by gbf by the appropriate coefficient functions, sum up each equation from j = 1 to k and integrate in
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time over (0,7), to obtain the equation system,

T T
/ <5t¢§790>vdt=/ (C(Pa)" VT, )i — (mEV L, Vilg, o) + (SE, g, ) g dt,
0 0

T T
0 0
T T
/ <8t¢§a o)y dt = / (C(Qb];)vkv vHHk‘P)H - Do(m};V(gﬁﬁ, VHHk‘p)H + (Sﬁ, HHkSD)H
0 0
+ (00, oo, r iy p)w — xe(mENV (8 + O + %), VI, o) dt,

T T
/<3t¢§,<p>vdt:/ =D (mEVel VI, o) + (S5, Oy, )m dt,
0 0

(58)

T T
/0 (@qﬁﬁ, §5>X dt = /O (C((]ﬁﬁ)vﬁ, VAHYkQZ)Y - Dv(mﬁvllqﬁﬁv VAHYk()E)Y - R(Jclrcvv HY}g@)Y dt,

where a € {P,H}, B € {N,ECM}, v € {MDE, TAF'}. Each equation in (58) can be treated using standard
inequalities and the estimate involving the trace operator, see (24), the boundedness of the orthogonal
projection and the energy estimate (55), e.g., we find

T T
/ <8t¢§-7 v dt S / |Uk|H|<P|v + |¢§|v|90|v + Z |¢§|H|‘P|H + |J¢'If€v,F|L2(F)|(IO|V + Z |¢I§|V|‘P|v de
0 0 acA BECH

S HSDHL2(0,T;V)~

From this inequality and the bounds derived earlier, see (56), we conclude that

{#" }ren is bounded in H'(0,T; V') N L>(0,T; V), ac{P H},
{¢§}keN is bounded in H*(0,T; H) N L>(0,T;V), B € {N,ECM},
{¢% }ren is bounded in H'(0,75V') N L>(0,T; H) N L*(0,T; V), v € RD,
{#F}pen is bounded in H(0,T; X4) N L0, T;Y) N (¢v.00 + L*(0,T; Xo)).

We apply the Aubin-Lions—Simon compactness lemma (19), yielding the strong convergences as k — oo
PF — ¢4 strongly in C°([0,T]; H), a e CHU{ECM},
¢l; — ¢ strongly in L*(0,T;H) N C°([0,T]; V'), B €RD, (59)
¢F — ¢, strongly in L*(0,T;Y) N C°([0, T]; X).

The strong convergence ¢f — ¢, in C°([0,T]; H) implies ¢ (0) = ¢, in H and similarly ¢5(0) = ¢z,

in V" and ¢,(0) = ¢, in X{. Therefore, the limit functions (¢, ¢,)) of the Faedo-Galerkin approximations
fulfill the initial conditions for the system (14)—(17).

Limit process
We show that the limit functions also satisfy the variational form (28)—(29), as defined in Definition 1.
Multiplying the Faedo—Galerkin system (32)—(33) by n € C°(0,T) and integrating from 0 to 7', gives

/T@t@bia hiyyn(t)dt = /T((C(éb’é)vka Vhi)u — (mEVuk, Vh)g + (Sk, hy)m)n(t) dt,

T T
/ (kb an(t) dt = / (O * — Xe0 — xnBcnr hi)r + €2(V6E, Thy)m)n(t) e, (60)
0 0

/0 (S5, hy)mn(t) dt,
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and
T
/0 (00", hj)y dt = /0 (C(E)W* Vhj) g — Do (mEVGE, V) g + (S5, 1)) u
+ (6, I oo, i) w — Xe(mEV (85 + &% + O%), Vhj)u )n(t) dt,
T T
/O {0k hy)vn(t /0 (mEV @l Vhy) a4+ (S5, hy)m)n(t) dt, (61)
T T
/ (v%, h)) / K (Vp, hy) s + (Spy Vhy) s )n(t) dt,
0 0
T T
/0 K(Vp*, Vhy) () / (01, T, rh)w + (Spy Vhy )i )n(t) dt,
and
T T _
/0 (v, yj) xm(t) dt :/0 ((C(P5h, Vy;)y — Du(mENads, Vay;)y — R(JE,,y;)y )n(t) dt,
T T
/0 (o, gy dt = [ —Ro(Tapk, g,y n(t) dt, (62)

0
T T
/Kv(VApﬁvayj)Yﬁ(t)dt:/ —R(J%,. y;)yn(t) dt,
0 0

for each j € {1,...,k}, a € {P,H}, B € {N,ECM}, v € {MDE,TAF}. We take the limit ¥ — oo in each
equation. The linear terms can be treated directly in the limit process since they can be justified via the
weak convergences (57), e.g., the functional

T
i o / (il ) s (8) dt < il oty Vo 7] 2 0

is linear and continuous on L?(0,T; H) and hence, as k — oo,

T T
/0 (Wp, hy)n(t) dt —>/0 (e, hy)n(t) dt.
Thus, it remains to examine the nonlinear terms. We do so in the steps (i)—(v) as follows.
(i) We have derived the convergence, see (59),
¢F — po in L?(0,T; H) = L*((0,T) x 2), a € A,
for k — oo and, consequently, we have by the continuity and boundedness of m,
mP =mg (qbk(t,x)) — mq (P(t,2)) = mq a.e. in (0,T) x 2 for k — oo.
Applying the Lebesgue dominated convergence theorem, gives for k — oo
mEVhin — moVhyn in L2((0,T) x 2;RY),
and, together with Vu* — Vy,, weakly in L2((0,T) x £2;R?) as k — oo, we have for k — oo
Mo (9" )V h; - Vs — ma(d)nVh; - Vg in L'((0,T) x 2).

We use here the fact that the product of a strongly and a weakly converging sequence in L? converges
strongly in L'.
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(ii) By (59), we have ¢& — ¢, in L2((0,T) x £2) and v* — v in L2((0,T) x £2;R?) as k — oo, hence for
k — o0
C(¢E) " - Vhin — C(¢a)v - Vhjn in L*((0,T) x 2).

(iii) By the continuity and the growth assumptions on d,, ¥, we have for k — oo

Do U (d5(t, 2), 0l (t,2), 8% (8, 2)) — O, U(dp(t,2), Ou(t,2), dn(t, 7)) ace. in (0,T) x £2,
|04 W (&5, Sp, dR)nhi| < C(L+ || + |05] + (K1) Inhy],

and the Lebesgue dominated convergence theorem yields for k — oo
Do V(Db D, SN INhG — Do U(Sp, b1, S )nhy in L1((0,T) x 2).

(iv) We have the strong convergence of ¢% and ¢¥ in L2((0,T) x £2) and the continuity and boundedness of
C. Together with the weak convergence of V¢* and Vu* in L2((0,T) x £2;R9) it is enough to conclude
the convergence of the term involving

S = —C(¢%) (Vi + xeVk) — C(5) (Vi + xe Vo).

(v) We have ¢¥ — ¢, in L2((0,T) x A) and ¢¥ — ¢, in L2((0,T) x 2) as k — oo and therefore, also
Hr¢k — Ire¢, in L2((0,T) x I'). Since f,, is a continuous and bounded function, we conclude

T
2 2 12
| [ et T uechn o) a5t S 1o (28 65 om0 1y
and the Lebesgue dominated convergence theorem gives for kK — oo
fcr,'u((z)ﬁﬂ HF¢§)tthg77(t) — fo’,'u((b'ua Hf¢a)trfhjn(t) in LQ((OvT) X F)

Together with the weak convergence of IIrp® and p* we have for k — oo
T T
| t6r b phshwnydt = [ [ (Faalohs Brot) Ly (M = 5) + Lo(Hr0k = o) exrhyn(e) ds
0 o Jr

T
— / <5[', Jau,th>W77(t) dt.
0

Using the densities of UgenHy in V), UkeNng in Vg and UgenYs: in X, and the fundamental lemma of the
calculus of variations, we obtain a solution tuple (¢, up, tir, v, D, dy, Uy, Py) to our model (14) and (16) in
the weak sense as defined in Definition 1.

Energy inequality
It remains to prove that found solution tuple satisfies the energy inequality (30). First, we note that norms
are weakly /weakly-+ lower semicontinuous, e.g., we have p% — up in L2(0,T;V) and therefore, we infer

.. k
lpllL20,rvy) < hkm inf [|ppll 2 0m;v)-
—00

We apply the Fatou lemma on the continuous and non-negative function ¥ to obtain

[ wor.omox)ar <timint [ w0, ofy, o) da.
0 —00 9]

Consequently, passing the limit ¥ — oo in the discrete energy inequality (55) leads to (30). O
28



M. Fritz, P.K. Jha, T. Koppl et al. Nonlinear Analysis: Real World Applications 61 (2021) 103331

6. Numerical simulations

We present in this section two applications of the theory presented earlier. The first is the simple scenario
in which two straight and idealized blood vessels are considered, one representing an artery and the other
a vein. This means that the tissue block containing the two vessels is supplied nutrients by a single artery
and drained of nutrients by a single vein. In between the two vessels, a tumor core is present which accepts
nutrients injected through an inlet of the artery. The second scenario deals with a small blood vessel network
described by data in [57] and on the following web page: https://physiology.arizona.edu/sites/default /file
s/brain99.txt. At four inlets of this network, nutrients are injected and transported through the network.
As in the first scenario, the impact of the nutrients on a small tumor core surrounded by the network is
investigated. We note that in all cases we consider a stationary vessel structure; for evolving and bifurcating
vessels we refer to the further work [58].

To solve the one-dimensional partial differential equations (16) numerically, the vascular graph model
(VGM) is employed [59,60]. This method corresponds in principle to a vertex centered finite volume method
with a two-point flux approximation. For the three-dimensional partial differential equations presented in
Section 2.3 a mixed finite volume-finite element discretization method is employed. The equations governing
the pressure and nutrients in tissue, which are directly coupled with the one-dimensional system, are solved
by a standard cell-centered finite volume scheme. Since the permeability of the cancerous and healthy tissue
is given by a scalar field, a two-point flux approximation of the fluxes is used. For the remaining species,
we consider a continuous and piecewise linear finite element approximation over a uniform cubic mesh. The
coupled nonlinear partial differential equations are discretized in time using the semi-implicit Euler method.
To solve the nonlinear system of equations arising in each time step, a fixed point iteration method is applied.
We consider following double-well potential in free energy functional in (3)

U(pp, ¢, on) = Cupdin(l — ér)>. (63)

6.1. Tumor between two straight vessels

We consider a tissue domain 2 = (0, 2)3 containing two blood vessels aligned along the z-axis. The center
lines of the vessels are located diagonally opposite to each other. The center line of the Vessel 1 and 2 pass
through (0.2,0.2,1) and (1.8,1.8,1), respectively. We choose a radius of R = 0.08 and R = 0.1 for Vessel 1
and 2. At the inlets of Vessel 1, located at (0.2,0.2,0) and (0.2,0.2, 2), pressure values of 10000 and 5000 are
prescribed. The inlets of Vessel 2 are located at (1.8,1.8,0) and (1.8,1.8,2). Here, we consider the pressure
values 1000 and 2000, respectively. Thus, Vessel 2 will act as a vein taking up nutrients and blood plasma
from the tissue domain. On the other hand Vessel 1 has the function of an artery transporting nutrients
into the tissue block 2. We note that we choose the boundary values such that the velocities are sufficiently
large in order to ensure that the transport processes are visible in the simulations. Based on the pressure
boundary conditions, we choose the boundary conditions for the nutrients as follows:

i ¢>v = d)v,inlet =1at (02,02,0)
e ¢, =0at (1.8,1.8,2).
o At all the remaining boundaries, we consider free flow boundary conditions.

The initial tumor core is given by a ball of radius 0.3 and centered at (1,1,1). Within the tumor core, the
total tumor volume fraction, ¢, decays smoothly from 1 in the center to 0 on the boundary of the ball.
Thereby, the necrotic and hypoxic volume fractions, ¢ and ¢g, are set to zero. In the rest of the domain
all the volume fractions for the tumor species are set to 0 at ¢ = 0. The nutrient volume fraction, in the
tissue domain {2, is initially fixed to a constant initial value of 0.6, which is below the threshold values for
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Table 1
List of parameters and their values for the numerical experiments described in Sections 6.1
and 6.2. Parameters not mentioned below are set to zero.

Parameter Value Parameter Value Parameter Value
Ap 5 Ap, 0.5 Aa 0.005
Aa, 0.005 ApH 1 Agp 1
AHN 1 opH 0.55 oup 0.65
oHN 0.44 ep 0.005 e 0.005
Mp 50 My 25 ATar, 10
Drar 0.5 mraAF 1 Ly, 1077
D, 1 me 1 K 107°
Dype 0.5 M MDE 1 D, 0.1
Ml 1 L, 10 AEOM 5
ABCM p» 0.01 AMDE 1 AMDE,, 1
PECM 0.5 Cy, 0.045 - -

prolific-to-hypoxic transition and above the threshold value for hypoxic-to-prolific transition. We also set
¢pem = 1 at t = 0. According to (15) homogeneous Neumann boundary conditions are prescribed on 9f2.

As a simulation time period, the interval (0,7) with T'= 5 is considered and the size of the time step is
given by At = 0.025. The spatial domain 2 is discretized by cubic elements with an edge length of h = 0.025.
We choose the parameters as listed in Table 1.

Plots of the tumor species ¢, dp, ¢g at the z = 1 plane in the domain (2 at time points t € {3,4,5}
are shown in Fig. 3. In Fig. 4, the tumor phases are shown along a one-dimensional line. It can be observed
that the tumor separates into its three phases and moves towards the nutrient-rich regions of the domain.
Moreover, the contour lines of the total tumor and its phases is presented at different times in Fig. 5. We see
that tumor is growing towards the artery. As expected, the proliferation is higher near the artery. In Fig. 6,
plots of TAF, MDE, ECM at the time point ¢t = 5 in the z = 1 plane of {2 are shown (see Fig. 7).

Fig. 8 contains simulation results for the different values of parameters at t = T' = 5. Among the numerous
model parameters, we focused on the chemotactic constant x., mobility Mp, proliferation rate Ap, nutrient
diffusion coefficient D,, and permeability constant L,. We vary one of these parameters while keeping other
parameters fixed to their respective values listed in Table 1.

It can be observed that all selected parameters strongly affect the tumor growth. Except for the parameter
D, the larger the remaining parameters, the faster the tumor cells move away from the vein and towards
the nutrient rich artery. This means that for the chosen parameter values, the fluxes J,, a € CH given
by (2), dominate the corresponding convective terms in (14) so that the tumor cells can move against the
velocity field. It can be stated that for these parameter choices, the model simulates the migration of tumor
cells towards the nutrient sources in the vicinity.

Fig. 9 shows the pressure distribution in the vessels as well as the tissue pressure and velocity field within
a plane that is perpendicular to the z-axis and located at z = 1. The tissue pressure ranges between 1500
and 7500, which means that it is bounded by the extreme pressures in the vascular system. Furthermore, a
gradient in the tissue pressure can be detected pointing from the artery to the vein. As a result, the velocity
field is orientated from the artery to the vein.

6.2. Tumor surrounded by a network

In the second subsection, we consider a small capillary network given by the data in [57]. To keep the same
computational domain as in the previous subsection, the network is scaled such that it fits into 2 = (0, 2)3.
After scaling, the resulting network has maximum, minimum, and mean vessel radius 0.0613, 0.0307, 0.0418
respectively. At the inlets that are marked by an arrow, see Fig. 10, we prescribe the pressure p;,;, = 25000,
while for all the other inlets, we use po,; = 10000 as a boundary value. Again, we choose the boundary
values synthetically in order to ensure that the transport processes are visible in the simulations. Further,
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Fig. 3. Evolution of the total tumor ¢7 (top), prolific ¢ p (middle), and hypoxic ¢ (bottom) volume fractions at the times ¢ € {3,4,5}
(left, middle,right) in the z = 1 plane of the domain 2. On the two vessels the nutrients are described by the 1D constituent ¢,.

the boundary condition for ¢, is given by ¢, = ¢y inier = 1 if it holds p, = pip, and free outflow boundary
if pv = Pout-

Contrary to the previous subsection, the spherical tumor core has a radius of 0.25 and the center
(1.3,0.9,0.7). The same model parameters are employed. The domain (2 is discretized using cubic elements
of mesh size 0.025 and final time and time step of the simulation are T'=5 and At = 0.025.

In Fig. 11, the tumor cell volume fraction ¢, prolific cell volume fraction ¢p, and hypoxic cell volume
fraction ¢y are shown at z = 0.8 plane and at time points ¢ € {3,4,5}. Finally in Fig. 12, the contour plots
for ¢ = 0.8 and ¢pp = 0.95 are presented. Further, the hypoxic phase is shown inside the tumor. In Fig. 13,
plots of TAF, MDE, ECM at ¢t = 5 in z = 0.8 plane are shown.

The behavior of the tumor cells is similar to the two-vessel scenario. It seems that for the given parameter
set the tumor cells are attracted by the nutrient rich blood vessels of the network. As can be observed in
Fig. 11 (last row), the chemical potential of the tumor exhibits high gradients at the interface between tumor
and healthy tissue. Therefore, the corresponding flux of the chemical potential given by (2) is potentially
high at this location. As a result the tumor cells are pulled towards the interface between cancerous and
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Fig. 4. Left: Evolution of the tumor volume fraction (¢7) in the z = 1 plane of the domain . Right: Plots of tumor (¢r), prolific
(¢p), hypoxic (¢y) and necrotic (¢n) volume fractions along the line passing through the points (0,0,1) and (2,2,1) in the domain
2. From top row to bottom row, the plots correspond to time t € {3,4,5}.
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Fig. 5. Evolution of contour plots of the tumor volume fraction ¢ with vessels (top) at 0.8 (light red) and 0.95 (red) at the time
t € {4.25,4.75,5} (left to right); the necrotic core is plotted at the contour line ¢n = 0.42 (black). Contour plots of the tumor phases
without vessels (bottom) at ¢p = 0.5 (green), ¢y = 0.45 (orange), ¢n = 0.4 (dark red). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Plots of ¢rar (left), ¢ypr (middle), and ¢grcnm (right) at time t = 5 in the z = 1 plane of the domain 2. The colors
(horizontal color bar) on the vessels show the transport of the 1D nutrient (¢,). The production of TAF and MDE is maximal where
the hypoxic tumor phase is located. The decay of ECM happens in the regions where MDE is produced. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Effect of the mobility Mp (top) for Mp € {10,25,50} (left to right) and proliferation rate Ap (bottom) for Ap € {2,5,10}
(left to right) on the growth of the tumor volume. The color bar for 1D nutrients (left) and total tumor volume fraction (right) in

included at the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

healthy tissue. Apparently, the flux is particularly high near the nutrient rich vessels such that the tumor
cells move preferably towards the nutrient rich vessels.

Fig. 14 shows the tissue pressure and the corresponding velocity fields in z = 0.8 plane. Just as in the
two-vessel scenario, the pressure distribution induces a velocity field that goes from the high pressure region
to the low pressure region.
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Fig. 8. Effect of the chemotactic constant x. (top) for x. € {0,0.01,0.05} (left to right), permeability of the vessel wall L, (middle)
for L, € {0.5,5,10} (left to right), and diffusivity constant D, (bottom) for D, € {0.2,1,5} (left to right) on the growth of the tumor
volume. The color bar for 1D nutrients (left) and total tumor volume fraction (right) in included at the bottom. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Pressure (left) and velocity field (right) in a plane perpendicular to the z-axis (at z = 1) of the domain 2. The artery is
located in the right corner with a pressure decay from 10000 to 5000. The vein is located in the left corner with a pressure decay
from 2000 to 1000. The velocity field induced by the pressure distribution is directed from the artery towards the vein.
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Fig. 10. Outline of the scaled blood vessel network with an initial tumor core. The tumor core is represented by a contour surface
with respect to ¢r (at ¢ = 0.1). At the four inlets, indicated by an arrow, nutrients are injected i.e. at these boundaries, we set
bv = Puinter = 1 and p, = pin-

7. Summary and outlook

In this work, we have presented a 3D-1D coupled multispecies model for tumor growth including the
influence of nutrient transport in a vascular system that is located in the vicinity of a solid tumor. Flow
and transport of nutrients within the vascular system are governed by one-dimensional partial differential
equations. The corresponding flow and transport processes in the healthy and tumor tissue are based on
Darcy’s law as well as a standard convection—diffusion equation. Coupling of the three-dimensional equations
with their one-dimensional counterparts is done via filtration laws and source terms. In the source terms
of the three-dimensional partial differential equations, Dirac measures occur. They are concentrated on the
vessel surfaces of the vascular system, since there the exchange processes between the tissue and the vascular
system take place. The remaining three-dimensional equations governing the distribution of the tumor cells
are of Cahn-Hilliard type. The evolution of matrix degrading enzymes and the tumor angiogensis factor
are modeled by convection—diffusion equations. Lastly, the extracellular matrix density is described by an
abstract ordinary differential equation.

The centerpiece of our work is a mathematical analysis of this model with a focus on the existence of
solutions. We have shown the existence of weak solutions. Our proof is based on the Faedo—Galerkin method.
Thereby, the system of partial differential equations is semi-discretized in space and reduced to a system
of ordinary differential equations. Using the Cauchy-Peano theorem we show that the system of ordinary
differential equations exhibits a solution. In a next step, the existence of weak solutions with respect to the
partial differential equations is derived by means of the Banach—Alaoglu theorem. Finally, we present some
simulation results for two different settings, illustrating the performance of our model. Our simulation results
indicate that the tumor cells sense the vessels with an increased nutrient concentration and move towards
them. Furthermore, the impact of several model parameters on the solution variables is discussed.

Among extensions and applications of the models described here are the simulation and optimal control
of chemotherapy drug and radiation as well as modeling of the onset of metastasis. Simulation of these
protocols and phenomena represent challenging goals for future work.
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Fig. 11. Distribution of the tumor cell volume fraction ¢ (top), prolific cell volume fraction ¢p (middle), and hypoxic cell volume
fraction ¢y (bottom) for t € {3,4,5}. The tumor cells migrate towards to nutrient rich vessels.

Fig. 12. Evolution of contour plots of the tumor volume fraction ¢ at the values 0.8 (light red) and 0.95 (red), and of the hypoxic
phase ¢y at 0.35 at times t € {3,3.5,4} (left to right). The tumor growth is directed towards the nutrient rich vessels. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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B.1. On a subdiffusive tumor growth model with fractional time derivative

On a subdiffusive tumour growth model
with fractional time derivative

Marvin Fritz, Christina Kuttler, Mabel L. Rajendran, Barbara Wohlmuth,
Laura Scarabosio

In this publication, we provide a novel tumor development model based on [RDES with
mechanical couplings and temporal fractional derivatives. The model is capable of
modeling subdiffusion in tumor progression and considers the mechanical deformation
of the tissue. Moreover, we consider the effects of chemotherapy on the tumor and
introduce new source terms that can destroy the tumor cells. The suggested model is
mathematically investigated, and we prove that the system is well-posed. That is, we
show that a weak solution exists, it is unique, and it depends continuously on the data.
The proof is based on a spatial discretization of the system and providing appropriate
energy estimates. In particular, we point out the differences between the previous
articles due to the new fractional derivative. Several steps have to be re-investigated,
and new concepts have to be derived. Numerical simulations are presented in order
demonstrate the effect of the fractional derivative and the influence of the fractional
parameter on the model.

The work is structured as follows. The mathematical modeling of tumor progression
with mechanical effects and fractional derivative is presented in Section 2. In Section 3,
we introduce the notations and useful results that will be used in subsequent parts. In
particular, we present a generalized Gronwall-Bellman lemma that can be applied to a
convolved inequality. Moreover, we state a compactness result with fractional Sobolev
spaces similar to the Aubin—Lions lemma. Section 4 deals with the mathematical analysis
of the model that determines the existence, uniqueness, and continuous dependence
of the weak solution using the Faedo—Galerkin techniques. In Section 5, the model is
numerically discretized using the for space and finite differences in time using a
convolution quadrature formula for the fractional derivative. The numerical experiments
in Section 6 illustrate how the fractional derivative and mechanical coupling in the
model affect the model. We also provide chemotherapy in cycles and study its influence
on the tumor cells.

I was heavily involved in the brainstorming process of the biological model and was
in charge of proving the well-posedness of the coupled [PDE] system. In addition, I was
in charge of writing the mathematical analysis, while the coauthors were responsible
for the numerical implementation of the system.
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In this work, we present and analyse a system of coupled partial differential equations, which models
tumour growth under the influence of subdiffusion, mechanical effects, nutrient supply and chemotherapy.
The subdiffusion of the system is modelled by a time fractional derivative in the equation governing the
volume fraction of the tumour cells. The mass densities of the nutrients and the chemotherapeutic agents
are modelled by reaction diffusion equations. We prove the existence and uniqueness of a weak solution
to the model via the Faedo—Galerkin method and the application of appropriate compactness theorems.
Lastly, we propose a fully discretized system and illustrate the effects of the fractional derivative and the
influence of the fractional parameter in numerical examples.

Keywords: subdiffusive tumour growth; mechanical deformation; fractional time derivative; nonlinear
partial differential equation; well posedness.

1. Introduction

Mathematical modelling to understand the development of tumour cells and their dynamics is of
great importance as it in turn helps in devising appropriate treatment methods. In this study, we
introduce fractional time derivatives in a tumour growth model with mechanical coupling. The fractional
derivatives have the role of accounting for anomalous diffusion, more precisely subdiffusion, seen in
tumour growth.

The tumour microenvironment has a strong influence on tumour cell proliferation and migration
(Balkwill et al., 2012; Wang et al., 2017; Yuan et al., 2016). Depending on the environment of
the surrounding host tissue, tumour not only migrates using typical Fickian diffusion, but it also
migrates more generally using subdiffusion, superdiffusion and even ballistic diffusion. Haptotaxis and
chemotaxis, which are initiated by extracellular matrix and nutrient supply, respectively, and cell-cell
adhesion all drastically affect a tumour’s diffusion mode when a tumour invades its surrounding host
tissue and proliferates. In particular, experimental results by Jiang er al. (2014) both from in vitro and in
vivo show evidence of anomalous diffusion in cancer growth. Taking the average radius of the tumour to
be an indicator of the root-mean-squared displacement of the cells, they observed anomalous diffusion
in in vitro experiments of growing cultured cells from the breast line and in the clinical data from patients
with adrenal tumour and liver tumour.

Anomalous diffusion is a diffusion process with a nonlinear relation between mean squared
displacement and time, unlike the normal diffusion process where the relation is linear. In the

© The Author(s) 2021. Published by Oxford University Press on behalf of the Institute of Mathematics and its Applications. All rights reserved.
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microscopic setting, the diffusion processes are presented by the continuous time random walk (CTRW)
model (Tahir-Kheli & Elliott, 1983), wherein the particle jumps in random directions and the waiting
time before the next jump and jump lengths are given by random processes. We have the following three
relevant examples of CTRW. When the mean of the probability density function (PDF) of the waiting
time (first moment) and the variance of the PDF of the jump length (second moment) are finite, in the
long-time limit we have a behaviour described by an integer-order diffusion equation. In this case, the
solution for a point initial condition is a Gaussian PDF, and the mean square displacement (MSD) has a
linear dependence on time. A PDF of the waiting time ~ 1% ast — oo with 0 < o < 1, results, in
the continuum limit, in a time fractional diffusion equation, represented by a power-law dependence of
MSD on time of the form < x*(f) >~ ¢* leading to subdiffusive behaviour. A PDF of jump length
~ |x|7!7P as x| - oo with0 < B < 2 gives us in the long-time limit a behaviour described
by fractional diffusion equations in space, leading to superdiffusive behaviour. Fractional differential
equations were obtained from the CTRW formulation in Compte (1996) and Metzler & Klafter (2000).
The description of reactions that take place in systems with anomalous diffusion is discussed in Henry
et al. (2006), Seki et al. (2003), Yuste et al. (2004) and Nepomnyashchy (2016). These examples of
CTRW discussed above are adapted to cancer modelling by the migration proliferation dichotomy
observed in the development of cancer cells in lomin (2005b), [omin (2005a), lomin (2007) and Fedotov
& lTomin (2007). We consider a subdiffusion limited reaction equation for the density of tumour cells, in
contrast to the normal reaction diffusion for nutrients and chemotherapeutic density, to take into account
the memory effects of cells. This involves the introduction of the Riemann-Lioville fractional derivative,
which has the memory kernel in its definition, in the flux and reaction terms in the equation concerning
tumour density, as seen in lomin (2015), resulting in a multi-order system of fractional differential
equations. The model can be modified to the one with Caputo fractional derivative assuming sufficient
regularity as seen in Yuste et al. (2004).

It is important to incorporate mechanical effects in tumour growth model since the growth of the
tumour increases mechanical stress due to the surrounding host tissues, which in turn impede the further
growth of the tumour. Experimental evidence can be seen in Helmlinger ef al. (1997), where multi-
cellular spheroids were grown in agar gel concentrations ranging from 0% to 1% and increasing the agar
concentration resulted in the inhibited expansion of the spheroid as the substrate stiffness increased. In
the literature, reaction-diffusion models with mechanical coupling are seen in Lima ef al. (2016), Lima
et al. (2017), Faghihi et al. (2020) and Hormuth et al. (2018) for modelling tumour growth. In our
model, we incorporate the mechanical effects in a similar way to the aforementioned papers.

After having introduced the mathematical model, we proceed with analysing existence and
uniqueness of a weak solution. We remark that, while the mathematical analysis of Cahn-Hilliard
equations with mechanical effects is well addressed in the literature—see, e.g. Miranville (2001),
Carrive et al. (1999), Garcke (2003), Garcke (2005a) and Garcke ef al. (2019)—the analysis of reaction-
diffusion equations with mechanical coupling is not straightforward. The traditional Caputo derivative,
which is valid for absolutely continuous functions, is extended to a wider class of functions through
various generalizations in the study of weak solutions to fractional differential equations. For instance,
some generalizations of the Caputo derivative in the literature are given in Kilbas er al. (2006), Allen
et al. (2016), Gorenflo et al. (2015), Li & Liu (2018a)and Akilandeeswari et al. (2017), and they
all reduce to the traditional one under the assumption of sufficient regularity of the function. In the
analysis, we use the one in Kilbas et al. (2006) and Diethelm (2010), which relies on Riemann—Liouville
derivatives and is, in contrast to the traditional one, also valid for some functions that do not necessarily
have the first derivative. Using Galerkin methods for showing the existence of weak solution to partial
fractional differential equations is quite popular and it is seen for instance in Djilali & Rougirel (2018),
Ouedjedi et al. (2019), Zacher (2009), Zacher (2019), McLean et al. (2019), McLean et al. (2020), Li
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& Liu (2018b) and Manimaran et al. (2019) and for tumour growth models in Garcke & Lam (2017),
Fritz et al. (2019b)and Fritz et al. (2019a). The key variations from that of integer-order in the analysis
are the fractional Gronwall Lemma (McLean ef al., 2020), some special estimates due to the lack of
chain rule for fractional derivatives (Vergara & Zacher, 2008) and compactness theorems similar to
the Aubin—Lions theorem (Li & Liu, 2018b). The multi-order ordinary fractional differential system is
well addressed (Diethelm, 2010); however, there is not much in the literature on the multi-order partial
differential system.

The main novelties of our work can be summarized as follows: (a) we consider a nonlinear
reaction-diffusion system with a fractional time derivative, capable of modelling subdiffusion in
tumour progression, and we illustrate, by numerical simulations, its flexibility in describing the tumour
dynamics by varying the fractional exponent; (b) we provide a rigorous mathematical analysis of
the existence and uniqueness of a weak solution to this model, the original aspects consisting in the
treatment of the fractional time derivative and of the mechanical coupling.

This exposition has the following structure: Section 2 gives the mathematical modelling of the
tumour growth with mechanical effects and fractional derivative. In Section 3, we introduce the
notations and preliminary results needed in the later sections. The mathematical analysis of the model
giving existence and uniqueness of the weak solution using Galerkin methods is worked out in Section 4.
The numerical discretization of the model using finite element method for space and finite differences
in time with a convolution quadrature formula for the fractional derivative is given in Section 5. The
results of the numerical experiments in Section 6 show the effects of the fractional derivative and the
mechanical coupling in the model.

2. Mathematical modelling

We consider a material body B composed of two constituents, tumour cells and healthy cells, which
occupy a common portion of a bounded Lipschitz domain 2 C R¢,d = 2, during the time ¢ € [0, T].
Nutrients such as oxygen and glucose in £2 nourish both the healthy and tumour cells. The increasing
number of tumour cells by the intake of nutrients and interaction with the surrounding healthy cells
increases the mechanical stress, which in turn affects the mobility of the tumour. Treatment for cancer
is given by chemotherapy in which the drug diffuses through the region £2 and kills the fast growing
cancerous cells. The quantities of interest to us are as follows: the mass density of the tumour cells per
unit volume p¢, where ¢ : 2 x [0, T] — [0, 1] is the volume fraction of the tumour cells in 5 and p is
the mass density of the tumour cells, the displacement field u : £2 x [0, T] — R, the mass density of the
nutrients ¥ : £2 x [0, T] — R and the mass density of the chemotherapeutic agents x : £2 x [0,T] — R.

2.1  Evolution of tumour

Time evolution of the physical system must obey the laws of conservation of mass, linear and angular
momentum, energy and the second law of thermodynamics. We ignore the temperature and thermal
effects and proceed as done in Lima er al. (2016).

e Conservation of mass:

9,(pp) + V- (ppv) = p(§ =V - ), 2.1)

where v is the velocity field, pS is the mass density supplied by other constituents, which
encompasses proliferation of tumour cells and their death due to chemotherapy treatment, and
pJ is the mass flux over the boundary of £2, which we denote by d£2.
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e Conservation of linear and angular momentum:

0, (ppv) +V - (ppv ®v) =V - T + ppb +p,

2.2)
T—T =m,

where T is the Cauchy stress tensor for the tumour, b is the body force, p momentum supplied by
other constituents, m is the intrinsic moment of momentum, and 77 denotes the transpose of T

The total energy of the system ¥ consists of the Ginzburg—Landau component ¥ (¢, V) depending
only on ¢ and its gradient V¢, and the stored energy potential W(¢, e(u)) depending on ¢ and the strain
measure €(u). Assuming small deformations, we consider the potentials

= /Q (¢, Vo) + W, e)) dx,

1 —
V(9. Vo) = §¢2’ Wi, ew) = e Clp)e +¢:T(9),

where ¢ > 0 is a constant, e(u) = %(Vu + Vu'), T(¢) = Apl is the symmetric compositional stress
tensor, A > 0 depending on the tumour growth rate and I being the identity matrix, C(¢) is the linear
elastic inhomogeneous material tensor, and the operator : denotes the inner product for second-order
tensors.

The first variations of the energy functional with respect to ¢ and e define the chemical potential,
and the stress tensor, respectively,

o SW sW

-t To5 2.3)

I

The effects of the elastic deformation on the movement of tumour cells is prescribed by the term AV - u
in the chemical potential.

To incorporate subdiffusion, we introduce fractional derivatives in the mass flux and mass sources.
Modelling the subdiffusion and proliferation of cancer cells can lead to a linear fractional partial
differential equation through a comb model with proliferation in one dimension (Iomin, 2015). On a
microscopic level, subdiffusion-limited reaction is modelled in Seki ef al. (2003) and Yuste et al. (2004)
by having fractional derivatives in flux and reaction terms.

Motivated by the previous models, the subdiffusion limited reaction for tumour mass density takes
the form,

J=—Myx)0/ "V, S=Ny3' "f(¢, %) — Pyd g, x), 2.4)

fora € (0, 1), where M¢ : 2 — RT issuch that cM¢ is the mobility of tumour cells, f, g : £2 x[0,T] —
R model the uptake of nutrient and chemotherapic by the tumour cells, Ny > 0 is the rate at which the
tumour cells proliferate by using the nutrients, and P > 0 is the rate at which the tumour cells die due

to the chemotherapy treatment. The operator 8}_“ is the Riemann-Liouville fractional derivative and is
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defined for a function ¢ : £2 x [0,T] — R, as
A o) = 0,(g)_ * )0, (2.5)

where the kernel is defined by

Y@, o>0,
8y (1) :=
8(1), a =0,
where 6(¢) is the Dirac delta distribution and * denotes the convolution on the positive halfline with
respect to the time variable, i.e. (g, * ¢)(?) = fot 8, (t — $)@(s) ds. If ¢ is sufficiently smooth, then we
have

O (@) — @) = &1_g * 3,0(D), (2.6)

where ¢ is a given initial value. The right-hand side is the classical Caputo fractional derivative. The
formulation on the left-hand side, which expresses the Caputo fractional derivative in terms of Riemann—
Liouville fractional derivative, has the advantage that it requires less regularity of ¢ than the classical
definition.

We reduce the complexity of the system by using the common simplifying assumptions as in Lima
et al. (2016): the tumour and healthy cells have constant mass density p = py,m = 0, i.e. the material is
monopolar, no body force, i.e. b = 0, we neglect the terms with v®v and p by not considering the inertial
effects, and we further assume that the mechanical equilibrium is attained on a much faster time scale
than diffusion takes place, i.e. the term pvd,¢ on the left-hand side in the linear momentum equation
vanishes. For ease of technical difficulties, we assume that the tumour is an isotropic and homogeneous
C(¢) = C material, and so C takes the form Ce = 2Ge + 12—62‘)1; trel, where G > 0 denotes the shear
modulus, while v < % is the Poisson’s ratio. This assumption assures that the energy functional W(¢, €)
is convex in both its variables, which is required in using Lemma 3.1, which is an analogous result to
the chain rule in fractional derivatives for providing estimates for ¢. A more general energy functional
is considered in Garcke (2003) with integer-order derivatives.

Along with these assumptions, we integrate (2.1), take 9/ on both sides of equation (2.1) and use
the semigroup property of the kernel g,_,, * g, = g, = 1 in the following way

8l ¥0,(8y *®) =0,(81_o ¥ 84 *¥) — 81_o1)(g, *9)(0) =09,(1 x¢) = ¢,

assuming sufficient smoothness on the functions, to obtain from (2.1)—(2.4) the system

06— dg) = V- (My @) Vi) + Nof (9, 9) = Py, 1), (2.7a)
w=cp+AV-u, (2.7b)

2Gv
0=V. (ZGe(u) + g tre@) + A¢H) , (2.7¢)

where ¢, is a given data, playing the role of initial condition.
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REMARK 2.1 If we assume smoothness on all involved variables, we can formally take the divergence
in the deformation equation (2.7c) and conclude that

G
G+ AV -u) = —AA¢.
1—2v
IfM P is a constant, then, by substitution into (2.7a)—(2.7b), we obtain

A2(1 = 2v)

8?(¢—¢0)=M¢(C—m

) A+ Nyf ($.9) — Pyg(d. 0)-

We note that in this case the equation for ¢ is independent of u. Further, this also suggests that we

21— : . . . .
require at least ¢ > ’\26((11_2;’)) to conclude the existence of a solution. We indeed see in Section 4 that we

require a slightly stronger condition on c.

2.2 Evolution of nutrient

The nutrient mass density is assumed to obey a reaction-diffusion equation, as standard (Preziosi, 2003,
Ch. 5 and 10)

ad

M, : 2 — RT is the mobility of the nutrients, Sv, : 2 x [0,T] — R denotes the external source of
nutrients over the volume, sz > (0 denotes the rate at which nutrients are consumed by the tumour cells,

flp,¢) = %—fy is a monod equation combined with the term (1 — ¢) that ensures that ¢, which is a

volume fraction, does not take values greater than 1. The parameter K, > 0 is the monod half saturation
constant, corresponding to that nutrient mass density, where the nutrient-dependent growth takes its half
maximum value.

2.3 Evolution of chemotherapy

The mass density of chemotherapy is assumed to be governed by a reaction-diffusion equation

0
a—); =V.- (Mx(x)VX) _NXX + SX (x,1) — ng((p’x)’ (2.9)

where M, @ 2 — R™T is the mobility of chemotherapeutic agents, S, + 82 x[0,T] — Ris the
external supply of chemotherapeutic over the domain, N, > 0 is the rate at which the chemotherapeutic
agents are degraded, P, > 0 denotes the rate at which chemotherapeutic agents act and are blocked

later by killing tumour cells. The term g(¢, x) = ‘1’;{1)(;4‘_’2)‘ includes, analogously to the nutrient

uptake, a saturation effect, including also that mainly cells in a certain growth phase are sensible to
the chemotherapy. The parameter K, > 0 is the density of chemotherapeutic agents when they reach
their half maximum value.
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Finally, collecting (2.7)- (2.9), the tumour evolution is governed by the system

06— d0) = V- (My®I Vi) + Nof (9, 9) = Py, 1), (2.100)
w=cp+AV-u, (2.10b)
2Gv

0=V. (2G€(u) + - 2vtr(&‘(u))]l + )»(i)]l) , (2.10c)

0
oV My V) + 8,y 1)~ Ny @), 2.100)

el
-%:V%M%ﬂ%d—%x+%@ﬁ—Pﬁ@JL (2.10¢)

in £2. We add to this system the following initial and boundary conditions

(¢’ 1//’ X) = (¢O’ w()’ XO) on Q X {t = 0}’ (21 1a)
Vu-n=00n0d8 x (0,7), (2.11b)
u=0onX x(0,7),|%| >0, (2.11¢)
2Gv
(2Ge(u) + - 21)‘[r(e(u))]l + Aqﬁﬂ) -n=00nd2\X; x (0,7), (2.11d)
v =1, x = 5, on X, x (0,T), (2.11e)
My VY -n=1y,, M,Vx -n=yx,ond2\X, x (0,7), (2.111)

where n denotes the outer normal to §2 and ¥, ¥, C 082 are parts of the boundary 92 with non-
zero measures. We assume no-flux boundary conditions for the chemical potential and Dirichlet—
Neumann mixed boundary condition for the displacement, density of nutrient and chemotherapy. The
homogeneous Dirichlet condition on the part of the boundary X, for displacement accounts for the
presence of a rigid part of the body such as bone, which prevents the variations of the displacement.
The non-homogeneous Dirichlet condition on part of the boundary X, for density of nutrient and
chemotherapy accounts for the concentration supply from blood vessels. In the rest of the boundary, the
more natural Neumann boundary condition is applied. The problem with non-homogeneous Dirichlet
condition for density of nutrient and chemotherapy can be converted to a problem to have homogeneous
Dirichlet boundary conditions by taking ¢ = ¢ — 1/~/b and similarly for x. Therefore we assume
Yy, = Xp =0.

REMARK 2.2 We assumed that the displacement u vanishes on ¥ C 942, that means we imposed
a homogeneous Dirichlet boundary on X;—see also Garcke et al. (2019), Faghihi et al. (2020) and
Bartkowiak & Pawtow (2005) for the same choice of boundary behaviour. This allows us to apply the
well-known Korn inequality directly in the proof of existence. In the case of pure Neumann boundary

conditions, one has to consider a different solution space for u (see Garcke, 2005b; Miranville, 2001,
2003, for more details).
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3. Preliminaries

In this section, we introduce the spaces along with the embedding results, and the useful inequalities
and auxiliary results, which are used in the Section 4.

3.1 Notation and embedding results

Let WI’;(.Q; R?) denote the Sobolev space of order k with weak derivatives in the space L’p (£2;RY) of p-
integrable functions having value in R4, Shortly, we write W;’i (2;R) = Wg(.Q), HU(2) = W21 (£2) and
H(l)’ 5 (825 R?) denotes the space of H'(£2; R?) functions with vanishing trace on X' C 952, see Brezis
(2010) for more details. For notational simplicity, we denote || - || Lo(2:RY) and || - || Lo (Z:Rd) by || - || and
Il - I, respectively, (-, -)ﬁz(Q;Rd) and (-, ')EZ(E;Rd) by (-,-) and (-, )5, respectively, and the brackets
(-,-) denote the duality pairing on H~'(£2) x #!(£2). The symbol C¥(-) denotes the space of k-times
continuously differentiable functions and C,(-) denotes the space of bounded continuous functions. Let

7 be a real separable Hilbert space with norm || - ||, and V' be a Hilbert space such that V <> H < V'
is a Gelfand triple. We define the Bochner space

T
Ep(O, T:H) := [(p : (0,T) — X : ¢ Bochner measurable and ”90”12,,(0];%) = /0 ||<p(t)||’;_[ dt < oo] ,

where p € [1, 00). For p = oo we modity it in the usual sense with the Bochner norm

ol 20770 = ess sup [@(1) 13
te(0,7)

We introduce the Sobolev—Bochner space
W, (0. T: V. V) = {p € L,(0.T;V) : 3,9 € L0, T;V)},
and its fractional counter-part
WE0,T: 00, V. V) = {9 € L,0.T:V) : g_o % (9 — ¢) € W, ,0.T:V,V)},

where ¢, € H and OW;} 4 denotes functions in Wl} o With vanishing trace at 1 = 0. This definition of
the fractional Sobolev—Bochner space indeed corresponds to the space of integrable fractional time-
derivatives.

In the existence proof we typically apply compactness results. A special case of the Aubin—Lions
compactness theorem (Simon, 1986, Corollary 4) states the following compact embedding

pelloo), WLO.T:V, V)« L,0.T:H). 3.1)

In the fractional setting, we have the following analogous result

pell,oo)nre(—L—. 00)N[l00), W0, Tipp V. V) <> L£,0,T;H), 3.2)
1 + pa p: p
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where ¢, € H is given. The proof follows the lines of Li & Liu (2018b, Theorem 4.2) using the estimates
from Li & Liu (2018b, Proposition 3.4).

We also employ the following continuous embedding into the time-continuous function space to
establish additional regularity of the solutions of the partial differential equations,

W50, T;V, V) < C(0, TV, V'], ), (33)

where [V, V'], 2 denotes the interpolation space of order 1/2 of V and V', see Lions & Magenes (2012,

Theorem 3.1, Chapter 1), e.g. [H(l)(Q),H_I(Q)]I/Z = L,(£2). In the fractional setting, we have a
continuous embedding analogous to the one above. Indeed,

9o € H, p € Wi50,T;00, V. V) = g1_o * (9 — ) € CUO, TI; H), (34

after possibly being redefined on a set of measure zero, see Zacher (2009, Theorem 2.1).
Throughout the whole paper, we denote by C a generic positive constant, which is independent of
the unknowns ¢, u,u, ¥ and yx.

3.2 Useful inequalities and auxiliary results

We recall the Poincaré—Wirtinger, Poincaré, Korn and Sobolev inequalities, see Brezis (2010) and
Ciarlet (2013),

le =9l < ClIVell forall ¢ € H'(£2),
lgll < ClIVel forall p € H{ 5 (£2),
(3.5)
1¢ll201 @.me) < Cle@) forall ¢ € H} (2, R,
d d
lelwp@rs < Clelwigmre forallp e Wy(2:RY), k- SEzm=_, kzm,
where ¢ = ﬁ /, o ¢(x) dx denotes the mean of ¢. Also, we often make use of the e-Young and the
Young convolution inequalities, given by
b4 1 1
ab <ed’? 4+ — foralla,b>0, —4+-=1, €>0,
q(ep)i/? p 4
| | (3.6)
lley * 902”[:,(_(2) = ”§01||£,,(S2)”‘/’2||£q(9) forall ¢, € ﬁp(Q)"Pz € ‘Cq(Q)’ 1_9 + 5 = - +1
and Holder’s inequality, given by
1 1
le102ll 2,2y < Nl ||/;p(52)||§02||5q(9) forall g, € £,(82), 9, € L,(£2), ; + ZI =1, (3.7)

see Evans (2010, Appendix B).
The following inequality, which is analogous to the chain rule, is required to obtain a priori estimates
to prove the existence of weak solutions of a time-fractional partial differential equation.
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LeEmMA 3.1 Suppose ¢ € £,(0,T; L,(£2,R?)), and there exists ¢, € £,(£2,RY) such that g,_,, *
(¢ — 9@y € 0W21,2(0’ T; L5(82, RY), L5(82, R?)). Let H € C'(R?) be a convex function such that 81— *
[o H(g) dx € yW] (0, T). Then for almost all t € (0, T), we have

(H/(w(t)), 0,(g1_¢ * <ﬂ)(f)) > 0, (81_0, */ H(p) dx) (1)
@ (3.8)

+ (—/QH((/)(t))dx-l- (H/(w(t)),qo(t))) 81— ().

Proof. Letk € VVI1 (0, T). Then from a straightforward computation, we have the following identity for
almost all r € [0, T']

/Q H (0(0)) : 8,0k % ) (1) dx = 9, (k* /Q H(go)dx) o) + k() ( /Q —H((p(t))—l—H/((p(t)):(p(t)dx)

td
- /O k) ( /Q H(p(t — ) — Hp(1) = H' (@) : (p(t —5) — ¢ (1)) dx) ds.
(3.9)

We remark that the identity for functions with values in R can be seen in Kemppainen et al. (2016,
Lemma 6.1) and the integrated form for functions in R can be seen in Gripenberg ez al. (1990, Lemma
18.4.4). We note that if k is non-negative and non-increasing then the last term is positive, since H
is a convex functional. The inequality (3.8) follows as in Vergara & Zacher (2008, Theorem 2.1) by
approximating g_, with a more regular kernel k, € W10, T), using the above identity and taking the
limit. O

A particular form of Lemma 3.1 with H(¢) = %gpz is proved in Vergara & Zacher (2008, Theorem
2.1) with functionals having value in any Hilbert space, and we have for almost all # € [0, T]

1d s 1 5
Ea(gl‘“ *[lel*) (@) + Egl_a(l)llw(t)ll < (¢, 8,(81_¢ * 9)(D) . (3.10)

REMARK 3.1 The first term in (3.10) is well-posed for ¢ € Wg’Z(O, T, (po,ﬁz(.Q,Rd),[,z(.Q,]Rd))
because of the following implication, which indeed holds true for a wide class of kernels and is proved
in Vergara & Zacher (2008, Proposition 2.1),

0 € Ly(0,TiH), g _o %9 € H O T H) = g1, * gl € WHO,T).  (3.11)

The following are the Gronwall-Bellman and generalized Gronwall-Bellman with singularity, used
for providing explicit bounds on solutions.
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LEMMA 3.2 (Gronwall-Bellman, cf. Evans (2010, Appendix B)). Assume C;, C, > 0 are constants. If
¢(?) is a non-negative, integrable function on [0, T'], satisfying

t
M <C + Cz/ @(s) ds,
0

for almost all ¢ € [0, T'], then it holds that

for almost all ¢ € [0, T].

LemMA 3.3 (Generalized Gronwall-Bellman, cf. Ye et al. (2007, Corollary 1)). Assume that a(¢) is a
non-negative integrable function on the interval [0, T], and » > 0 is a constant. If ¢(¥) is a non-negative,
integrable function satisfying

b

t
_ a1
@) = a() + F(a)/o(l )7 g(s)ds,

for almost all ¢ € [0, T, then for almost all ¢ € [0, T'] the following holds true,
t
@) < a(r) +/ bF(Ot)(t—S)“_lEa,a(bF(Ot)(l— s)*)a(s) ds,
0

where E, , (x) = > 22 F(#Za) is the two-paramater Mittag—Leffler function.
LEmMA 3.4 (Fractional integration by parts, cf. Djilali & Rougirel (2018, Proposition 3.1)). Let ¢; €
L,(0,T;H) and ¢, € H1(0, T; H). Then

T T
/0 (at(gl_a * 901)(t)’(/)2) dr = _/0 (‘Pl’ (81 o * 31902)(0) dr + ((81_a * 901)(f)’¢2) |;ig,

where the convolution *’ is defined by (g, * ¢)(r) = ftT 8yt — $)p(s) ds.

4. Mathematical analysis

In this section, we provide the existence and uniqueness of the weak solution to the model (2.10) using
the Galerkin approximation approach.

DEFINITION 4.1 We say that (¢, u, u, ¥, x) satisfying

¢ € WE,(0,T: . L,(82), L,(82)), e Ly0,TH (82)),
u e Ly(0,T;Hj 5 (2:RY), V. x € Wis(0,T:Hy 5, (2), 1 (82)),
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is a weak solution to the system (2.10) with data (2.11), if the initial conditions g;_, * (¢ — ¢,)(0) =
0, ¥(0) = vy, x(0) = x, holds in the weak sense and the solution satisfies the variational form

(97 (p — do)- &1) + MV, VE) = Ny (f (¢, ¥), &) — Py(g(d, x)- &)
(1. 8) = C(¢ 52) +A(V-u,8),
)

G (e(u), e(&5)

(8,v,&,)
(3, &4)

(V u,V-&)=-x(¢,V-§&), (4.1)

1
+ (M VY, VE) = (Sy.8) — Ny (F(0.9),&) + (Vp, 500\ 5,0
+ (MXVX,VS4) = <SX’$4) — NX (X354) - PX (g(¢9 X)7'§4) + (Xbaé4)89\22’

forall & € H'(2),& € L,(2),8;5 € Hy 5 (2;RY) and & € H, 5, (2).

THEOREM 4.2 (Well-posedness of global weak solutions). Let the following assumptions hold:
(AD) g, Vs Xo € L£2(82), Yy, xpp € L£5(0,T5 L5082\ 2)),
(A2) f,g€ Cb(Rz) suchthat 0 < f < Cf and) < g < Cg, for positive constants Cf, Cg,

(A3) %(p,]]‘\;lw,MX € C,(82) such that M, < M¢(x),M,//(x),MX (x) < M, for positive constants
0> o0

(A4) Sl/,, Sx € L5(0,T; L£,(£2)),

(A5) ¢> 202
then there exists a weak solution (¢, w, u, ¥, x) in the sense of Definition 4.1. Additionally, the solution
satisfies the estimate

2 2 2 2 2
191z, 01500000 + Wy 019020 + 10000 @ty T Wy ra0@) + X090 2))
2 2 2
< C(IC+ G+ Co + ISy Iz, 01220020 T IS, s 0mseaen + Wbl 0rc002\5)

2
+1lZ,0 7002 5:)- (4.2)

where IC = ||¢, 12+ Yo 12+ X0 ||2. Furthermore, the solution is unique if the nonlinear functions f, g
are Lipschitz continuous with Lipschitz constants L, L, >0, respectively.

Proof. In order to prove the existence of weak solution, we first use the Faedo-Galerkin method and
semi-discretize the original problem in space in Section 4.1. The discretized model can be formulated
as a system of nonlinear mixed-order fractional differential equations in a finite dimensional space
whose existence of a solution is then obtained by fixed point theorem in Appendix A. We obtain the
required energy estimates in Section 4.2. In Section 4.3, we deduce from the Banach—Alaoglu theorem
and compactness theorems, the existence of limit functions that yield a weak solution to the nonlinear
system (2.10) in the sense of Definition 4.1 and show the weak solution satisfies the estimate (4.2).
Finally, we show in Section 4.4 that the Lipschitz continuity assumption on the nonlinear functions f
and g gives uniqueness of the solution. U
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4.1 Faedo—Galerkin approximation

We first choose discrete spaces Y, Z™ and W™ such that their unions over m € N are dense in
H(2), ’H(l)’ P (£2) and ’H(l)’ 5 (£2; RY), respectively. We construct approximate solutions in these discrete
spaces. We see that the semi-discretized model of Problem (4.1) can be formulated as a system of multi-
order fractional ordinary differential equations.

Discrete spaces. We introduce the discrete spaces
Y" = span{y,,...,y,,}, Z" =span{z,...,z,}, W"= span{wl, cowmy,

where y;, 7, : 2 — Rw;, 1 2 — R fork = 1,...,m are eigenfunctions to the eigenvalues 1), ki, AL
of the following respective problems

— Ay = Ay in €2, =0 on d3%,, w,=0 onadXx,
Vy,-n=0 on 0%2,
Vz,-n=0 on 0Q2\0X,, Vw,-n=0 on 0Q2\0X,.

Since the Laplace operator is a compact, self-adjoint, injective operator, we conclude by the spectral
theorem (Boyer & Fabrie, 2013; Brezis, 2010; Robinson, 2001) that

2, {2,122, are orthonormal bases in £,(£2) and orthogonal bases in H' (£2),

{wi )32, is an orthonormal basis of £, (£2; ]Rd) and orthogonal basis in H! (£2; Rd).

Exploiting the orthonormality of the eigenfunctions, we deduce that Y™, Z™ are dense in £,($2), and
W™ is dense in £, (§2; R?). We introduce the orthogonal projection, [Tyn : £,(£2) — Y™, which can
be written as

m
My = (@.9)%%
k=0

and by the properties of orthogonal projections, we have || ITyn¢| < |¢||. Analogously, we can define
Iy and Iyym.

Faedo-Galerkin system: Fix m > 0 and consider the Faedo—Galerkin approximations ¢, u"" :
[0, 7] = Y™, u™ : [0, T] - W" and ¥, x™ : [0, T] — Z™ with the representations

¢ (D) =D Oy W@ =D o Oy w0 =D G (Owy,
k=1 nl::l ri:l (4‘3)
Y@ =D Oz X0 =D @ (D,

k=1 k=1
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where 9", 0(", 1", %', o) (0,T) — R are coefficient functions for k = 1,...,m. To simplify
notations, we set

S"=1@" ™), & =g@" x™), ¥y = Mgy, X' = Hym Xy,
¢6 = Myndo, Yo = Mzn¥o, Xo' = MzmXo-

The Faedo—Galerkin system of the model reads

(87 (@™ = 95D i) + MV ™, Vy) = Ny (1", yi) — Py ("3 (4.4a)
W, y) = (@™, y) + AV -u",yp), (4.4b)
2Gv
2G(e@™),e(w))) + 0 (V-u",V-w) =—=A(¢",V-wp), (4.4¢)
(az‘/fm’zk) + (vawm, Vzk) = (Sllf’zk) — Ny (fm’zk) + (‘/sz’Zk)aQ\zz’ (4.4d)
(@x™ z) + (M VX", V) = (Syszi) = Ny X"z — P (8™ 2) + (03" 2092\ 5, (4.4¢)
forall k = 1,...,m, along with the initial conditions

81—o ¥ (" —#5)(0) =0, ¥"™(0) =g, x"(0)=xq"

After inserting the Galerkin ansatz functions (4.3) into the system (4.6) and introducing the following
notations

(A$)k1 = (E(Wl),b‘(wk)), (Bm)kl = (V- wy, V. Wk), (Cm)kl = (yz, V. Wk),
(1) =@, oM, @"® =@ ...’ " =T

®(t) =0T @) = (], B = (B yy)s s @0 ) s

B = ((Syrz)s s Sz SEO = (S 2)s - (Synz,))
vy =Wz W e X = (O z0s - (g za)) s
@ ="y () g @ =@y @)

IO = (") ) g = (@2, (€ )



702 FRITZ ET AL.

we obtain a more compact form of the Faedo—Galerkin system

d
g (8120 * @) = 35)) () + AT Q" (1) = Nof (1) — Pygl (), (4.52)
0" () = cd" (1) + A(C™) ™ (1), (4.5b)
(2GAL + 28 B™) g™ (1) = —AC™#™(1), (4.5¢)

d m m.,,m m m m
— K" (1) + Al x" (1) = SUH (1) — Nyf (1) + ¥, (4.5d)

dt

d
awm(t) +AYw" (1) =Sy () — wam(t) — PXgT(t) + X3 (4.5¢e)

The matrix F" := 2GA}' + 12—G2vv " is positive definite by Korn’s inequality (3.5) and hence, it is
invertible. From (4.5b) and (4.5¢), we can write @ (t), ¢"(¢) in terms of #"(¢).

0" (1) = (cl — A2 (€™ (F™)~ '™ 9™ (1), (4.62)

c"™(f) = —A(F™)IC"" (). (4.6b)

Then we obtain a system of nonlinear multi-order fractional differential equations in the 3m unknowns
D 2% Did <k<m

d
o (812 x @ O=9F)) )+ A(T=22C™ F™)TICMI"™ () = Nof}' (1) — Pyl (1),

d
g0 O+ A" (D) = SO = Nyf"(0) + ¥,

d
awm(t) +AYw" (1) =SV (- N, w" ()P, g" ")+ X},

along with the initial conditions, fork = 1,...,m,
(gl_o, * ((1’m)k - (¢o,)’k))) 0) =0, (’fm)k(o) = (Yo, 2)> (wm)k(o) = (X0> Z1)-

The theory of ordinary fractional differential equations in Appendix A ensures the existence of solution
to the nonlinear multi-order fractional differential system, and we obtain

?", 0", 6" € Wi, (0, T; 95, R™R™), #™,w™ e W,,(0,T;R",R™).
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We further see from (4.6a) and (4.6b) that

m

orm =X (L =22 FENTIC") (o) = X (I =22 € EHTICT) (30 @p.30)

=1 =1

~

m

s+ (EMIC) @oyp =23 (ETIC) (970 = @)

=1 =1

Taking convolution with g,_, on both sides of the above two equations, multiplying by y, and w,,
respectively, and taking summation over k = 1 to m, we have

(g1_0 * (W™ = 1)) (0) =0, (g,_q * @™ —ul)) (0) =0,

where uf = >0, (cI—A2(C™!(F™)~1C™), (6o vy and ufy =—1 >y (F™7LC™), (b0, y) W
and they satisfy

(o> ) = c(Pg'syi) + AV -ug, yp), (4.7a)
m 2Gv m m
2G(e(u0 ), e(wk)) + T2y (V Uy, V- wk) = —A(d)o ,V. wk). (4.7b)

Therefore, we conclude
¢m € ley,z(o, T’ ¢81’YM’YM), lu’m € Wg,z(o’ T’ :uglaYm,Ym)’
u" € W5, (0, Tyuf, W™, W™, 4™, x™ e Wy,(0,T,Y",Y™).

We obtain from (4.4b) (and (4.4c)) and (4.7a) (and (4.7b)) that " (and u") satisfy the following
equations:

(0 (W™ — 1g)s ) = ¢ (37 (@™ — 0. yi) + A (7 (V- u™ =V -ug),y) (4.82)

2Gv
—2v

(07 (V- u" =V -ul),V-wy) = =1 (37 (@"— ), V - wy).
(4.8b)

2G (3 (e™) —e(ug)) ,e(wy))+ 1

Further, we also get from the way discrete spaces are defined the following equation

-1
7(#8’, Ayp) = (g ye) = (@' y) + AV -ug, y,),
k

and taking integration by parts we get

(Vi Vy) = M@y y) + ANV - ul,y,). 4.9)
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4.2 Energy estimates

Estimates for ;™. Multiplying (4.4b) with ¢;"(¢) and summing from k = 1 to m, we have, using Holder’s
inequality (3.7),

™% = (@™, ™) + A(V - u™, 1™ < (cllg™ (I + AV - ™ 1) 1l Il
and thus
™l < clld™ | + A1V -u™|| < cll¢™ | + a1 2:ra)- (4.10)

Multiplying (4.7a) with (ug', y;), summing from k = 1 to m and using Holder’s inequality (3.7), we
have the estimate

g I < cllgg' | + AV - ugll < cligg | + Alug 2 (2:rd)- (4.11)
Estimates for »™. Multiplying (4.4c) with ¢;"(¢), and summing from k = 1 to m, we have

2Gv

le@™)|® + =5

IV -u"|> = =1 (6™, V - u™).

Using e-Young’s (3.6) and Korn’s inequality (3.5), we have

Gv A2(1 = 2v)
Cllu’"llil(g;ﬂgd) < 2Glle@™)|* + T 70 IV -u™|? < i

™ 1. (4.12)

Multiplying (4.7b) with (ugy,w,;), and summing from k = 1 to m, we estimate as before to get

Gv

C m
g 1—2v

< 2Glle@)|I* + IV - uf|? < G117 (4.13)

A2(1 —2v)
Gv

2
||H](Q;Rd) 4

Estimates for ¢™. Multiplying (4.4a) with o' (?), (4.4b) with —(% (gl_a * (0" — (¢O,yk))) (1), (4.4¢)
with d% (gl_a * (g,’(" — (u’g,wk))) (1) + ;' (1), and summing from k = 1 to m, we have

(37 (@™ — ¢, ™) + (M V™, V™) = Ny (f", 1) — Py (8", ™), (4.14a)
—(u", 07 (@™ — @) = —c(@™, 9] (9™ — #g')) — AV - u™, 3 (¢" — @), (4.14b)
2Gv
2G(e@™), 0 (e™) —ey))) + o0 (V-u™, 9 (V-u"=V-uf))=—x(¢", 07 (V-u" =V -uf)),
(4.14¢)
2G(e@™),e@™) + — ;v (V-u",V-u") = —A(¢",V - u™). (4.14d)
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Upon adding (4.14a)—(4.14c), we obtain

(@™, 37 (@™ — ) + (I, W (@™, e@™)), 3 (¢ — ¢1)) + (8. W (™, e@™)), " (e@™) — e(up)) )

where we have, from Section 2,

1 2Gv
W(p,e) = 58 :Ce+e¢e: ) pl, Ce =2Ge + —2 trel,

—2v
2Gv
1-2

8¢W(¢,s(u)) =e(): A[=AV -u, 0.W(p,e(u)) = Ce(u)+ rpl = 2Ge(u)+ UV -ul+ Lol

We see that the convex functional W(¢™, e (u™)) satisfies the assumptions in Lemma 3.1 by noticing
that

Gv
1—2v

/9 W(@™, e@™)dx = —Glle@™)|* — IV - u™|?, (4.15)

which is obtained using (4.14d). We now apply Lemma 3.1 with H(p) = W(¢™, e(u™)) and (3.10), and
get the following estimate

E( *(5||¢’"||2+ | wie e(um>>dx))<r>+(c(¢m 9" — #) = 519"17) 810 )
a8 * 5 o ; ’ 0) =5 81—

+ ((8¢W(¢’", e™),¢" — ¢g )+ (3, W(g", e@™), e@™) — e(uy)) _/9 W(p™, e™)) dx) 81_a(®
+Mg V", V™) < Ny (", 1) = Py (8" ™).

Using the convexity of the functionals W (¢, e(u")) and %(¢m)2, (A3), (4.10), (4.12) and (4.13),
we have

d c
@ (gl_a * (5||<z>’"||2 + /Q Wig",e@™) dx)) 0+ MoV 12 = € (19512100 + 16" 12)
N P
Yo emy2 o omy2
+2|lf|| +2||g [l
(4.18)
All the terms in the above estimate belong to £,(0, T), and so we convolve with g, to get a bound for

@™ in the space £,(0, T; £,(£2)). Using the fact that g,_, * (5[1¢™> + [, W(¢™, e@™)) dx) (0) = 0
and the auxiliary result g, * g,_, = &, see Diethelm (2010, Theorem 2.2), we have

E( (fn m||2+/ W (g" ('"))dx))
ga*dt gl—a* 2¢ o ¢ , e

d ¢ my 2 m m ¢ my 2 m m
=t \8a *81a ¥ =™l +/ W(@™, ™)) dx )=—II¢> I +/ W(@", e@™)) dx.
t 2 Q 2 Q
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Convolving (4.18) with g, we have for almost all 7 € [0, T],

U612+ [ W et dx + My (g, < IVHI) (@) = IR IR + € (g, 4 16"17) 0
2

+% (ga x |[fm||2) o + % (ga x IIg’"IIZ) ().

Further, using (4.15) and (4.12), we have

1( 22(1 = 2v)
PR Sl

2 2Gv

: ) 1612 + My (8, * 1V 12) () < CllggI? + C (g, * 16" 1) ()

+% (20 * 112) 0 + f;—qj (80 18"1) .

where the constant in the first term is positive by (A5). Using the generalised Gronwall-Bellman
Lemma 3.3, integrating from O to 7, using Young’s inequality for convolution (3.6) and the property
of orthogonal projection, we obtain the upper bound

16" 1202300 = € (Il + €+ C,) 4.17)
Moreover, integrating (4.18) from 0 to 7', using (4.17) and the fact that g, _, is positive yields
2 2
IVi" 01,2000 = € (19012 + G+ C,). (4.18)
Estimates for ¢/"". We have stated in (4.4d) the following Faedo—Galerkin equation for ",
(@Y™ 2) + (My, VY™, V) = (Sy2) = Ny (™ 2) + (V520 y0 5,

and by multiplying this equation by »;"(¢) and taking summation over k = 1 to m and using (A4), we
arrive at

@Y™ ™) + MV 1> < Ny (" 9™) + (S ™) + (5 ")y 5, -

Using the inequalities (3.7) and (3.6), we estimate the right-hand side and get the following upper bound

1d N, 1 N, 1
zd—tnwmnz + Myl VY™ |1* < (7‘” + 5)||W"||2+ 7‘”Wn2 + SISy 1P+ 193 a0 2, 1TV " g2 50

where T : H!(2) — L,(052\ X,) is the trace operator. Since the trace operator is continuous, we have
1T ¢llye\ 5, = Cll@lly () forevery ¢ € H'(£2), see Evans (2010, Section 5.5, Theorem 1). Applying
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e-Young’s inequality (3.6), we find

1d 2, My 2 Nx!f 2 Nl/f 2 1 2 2
Ed—tllw’"ll +7||VW”II 5(7+1 ™l +7|lf’”|| +§||SI,,II + Cllvy 50\ 5,

Finally, the Gronwall-Bellman Lemma 3.2, yields the estimate,

2 2 2+ G4 .
1" 12200200 T IV " Is0750000 = CIWOI™ + G + 1Sy 12,0222 @
2
+ ||wbHLZ(O,T;Lz(aQ\Ez)))'

Estimates for . Multiplying (4.4e) with @}"(¢) and taking summation over k = 1 to m, using the
typical inequalities and proceeding as in the estimates for 1/, we have the estimate

2 2 2 + Z
1X" 2,000 T IVX"Ns0ri0@) = Cllxol™ + Co + 1S, Iy 0200 0
2
+ ||Xb“[jz(O,T;Ez(aQ\Zz)))'

Summing the equations (4.10), (4.12) and (4.19)- (4.22), we arrive at the energy estimate

my2 my2 my 2 my2
1™z, 0152000 + 11K ”EQ(O,T;Hl(Q)) + Il ”Ez(O,T;H‘(Q;Rd)) + v ||£2(0,T;H1(S2))

2 2 2 421
Hix "y 020 @y < CUC+ G+ Co + 1Sy 2,070 T 15 12507000 4.21)

2 2
+ 1Vl 00205 + X6l 2,0.m0.0205.))-

Estimates for the time derivatives. Since our equations in which we wish to pass to the limit have
nonlinear functions in ¢, ¥, x™, we need the strong convergence of these sequences. For this purpose
we bound the time derivatives and use the compactness results (3.1) and (3.2). We first obtain the
estimate of time derivative of ¢" using the estimates from the time derivatives of ;" and #”*. Multiplying
(4.8a) with %glfa * (o' (1) — (ug,y)), summing from k = 1 to m, and estimating using Holder’s
inequality (3.7), we have

Jo7 (™ = i) | < e o7 @™ — &) | + 2 |97 (V- u" = V). (4.22)
Multiplying (4.8b) with d%gl_a * (¢ (1) — (ug',wy)), summing from k = 1 to m, we have

2Gv
1—2v

2G | (e @™ —e@)| >+ 199(V - u" =V ul)|* = =1 (3% (@™ — ), 9% (V -t =V - ull)) .

Using Holder’s inequality (3.7) gives us

2Gv
1—2v

102V - = v -u)|> < & |02 @™ — ]| (4.23)
Multiplying (4.9) with (g, y;) and summing from k = 1 to m, we obtain

IV < ALc(di, mah) + MA(Y - ull, uih).
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Using Holder’s (3.7), (4.11) and (4.13), we have
IVigI? < Cliggll*. (4.24)

We now use the above two estimates to obtain the estimate of time derivative of ¢™. Multiplying
(4.4a) with %gl_a * (0" — (¢g,y)) and (4.8a) with %gl_a * (0 (1) — (1q'» y)), and summing we get

o @™ = o 1* + (M Vi, V07 (W — ) = Ny (", 07 (0™ — 1)) — Py (8" 057" = 1)

— A0V U™ = V- ul), 8% (" — o).
Using (3.10) and Holder’s inequality (3.7), we have

M, d

¢l @" =@t ” + 325 (1m0 * IVHIZ) @) = (NglIF" I+ Pyllg™ ) 351 = )|

+ 81— ONVRYN + 2|38 (V- u™ =V -ud)| |97 @™ — o) ] -

Using (4.22) and (4.23), we have, for every €,,€, > 0,

am  amy |2 %i( my2 € +6& m 2 m2)
clo @ — eI + 54 (81-a 190" )(”5(4% (No ™12 + Py g™

A2(1 = 2v)

+ 81 DIV + (610+ &+ DH—7= ) lo¢ @™ — o]

vV

Choosing €; and €, appropriately, using assumption (AS5) and integrating from O to 7, using g;_, 1s
positive and (4.24), we get an upper bound

1 A2(1 = 2v)
p— C —_——_—
2 2Gv

2
) 1826™ = 8 2y 012000 = CUBHIP + Cr+Cp). (4.25)

We now obtain the estimates of time derivatives of ¢ and x™. Let ¢; € £,(0,T; ’Hé = (£2)), such

that ITyn¢ = D4 ¢ 1.k%- We use the boundedness of the projection and the invariance of the time
derivatives under the adjoint operator of I1;, i.e.

(™, &1y = (O™, Mgmty),
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see Boyer & Fabrie (2013, Lemma V.1.6). Multiplying the Faedo—Galerkin equations (4.4d) with ¢, ;
yields

T T T
/0 (@, ¢)dt = —/O (vawm,VHZn,gl)dt—/O Ny (f™ Tzmgy) d
T
[ ST dr+ [T, w6

< C(I1oll + G + ISy ll 2y 07250 1V Tz 81l 250725520y

< C(IWoll + Cr + ISy ll 2y 0.0 T 1¥bll2y0.:00205) 181 220,201 (@)

and

T
/0 (9,x™,¢))dt < C(T, g, SXeXOa Xl ”LZ(O,T;’Hl(Q))- (4.27)

4.3 Existence of a weak solution
We now prove that there is a subsequence of ¢, u,u"™, ™, x", which converges to the weak solution
of our model (2.10) in the sense of Definition 4.1. We prove this by showing that the limit functions
satisfy the variational form (4.1) and also satisfy the initial conditions.
Weak Convergence. The energy estimate (4.21) provides us the following
{¢"} bounded in £, (0, T; L,(£2)),
(1™}, (9™}, (x™) bounded in £,(0, T; H' (£2)), (4.28)
{u"} bounded in £, (0, T; H(2:R).
By the Banach—Alaoglu theorem, these bounded sequences have weakly convergent subsequences,
which we indicate with the same index. Hence, there exist functions ¢, u, ¥, x : (0,7) x 2 — R
andu : (0,T) x £2 — R? such that as m — oo we have the following weak convergences
" — ¢ in  L,(0,T;L,(2)),
PI g XM = o in L0, T3 H (), (4.29)
u" —~u in L0, T;H'(2;RY).

Strong Convergence. From the inequalities (4.25)-(4.27), we conclude that

{¢™} bounded in W‘iz(O, T; ¢y, £5(82), L,(82)),
{¥"™}, {x™} bounded in W, (0, T; H' (2), ™' (£2)).
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Using the Aubin—Lions compactness theorem and compactness results similar for fractional differential
equations, see (3.1) and (3.2), we have

W50, T ¢, L5(£2), L5(2)) <> L5(0,T; L,(82)),
Wi, (0, Ty H' (2), H 1 (2)) <> £,(0,T; £,(£2)),

and therefore we have the strong convergences (as m — 00)
" = d, YY" > Y, x" = x  inL,(0,T; L,(£2)). (4.30)

Variational form. We now show the limit functions satisfy the variational form (4.1). Letn € C5°(0,T),
multiplying the Faedo—Galerkin system (4.6) by n and integrating from O to 7, we have

T

T
/0 (3% (" — g n(0)yy) dr + /O (M, Vi, n(0)Vy,) di

T T
=Ny /0 (f", n(0)y,) dt — Py, /0 (8", n()y) dr, (4.31a)

T T T
/O W™, n@)y) dt =c /O (@™, n(y,) dt + A /0 (V-u",n(t)y,) dt, (4.31b)

v T T

/ (V~um,n(t)V~wk)dt=—/ @™ )V -w) dr,
2v 0 0
(4.31c)

T
2G /O (e@™),n()e(w,)) dt + lzG

T T
/O(atwm’n(t)zk)dtjt/o (M, Vo™, n(5)Vz,) di

T

T T
= /O (Sy.n(nz) dr =N, /0 (™. n(0)z) dt + /0 (V' 2) gz, A1 (4.31d)

T T
/O(a,x'",n(z)zk)dt+/0 (M, VX", n(t)Vz,) dt

T T
(&". n(Dz) dr +/0 (X;Jn’zk)ag\zz dr.
(4.31e)

T T
:/0 (SX,n(t)zk) dt—NX/O (x™, n(z;) dt—PX/O

The convergence of the linear terms follows directly from the definition of weak convergence. For
instance, the functional

T
e /0 (V™ n(t)Vy,) dt < ||Mm||/;2(o,r;7-[1(_(z))||77||£2((),T)||Vyk||,
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is linear and continuous on £, (0, T’ H1(£2)) and therefore, we get from (4.29) that

T T
/O (VI (6 V) di — /0 (Vi (D) V) dr,

for m — oo. The terms with time derivatives follow from integration by parts, change of integration and
the definition of the weak convergence. The functionals

T T
" /O (9, (81-q * @™ — @) O, n(D)y) dt = — /0 (@™ — &), (g0 3m) (Dyy) dt,

<ll¢™ — ¢81||£2(0,T;£2(Q))||g1—a||£1(O,T)”’7/”£2(0,T)”yk”’

T T
VA /() (aﬂﬁm, U(I)Zk) dr = _/0 (I/fm, U/(t)Zk) dr < ||1/fm||£2(0,r;£2(g2))||77/||£2((),T)||Zk||,

T T
x" / (a,Xm, ﬂ(f)Zk> dr = —/ (Xmaﬂ/(f)wk) dr < ||Xm||£2(0,T;LZ(Q))||77,||52(0,T)||Zk||,
0 0

as we see are linear and continuous on £,(0,7; £,(£2)), and so by weak convergence and reapplying
the integration by parts, we obtain the limit for the terms with time derivatives in (4.33).

The strong convergence results in (4.30) give us the limits of the terms involving nonlinear functions.
From the strong convergence, we have

" = ¢, Y > Y inLy(0,T; Ly(R2)) = Lo((0,T) x 2), asm — oo,

This implies there exist subsequences such that they converge almost everywhere on (0, 7)) x 2. Since
almost everywhere convergence is preserved under composition of a continuous functional, we have

™ =f@",¥v™) — f(p,¥) ae. in(0,T)x 2, asm— oo.

Since {f™} is bounded, we have by the Lebesgue dominated convergence theorem

" @y, = f@, ¥In()y, in L£1(0,T x ), asm— oo.

Convergence of the terms involving g" follow analogously.
By the above convergence results, we have that (4.33) holds true with the limit functions for all
n e Cgo (0,T). By the Lemma of du Bois-Reymond, we get that the limit functions (¢, w,u, v, x)



712 FRITZ ET AL.

satisfy

(0% (B (1) — do). ) + (M, Vit V) = Ny 1), 35) — Py (8. x)-35).
(s yi) = (@, y) + AV -, yp),
(3,9, 2) + (My VY, V) = (Syz) = Ny (F(@. ¥, 20) + (¥ 2) y 5,
(91 2) + (M, Vi, V) = (S, 2) — Ny (. 2) — Py (809 %05 20) + (X0 2) g 5,0

2Gv
1—2v

—1(,V -w;) =2G(e(m),e(wy)) + (V- u,V-wp),

for almost all + € (0,7) and for all k > 1. Using the density of U, YY", U, cnZ",U,,cnyW™ in
H(£2), 7—[(1)’ P (£2), H(l)’ 5 (2;RY), respectively, we obtain a solution (¢, u, u, ¥, x) to the system (2.10)
in the sense of Definition 4.1, provided they satisfy the initial conditions.

Initial conditions. We now prove that the limit functions satisfy the initial conditions. From the
continuous embedding results (3.3) and (3.4), we have

Wy,(0, T 1 (2), ' (2)) = C([0,T]; £,(£2)),

¢ € W50, T; ¢, L2(£2), £5(82)) == (814 * (@ — b)) (1) € C((0, T]; L,(£2)),

yields ¥, x € C([0,T1; £,(£2)) and (g,_, * (¢ — ¢)) () € C(0,T]; L,(£2)). Let n € C'([0,T];R)
with n(T) = 0 and n(0) = 1. Then for all £, € H'(£2),&, € %5’22(9), we have

T

T
/O (al (gl—a * (¢ — ¢0)) (), ﬂ(t)fl) dt = — /0 ((gl—a * (¢ — ¢O))(t)’ 77/(1‘)§1> dr
— ((81_q * (& — P)(0). &),

T T
/0 (0, n(0E,) di = — /0 (W (0.0 (0E,) di — (W(0),&,).

Taking the limit m — oo, we have
T
—/0 ((g1_q * (@™ — @™ O)) (), 7' &) dt — ((g)_q * (@™ — ¢™(0)))(0),§))

T
- - /0 ((1-a * @ — d9) (0,1 (0F) dr — (0,5,),

T

T
—/0 (v" @, ' 0)&,) dt — (¥"(0), &) — —/0 (V0,0 (0&,) dr — (¥, &4)-

Comparing, we have (g,_, * (¢ — ¢)) (0) = 0 and ¥ (0) = . Analogously, we get x (0) = .

REMARK 4.1 The result (g;_,, * (¢ — @) (0) = 0 does not imply ¢(0) = ¢,. However, the function
¢, plays the role of an initial data for ¢ in a weak sense. Suppose, ¢ and 9, (g,_,, * (¢ — ¢)) (1) are in
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C([0,T1; £,(£2)) and (g,_, * (¢ — ¢¢)) (0) = 0, then we have ¢ € C([0,T1; £,(£2)) and ¢(0) = ¢,
see Zacher (2009).

Estimates for the weak solution. We know that norms are weakly (also weakly-x*) lower semicontinu-
ous and using the weak convergences in (4.29)

2 2 2 2 2
“¢|I£2(0,T;L2(Q)) + ||M||E2(0,T;HI(Q)) + Ilu”Ez(O,T;HI(Q;Rd)) + ||W||£2(07T;H1(Q)) + ”X ||L2(O,T;H1(Q))

I my2 m 2 m2
= liminf (”¢ Izs0.m2@) T 172y om0 @) T 147 1y 0020 ira)

my2 my2
+ ||W ”ﬁz(O,T;HI(Q)) + ”X ”[:Q(O,T;H](Q))) ’

2 2 2
< C(IC + G+ Co + Sy Iz 0.1000) T ISk Izy0.7.L02) T 1¥blz,0.7:000005))

2
+ ||Xb“L:z(O,T;Ez(E)Q\Ez)))’

where the final bound is obtained from (4.21), and IC is as defined in the theorem statement.

4.4  Uniqueness

Now we prove the uniqueness of the weak solution under the assumption of Lipschitz continuity
of the nonlinear functions. We assume that there exist two weak solutions (¢, wy,uy, ¥y, x;) and
(P,, o, Uy, Yy, Xo) to the system and prove that these two solutions have to be identical. Introducing
the following notations:

¢i=¢) — ¢y, iz — [y, WI=Up— Uy,
Vo= — Yy X=X — X
Ji = =@, ¥) —f(d2,¥2), &1 — & = &b, x1) — &(d,, X2)»

we see that (43, o, u, 1}, X ) satisfies

(376,&)) + My Vi, VE) = Ny (fy — f. &) — Py (81 — £2.61), (4.32a)

(7. &) = c(.&) + A(V - 1.&,), (4.32b)

2G(e (@), e(€3)) + 12_(;;) (V-@,V-£5) = —1(6.V - £3), (4.32¢)
(0,0 84) + (M, V. VE) = =Ny, (y — f.&4). (4.32d)

(8,7 84) + (M, VX, VE) = =N, (X.&) — P, (g1 — 82-&4)- (4.32e)
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By choosing the test functions fi(¢), 9 q~5(t) + (1), 0fu(t) +u, 1/7(t), X (1) for equations (4.34a)-(4.34e),
respectively, and proceeding as in the existence part, we have

~ ~ N,
SIBOI + My (g, IVAIP) 0 = € (8% 1817) )+ 52 (g0 * i = £21%) ©

2
P
¢
+ 2 (0% g1 = 22l) O (4.330)
IRl < cllgll + ANV - all, (4.33b)
Gv A2(1 —2v) -~
2 N Veoal> < =——=~ 433
Glle@)ll +1_2v|| ul|” < en lloll, (4.33¢)

DN | =

- ! - N ro. N t
—||m/f(t)||2+M0/0 ||vw(s)||2dss(7‘/’+1)/0 ||¢(s)||2ds+7‘”/0 If, —foll*ds,  (4.33d)

Lo e a2 P VN [Miso2 Py [ 2
SIx @l +M0/ IVx($)II©ds < (NX+7+§)/ X ()l ds+7/ g1 — &2 l" ds.
0 0 0

(4.33e)

\S}

‘We observe that

t
/0 le@1*ds < '~ I(@) (g, * lolI*) ().

Adding (4.35a), (4.35d) and (4.35e), using the Lipschitz condition on the nonlinear functions and the
above estimate, we have

IBOI2 + 1T OF + 121 = € (g * (1817 + 1917 + 1212)) ©.

Applying the generalized Gronwall-Bellman Lemma 3.3, we have ||¢~>(t)|| = ||1/~f(t)|| = |lx®] =0,
almost everywhere in [0, T']. Further, we have from (4.35c) using Korn’s inequality (3.5), and from
(4.35b) that that ||#|| 351y = [li4]l = 0, almost everywhere in [0, T].

5. Numerical discretization

The system (2.10) can be written in the form

X —-Xy)=FtX(1), X=(@v.x), a=(@,l11)), (5.1)
with
% (¢ — o) V- (My(P, ¥, OV L) + Nyf (¢, V) — Pyg(d, x)
o (X —Xp) = oY . F,X@®) =| V- My (@, v, )VY) + Sy, —Nyf(@, %)
9 X VM, (Y, x)VX) =N, x +S, —P, g, x)

(5.2)
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and u = pu(¢) implicitly defined via (2.10b)-(2.10c¢). In (5.1), Xy, = (¢, ¥, X) 1 the initial condition.

In our simulations, time discretization is performed using a first order quadrature scheme, of which
we now recall the main features.

For ease of presentation, we focus on a single scalar equation. Convolution quadrature schemes
approximate the Riemann-Liouville derivative d¢ (2.6) of some function ¢ = ¢(#) by a discrete
convolution, see for instance Lubich (1986, 1988) for seminal papers and Zeng et al. (2013) and Jin et
al. (2016) for application to partial differential equations. Let t, = nT/N,, forn € {0,1,...,N,}, be
a subdivision of [0, 7] in N, equispaced time intervals of size At := T/N,. Assuming ¢(0) = 0, we
approximate the Riemann—Liouville time derivative of a function ¢ by

N

o
0% ~ ;¢ = ane > bo, (5.3)
j=0

where ¢, _; is the approximation to ¢(z,_;). The quadrature weights (b;); are the coefficients in the

power series expansion of w”(¢), with w(¢) = (;8;8 the generating function of a linear multistep

method (Lubich, 1988). When ¢(0) = ¢, # 0, we have a discretization to the Caputo derivative by
applying (5.3) to ¢ — ¢,. From (5.3) we see that the memory effect of the fractional time derivative
translates, numerically, to the fact that the value of the solution at some time step depends on its
values at all previous time steps. In the backward differentiation formula of first order, also known
as Griinwald-Letnikov approximation (Dumitru et al., 2012, Section 2.1.2), the quadrature weights are
defined recursively by

by=1, b= —%,“bj_l forj > 1. (5.4)
Fora =1, bj = 0 for j > 2, (5.3) coincides with the implicit Euler method. We refer to Jin et al. (2016,
Section 4) for a detailed summary on the derivation of higher order convolution quadrature schemes
together with their convergence properties.
Applying the scheme (5.3)—(5.4) to (5.1) and denoting by ¢, ~ ¢ (1), ¥, =~ ¥(t,) x, ~ x(t,) the
approximate solutions at time ¢,,n = 1,...,N,, we arrive at the following system of equations:

> by — 90) = A0V - (MyVi1,) + (AD Ny (@, 0,) — (A0 Pug(@ ) (5:5)
=0

V= Yt = (AOV - (M V9,) = (AN f (@, 1) + (A0S, (5.5b)
Yo = Xt = (ADV - (M, Vx,) = (AON, X, = (ADP, (0, x,) + S, (5.5¢)
where
1, = cd, + AV -u,, (5.5d)
0=V (2Ge(un) + 12_G;vtr(e(un))]l + Aqﬁnﬂ) . (5.5¢)
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We obtain an algebraic system using a Galerkin approach with linear finite elements. Namely, let 7"
be a quasiuniform family of triangulations of §2, & denoting the mesh width. For simplicity, we assume
that UTeThT = 2, which holds in all our numerical experiments. The piecewise linear finite element
space is defined as

Vi ={p eC(R):¢ly € P\(T),VT € T"} c H'(2),

vzhere P (T) denotes the set of all affine functions on 7. As in the previous section, we assume that
¥, = 0 and x;, = 0. We formulate the discrete problem as follows: at the n-th time step, find

d
B> 1y € Vh’ u, € (Vh N H(l),)?l ('Q)> s Yo X € VN H(l),Ez(‘Q)

d
such that, for all test functions ¢, ¢, € Y, ¥y, 93 € Vhn %(1)’22 (£2) and @5 € (Vh N 7—[(1)’21 (.Q)) ,

W, 0o) + (At)(MI/,Vd/n, Vo,) =(¥,_1,9,) — (At)Nw (f (D, V) 02)
+ (AD(Sy, 92) + (AD (V. 92) 52\ 5, (5.6a)

Ot 93) + (ADM, V3, Y03) + (AN, (s 03) =1 93) — (ADP (8 1) 93) + (AD (S, 93)

+ (At)(vaﬁpz)aQ\zz (5.6b)
n—1
by (¢, 1) + (Af)a(Md,VMn’ Vo) =— ij((¢n—j — ¢g), @) + (AN (bydy, ¢1)
j=1

+ (AN Ny (f (B, ) 1) — (AD Py (8(hys X)s #1) (5.6¢)

(> 4) = (@ 04) = AV -1y, 904) =0 (5.6d)

2Gv

2G(e(u,). &(93)) +

V-u,V-@s)=—xr,,V-@s) (5.6e)

(here we have rearranged the order of the equations for easier explanation in the upcoming remarks).
This is a non-linear, coupled algebraic system with unknowns ¢,, u,,u,, V¥, x,. At each time step, we
solve this system with a fixed point iteration. In our experiments, we set the termination criteria for the
latter to be a maximum of 50 iterations and a maximum tolerance for the relative error between two
iterates of TOL=107°. For all experiments in the next section, this tolerance was always reached within
less than 10 fixed point iterations.

The procedure described in this section has been implemented in FEniCS (Alnzs et al., 2015), using
version 2019.1.0. of the DOLFIN library (Logg et al., 2012), to obtain the numerical results shown in
the next section.

REMARK 5.1 Equations (5.6a)-(5.6b) are decoupled from (5.6d)-(5.6e) and they are coupled with (5.6¢)
just through the non-linear terms on the right-hand side involving the functions f and g, respectively.
This can be exploited to improve efficiency when solving the non-linear system: in the spirit of a Gauss-
Seidel method, at each fixed point iteration one can first update v, and x,, with (5.6a)-(5.6b) using the
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TABLE 1 Parameter values used in the simulations of Section 6, unless otherwise stated

Parameter values
M¢ N¢ Kw P¢ c A G v va Nv; Mx Nx P K

X X
(2.10a) 0.0001 0.6 2 1.1
(2.10b) 04 0.002
(2.10c) 04615 0.3
(2.10d) 1 40
(2.10e) 1 3 30 06

Equation

previous iterate of ¢, on the right-hand side, and then insert these updated values in the right-hand side
of (5.6¢) and solve the last three coupled equations to update ¢,, i, and u,,.

REMARK 5.2 When using first order finite elements, further efficiency can be gained by using mass
lumping (Quarteroni & Valli, 2008, Sect.11.4) in (5.6d). More precisely, if in the first two terms in
(5.6d) we approximate the mass matrix by its lumped version (which is diagonal), the latter can be
inverted cheaply and we can express explicitly the coefficients vector of u, (with respect to the finite
element basis functions) in terms of the coefficient vectors for ¢, and u,,. Using the resulting expression
for the coefficient vector of u, in (5.6¢) allows to eliminate (5.6d) from the system of equations and
thus to reduce the system’s size.

6. Numerical simulations

In this section, we present the numerical approximations of the variables ¢, u,u, ¥, x in the model
(2.10) with a two-dimensional domain £2 = (0, 1)2. In Section 6.1, we study the effects of introducing
the fractional time derivative in the reaction—diffusion model, neglecting mechanical effects and in
absence of treatment. We next introduce, in Section 6.2, the coupling with mechanical forces, still
in absence of treatment. Finally, in Section 6.3, we consider the effect of chemotherapeutic agents,
including a periodic source for the treatment.

Where not otherwise stated, we choose the parameters to have the dimensionless values listed in
Table 1. We have My < M,,,M, because the tumour diffuses at a much lower speed compared to
how fast the nutrient and chemotherapeutic agents diffuse. We set N, < N,, because the nutrient rate of
decrease is much faster than the proliferation rate of the tumour due to the nutrient consumption (usually
a tumour can at most double its size in one day) and, for similar reasons, we have P¢ < Px’ The half
maximum value K, has been chosen to be lower than the maximum concentration reached by the
nutrient, in order to observe both effects of low-density limited and maximum capacity-limited growth
of the tumour. Accordingly, K, has been chosen to be lower than the maximum concentration reached
by the chemotherapeutic agents. The degradation rate N, is large compared to the other coefficients in
the reaction terms of the equation for the chemotherapeutic substances because the latter degrade quite
fast (their half-time is usually a couple of hours). The parameters ¢, A, G and v < 0.5 have been selected
to be in the ranges considered in (Lima et al., 2016).

In the simulations, we have set Ar = 1/15 for the time stepping and we have discretized the domain
2 using a regular, triangular mesh with mesh size 4 = +/2/150 for all simulations but those in Figs 1
and 2, where we have used a finer mesh with 7 = +/2/200 to have a more precise computation of the
radius of the tumour.
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FiG. 1. Reaction—diffusion model and circular initial condition (6.1) with a = 0.22 and b = 0.05. Left: evolution of radius of the
tumour over time with parameters as in Table 1 and ¢ = 0.25(orange—), @ = 0.5 (red—), & = 0.75 (violet—) and @ = 1
(cyan—). Right: evolution of the radius over time for parameters as in Table 1 and « = 0.5 (red—), same line as in the left plot,
and My = 0.0001/1.803, Ny = 0.6/1.803 and o = 1 (cyan—)
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FiG. 2. Reaction—diffusion model and circular initial condition. Cross-section of the tumour density along the x-axis at 7 = 30
for « = 0.25 (orange—), @ = 0.5 (red—), @ = 0.75 (violet—) and « = 1 (cyan—). Left: results for initial condition (6.1)
with a = 0.22 and b = 0.05. Right: results for initial condition (6.1) with @ = 0.2 and b = 0. In both plots, the dashed line depicts
the initial condition.

We refer to the quantities [, ¢ (x,1dx, [, ¥ (x,7)dx and [, x (x,7)dx as the tumour, nutrient and
chemotherapy mass, respectively. Since ¢ is a volume fraction, the mass of the tumour is technically
given by f o PO (x, t)dx, but, since we assume p to be constant, f o &(x, t)dx is the mass up to rescaling.

6.1 Reaction-diffusion system without treatment

The goal of this section is to show the basic effects of introducing a fractional time derivative and the
new modelling possibilities that it offers. For this, we consider the reaction—diffusion model (2.10a),
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(2.10b) and (2.10d) with the parameters A = 0, Py, = 0, in which case we have two variables ¢ and .
For both ¢ and i we impose homogeneous Neumann boundary conditions and a constant nutrient is
supplied over the whole domain by setting S, =0.5.

We first consider the evolution of a circular tumour and then of a tumour concentration having,
initially, two disconnected components.

For the circular tumour, we consider the initial conditions

1 it x—ec| <b,
AV .
do(x) = {exp (1 - (a_b>z(_a(”f)_c||_b)2) if b<|x—c|<a (6.1
0 otherwise,

and ¥, = 0. We first set ¢ = (0.5,0.5),a = 0.22 and b = 0.05. A cross section of (6.1) along the x-axis
is depicted in the left plot of Fig. 2, dashed line.

Experiments with in vitro cell cultures as well as in vivo data (Jiang et al., 2014) have shown that
the growth of the tumour size over time can have different power law exponents depending on the type
of cells and the surrounding environment. For this reason, we have tracked the radius of the tumour over
time for different values of «, whose results are shown in Fig. 1, left plot. Here we have defined the
radius of the tumour as

R(t) = argmax |y _c| xe@ {¢(x,t) z Rthresh} ’

with R, a threshold value that we have set to 1073, The left plot in Fig. 1 clearly shows that,
by varying «, the radius grows with different power laws. This means that, if one is only interested
in predicting the tumour size at a certain time, then a reaction-diffusion model with properly tuned
diffusion and reaction coefficients would be sufficient. However, if one is interested in the dynamics,
then the model with fractional exponent can express behaviours that cannot be modelled with an integer
order model with time-constant coefficients. To show this, we have taken « = 1 and tuned M P and N P in
order to obtain the same radius at t = 30 as the one obtained with « = 0.5 and parameters as in Table 1.
The results are shown in the right plot in Fig. 1, where, for « = 1, we have taken M¢ = 0.0001/1.803
and N¢ = 0.6/1.803. We see that, with the new values for M¢ and N¢, the model with integer order
time derivative can predict the same radius for the tumour at ¢t = 30 as @ = 0.5 and the parameters in
Table 1. However, the dynamics is quite different in the two cases.

The left plot in Fig. 2 shows a cross section along the x axis of the density of the tumour at final
time T = 30. For reference, the dashed line is the initial condition. We observe that the spreading of the
tumour is very sensitive to «, and when « is large, the spreading is faster. When « is smaller, not only the
tumour grows more slowly, but the interface between the tumour and the surrounding tissue is less sharp.
The initial condition (6.1) has a plateau around the centre of the domain where the tumour density is 1.
A question that can arise is what happens when we start with an initial condition, which has no plateau.
To test this, we have run a second experiment with » = 0 and @ = 0.2. The cross section of the tumour
density at T = 30 is shown in the right plot of Fig. 2, where again the dashed line refers to the initial
condition. Here we can observe that, for « < 1, the tumour grows over time without forming a plateau
in the centre, which happens for « = 1. Such different behaviour is not surprising if one notices that
varying the fractional exponent is not a simple re-scaling of the time variable and it introduces instead
different nonlinear behaviours in the model.
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Fi1G. 3. Reaction—diffusion model with two ellipses as initial condition. Zoom in [0.2, 0.8]2 of tumour volume fraction for different
values of & at different times using a constant nutrient source Sy, = 0.5. The range for the colorbar has been fixed to be [0, 1] for
all plots.

We now consider an initial condition with two disconnected components, namely, two initially
separated elliptical tumour masses:

2 .
exp (1 — az_”A?Tl)Hz it [[Ax —c)| < a,
do(x) = Jexp (1 — m if [[Ax—cy)| <a, (6.2)
0 otherwise,
. 10 N .
with A = 0y Y = «/g,cl = (0.5,0.6),c, = (0.5,0.4) and @ = 0.2. This initial condition is

depicted in the first column of Fig. 3. As before, we take ¥, = 0. The evolutions of the tumour for
four values of « are depicted in Fig. 3. There, we can see that different values of the fractional exponent
affect the coalescence speed of the two ellipses: the smaller the «, the lower the speed at which they
merge. Moreover, as in the circular tumour case, we see that, the larger the «, the sharper the interface
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FiG. 4. Reaction—diffusion model with two ellipses as initial condition. Tumour mass ( f o ¢ dx) and nutrient mass ( f o ¥ dx) over
time obtained by giving a periodic nutrient source (6.3), for different values of the fractional exponent: orange— o = 0.25,
red— o = 0.5, violet— o = 0.75, cyan— o = 1.

between the tumour and the healthy tissue (compare for instance« = 1 att = 9 withao = 0.75att = 15
and ¢+ = 20). Similar observations were made in Liu ef al. (2018) in a fractional phase-field model for
porous media applications.

In the experiments shown so far, we have used a time-constant supply of nutrient, meaning a strictly
increasing tumour mass over time. To observe the effects of varying o in a more dynamic setting, we
still consider the initial condition (6.2) but now a periodic source of nutrient, i.e. we set:

05 if 1<t<3orS<t<Tor9 <t<10,
S]// (1) = 1 < <Jod<tr<Tor9Y<tr< 6.3)
0 otherwise.

The mass of the tumour and nutrient up to 7 = 10 are depicted in Fig. 4, left and right plot, respectively.
Regarding the tumour evolution, we observe conservation of mass up to ¢t = 1, because of no nutrient
supply and homogeneous Neumann boundary conditions. For 1 < ¢ < 3, we can see that, in the
beginning, the tumour grows faster over time when « is smaller and it grows faster for o larger as
time passes. We notice that, when the nutrient is again not provided, for 3 <t <5 (and for 7 < t < 9),
the tumour keeps growing nevertheless, because there is still some nutrient in the domain, and it grows
faster for larger «. Regarding the nutrient, we see that, for 1 < ¢ < 3, the nutrient consumption is
approximately the same for all values of «, while, for longer times, the larger the «, the larger the
nutrient uptake. This can be expected from the fact, that, for later times, the tumour mass is larger for «
large and therefore it consumes more nutrient.

6.2 Reaction-diffusion system with mechanical coupling in absence of treatment

The goal of this section is to show results of the reaction-diffusion model with a mechanical coupling as
given in (2.10c), and (2.10d) with Py = 0, in which case we have four variables. We use homogeneous
Neumann boundary conditions for ¢, u, 1, for u we use homogeneous Dirichlet boundary condition on
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F1G. 5. Reaction—diffusion model with mechanical coupling and initial condition (6.4). Evolution of tumour mass ( f 0 ¢dx)
and of total displacement ( fg |u| dx) over time: yellow!30!orangecmyk 0,0.35,1,0— o« = 0.25 and constant coefficients,
orange!20!brownrgb 0.8,0.5,0.2— o = 0.25 and spatially varying coefficients, cyan— o« = 1 and constant coefficients,
blue!60!blackrgb 0,0,0.6— « = 1 and spatially varying coefficients.

the left boundary and homogeneous Neumann elsewhere. We give a constant nutrient source S, = 0.5.
We consider both constant coefficients My, M,, as from Table | and spatially varying ones, given by

M¢ = M¢exp(5(y - 0.5)),]\7[1/, = Mv/exp(S(y —0.5)), with again M¢,MW as from Table 1. We note that
both constants and non-constant coefficients take the same value at the centre of the domain, where we
locate the irregularly shaped initial tumour mass

Iexp (l — %) if f(x) <1,-045 <x<0.2,-04 <y <0.35, 6.4)

0 otherwise,

where f(x) = sin(6x + 2y 4+ 1)(7x — 0.2)% + sin(—8x + 10y + 1.1)(9x — 0.1). This initial condition is
depicted in the left plot of Fig. 7. As in the previous experiments, ¥, = 0. In this section, we compare
the results when using @ = 0.25 and ¢ = 1.

Figure 5 shows the evolution of tumour mass and of the total displacement f o luldx over time,
when using constant and non-constant coefficients. In both cases, we observe that, apart from the very
beginning, the tumour grows faster for « = 1, and consequently, the displacement of the tumour is
larger in this case. It is then for @ = 1 that, for later times, we can observe some difference between the
case of constant and non-constant coefficients. The fact that the tumour grows more when o = 1 can
also be seen in the cross sections along the y-axis at time 7 = 10 in Fig. 6 (tumour density in the left
plot and modulus of the displacement in the right plot), where the dotted lines denote the corresponding
initial conditions: we note that for &« = 0.25 the shapes of the solutions at 7 = 10 are closer to the initial
conditions than for « = 1, for both constant and spatially-varying coefficients. Furthermore, in Fig. 6
we see that the spatial variability of the coefficients (in the y-direction) translates in a more pronounced
asymmetry of the solution with respect to the y-axis. Regarding the displacement, the asymmetry is
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FIG. 6. Reaction—diffusion model with mechanical coupling and initial condition (6.4). Cross-sections along the y—axis at 7' = 10:
yellow!30!orangecmyk 0,0.35,1,0— o = 0.25, constant coefficients, orange!20!brownrgb 0.8,0.5,0.2— o = 0.25, spatially
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Left: cross section of the tumour volume fraction. Right: cross-section of the modulus of the displacement. The dashed lines
denote the corresponding initial conditions.

more evident when o = 1, because there the magnitude of the displacement is larger compared to when
o = 0.25.

6.3 Reaction-diffusion system with mechanical coupling and chemotherapy

In this section, we show simulations of a more realistic situation and include the treatment of cancer
by giving chemotherapeutic agents. In all, we have five unknowns, solving (2.10a)-(2.10e). In the
previous sections, nutrient supply with a source term for the nutrient could be thought as a situation
close to an in vitro setting, where nutrients are added directly in the wells. Here, we assume nutrients
and chemotherapeutic agents to be supplied through some blood vessels, which are around the tumour
area, and so we take zero source functions S, = §, = 0 and non-homogeneous Dirichlet boundary

conditions for i and x, over the whole boundary. We take 1/7b = 2 as Dirichlet boundary condition for
the nutrient and

- 1 if r<2o06<t<8orl2<t<l4,
Xp (1) = )
0 otherwise,

for the chemotherapeutic agents, which are usually administered in cycles.

The boundary conditions for ¢, u and u are as in the previous section. We plot the mass of the tumour
and chemotherapy for different values of «. The initial condition for the tumour is the one with irregular
shape as in the previous section and in the left plot of Fig. 7. We take x, = 0 for the chemotherapeutic
agents. For the nutrient, we take an initial condition with values close to the concentration of the nutrient
at equilibrium, namely, we take ¥,(x) =2 — 0.5x(1 — x)y(1 —y).

The tumour densities at 7 = 20 for « = 0.25 and ¢ = 1 are shown in the centre and right plot
of Fig. 7, respectively (the left plot showing the initial condition). Figure 8 shows the evolution of the
tumour mass (left) and of the mass of chemotherapeutic agents for different values of the fractional
exponent. From the left plot, we see that the response of the tumour to the therapy in the model depends
sensitively on «: the smaller the ¢, the more nonlinear the responses to applying or removing the supply
of chemotherapeutic substances. One could also think about using a piecewise constant «, one for when
chemotherapy is supplied, one when it is not, in order to model a different response of the tumour in
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FIG. 7. Left: zoom in [0.2,0.8]? of initial condition for the tumour with irregular shape. Centre and right: reaction—diffusion
model with mechanical coupling and treatment, zoom in [0.2, 0.812 of tumour density at T = 20 for o« = 0.25 (centre) and @ = 1
(right). The range for the colorbar has been fixed to be [0, 1] for all plots.
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F1G. 8. Reaction—diffusion model with mechanical coupling and treatment and initial condition (6.4). Tumour mass ( f o ¢dx)
and chemotherapy mass ( f o X dx) over time: orange— o = 0.25, red— a = 0.5, violet— a = 0.75, cyan—oa = 1.

these two scenarios. The mass of chemotherapy over time is instead very similar for all values of «. In
particular, when administration of the chemotherapeutic agents is interrupted, their concentration drops
quickly to 0 because of the degradation term (—N X x) in (2.10e).

7. Conclusions

We have presented a new model for tumour growth with fractional time derivatives, including
mechanical effects and treatment by chemotherapy. Existence and uniqueness of a weak solution to
the coupled, nonlinear model are obtained by a Galerkin method. Numerical experiments, based on low
order finite elements in space and convolution quadrature in time, show that the order of the fractional
time derivative influences strongly the evolution. Using the fractional order as an additional parameter
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results in a larger model class. This can be of future interest for calibration of the model parameters by
experimental data.
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A. Existence Result for Nonlinear Finite Dimensional System

Consider the multi-order fractional differential system of the form

d
= (81-q * () = X)) (0 = FL(t, X, (D), ... X,,(0), k=1,....m, A

(gl—ak*(Xk_Xk,O)) (O) :O, k: 1,...,m,
where 0 < o < 1,X; : [0,T] = R, F, : [0,T] x R" — R is such that F,.(-,X,...,X,,) € £,(0,T)
and it is Lipschitz in the other variables. Existence of a solution to a similar system with continuous

function F is given in (Diethelm, 2010, Lemma 5.3), here we prove the result in the vector form. In the
vector notation, the system (A.1) can be written as

D*(X — X)) =F(1,X (1),

(A.2)
(k* (X — X()) (0) =0,
where
; X, (1) X0\
D*X—Xo) = kxX-X) 0. X0y =] + [.X=| : [
X, (1) X0 )
81—, 0 ... O Fi@,X(),....X,(®)
ko =| - , F(L,X(0) = :
0 ... 0 g_o Fo(t,X,(0), ..., X,, () )

LEmMA A.1 Let F(-,X) € £,(0,T;R™) for any X € R" and X(-) € £,(0,T;R™). Then X(¢)
satisfies (A.2) if, and only if, X (#) satisfies the following Volterra integral equation

t
X(1) :X0+/ I(t — s)F(s,X(s))ds, (A.3)
0
where
8, 0 ... O
I(r) = :
0 ... 0 g,

Proof. First we prove necessity. Let X(-) € £,(0,T;R™) satisfy (A.2). With the initial condition
(k * (X — XO)) (0) = 0 and the resultl x kK = 1, we have

d d
D (ko (X = X)(0) = Ik x (X = X)) (). (A4)

Taking a convolution with / on both sides of (A.2), using (A.4), we obtain (A.3), and hence the necessity
is proved.

Now we prove the sufficiency. Let X(-) € £,(0, T;R™) satisfy (A.3). Taking a convolution with k
and differentiating on both sides of (A.3), using Ixk = 1, we arrive at (A.2). Further from the continuity
of (1% F(t,X)) (1), we have (1% F(t,X(1))) (0) = 0, which implies (k % (X — X)) (0) = 0, and this
proves the sufficiency part. U
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LEMMA A.2 (Banach Fixed point theorem)[(Kilbas ef al., 2006, Theorem 1.9)] Let (/,d) be a
nonempty complete metric space, let 0 < w < 1, and let A : &/ — U be a map such that, for every
@1, 9, € U, the relation

d(Apy, Ap,y) < wd(¢;, ¢,)

holds. Then the operator A has a unique fixed point ¢* € U. Furthermore, if { A} en 18 the sequence of
operators defined by

Al = A, A= A4 vk e N\{1},
then, for any ¢, € U, the sequence {Ak(po},fil converges to the above fixed point ¢*.

THEOREM A.1 The initial value problem given by the system of multi-order fractional differential
equations along with the initial condition (A.1) has a uniquely determined solution on the interval [0, T7].

Proof. To prove the existence for the nonlinear differential equation (A.2) it is enough to show the
existence to its equivalent integral equation (A.3) as shown in Lemma A.l. The nonlinear integral
equation is converted to a linear integral equation and Banach fixed point theorem is used to show the
existence of the unique solution to (A.3). For a particular Y € £,(0, T; R™), we obtain the corresponding
linear equation to (A.3) as

t
X(1) =X, + / I(t — s)F (s, Y(s))ds. (A.5)
0

Define the operator A on U := £,(0, T),; R™) for some T}, > 0 as

t
AY () ==X, + / I(t — )F(s,Y(5))ds.
0
Using Young’s inequality for convolution (3.6), we have
2
IAY 12, 0.7 m < C (IXollgn + 121 2, 0.7,2m @ Dl £ 0.7,m) »
<C (”X()”Rm + ||l||£1(o,T;]Rm) (LF”Y”Q((),Th;Rm) + |IF(, 0)||£2(0,T;Rm))) . (A6)

= ClY Nl 2y 0.15,:mm)-
This means that A maps U into itself. Further we get

IAY — AZ| £, o 7,mm < | A% F@Y) = F(1,2)) Ol £,0.7,m)-

< Lellll 2, 0.1, 1Y = Zll £, 0,1;,:8m)-

We choose T), > 0 such that Lg||lll 2 .7,z < 1, which means A is a contraction. By Lemma A.2
there exists a unique solution X € £,(0, 7,; R™) to (A.5) on the interval [0, T},]. Further we see that for
any Tt € (0,T), we have by proceeding as before in (A.6)

”X”ﬁz(()’-[’]Rm) S C’

for some constant independent of t. Therefore we obtain X € £,(0,T;R™). Then F € £,(0,T;R™),
and the initial condition implies X € W5, (0, T; X, R, R™). O
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