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Abstract

We present a three dimensional, homogenized PDE/ODE model for bone fracture healing in the presence of
a porous, bio-resorbable scaffold and an associated PDE constrained optimization problem concerning the
optimal scaffold density distribution for an ideal healing environment. The model is analyzed mathemat-
ically and a well-posedness result is provided. For the optimization problem, we show the existence of an
optimal scaffold design and rigorously derive the adjoint equations. Further, we prove a novel L7 (I, C*(Q))
regularity result for reaction-diffusion equations with mixed boundary conditions which is crucial for the
analysis of the optimal control problem. Numerical simulations for the PDE/ODE system and the PDE con-
strained optimization problem are presented, illustrating the effect of stress-shielding on optimal scaffold
design and providing insight in the sensitivity of the optimal scaffold design with respect to inhibited bone
growth and vascularization.
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Chapter 1

Introduction

In this work, we are concerned with the development and well-posedness of a simple and efficient model
for bone regeneration in the presence of a bioresorbable porous scaffold and the design of an optimal
scaffold using PDE constrained optimization techniques. The essential processes are an interplay between
the mechanical and biological environment which we model by a coupled system of PDEs and ODEs.
The mechanical environment is represented by a linear elastic equation and the biological environment
through reaction-diffusion equations as well as logistic ODEs, modeling signaling molecules and cells/bone
respectively. Material properties are incorporated using homogenized quantities not resolving any scaffold
microstructure. This makes the model efficient in computations, thus suitable as a forward equation in
optimization algorithms and opening up the possibility of patient specific scaffold design in the sense of
precision medicine. The main focus of the thesis lies on the mathematical analysis of the PDE-ODE model
and the associated PDE constrained optimization system. Additionally, numerical simulations are provided
and compared to experimental data. Our numerical findings show that our model resolves clinically relevant
stress shielding effects that appear in vivo due to external fixation of the scaffold at the defect site.

The thesis is organized as follows. In Chapter|l} we begin by giving an introduction into tissue engineering
for the treatment of severe bone defects and present our computational model. We then proceed by
discussing the one-dimensional case in a mathematical rigorous way, proving well-posedness and the
existence of an optimal control. This serves as a gentle introduction to the mathematical techniques. In
Chapter[2] we prove the existence and uniqueness result for the full model in three dimensions and present
numerical simulations. In Chapter 3| we establish the optimal control result in three dimensions, rigorously
derive the adjoint system and present numerical simulations of optimized scaffolds. In the Appendix, we
discuss technical results required for the proofs of the main results, more precisely, we consider regularity of
reaction-diffusion equations, Banach space valued ordinary differential equations and the regularity theory
of the Banach space adjoints of time-dependent differential operators.

The main result of this thesis consists of the extension of the PDE-ODE model proposed in[Poh et al.|(2019)
to the three dimensional case and to a more comprehensive biological environment. For this system, a
well-posedness result is provided, taking into account realistic boundary conditions. Furthermore, for the
corresponding PDE constrained optimization problem, an optimal control result is proven. This requires
the extension of known regularity results from the literature for linear reaction-diffusion equations. A
rigorous derivation of the adjoint system is carried out. Due to regularity issues this is not completely
straight-forward. Finally, numerical simulations for both the forward system and the PDE constrained
optimization are presented.

I MobpEeLING ScaFrFOLD MEDIATED BoNE GROWTH

We start by explaining the processes behind bone growth in the presence of a porous scaffold and then
introduce our computational model.



1.1 Scaffold Mediated Bone Growth

The regeneration and restoration of skeletal functions of critical-sized bone defects (>25 mm) are very
challenging despite a multitude of treatment options, see [Nauth et al|(2018). The main problem is the
phenomenon of non-union where the bone defect fails to become bridged after >9 months and does not
show healing progression for 3 months, cf. |Calori et al.| (2017). [Mills et al.| (2017) showed that with 1.9%,
the prevalence of non-union per fracture is relatively low, yet the financial burden is high, for example,
in the UK, the healthcare cost is estimated to be £320 million annually, see Stewart| (2019). Moreover, the
risk of non-union increases drastically with comorbidities such as diabetes as in this case the regenerative
capability of bone tissue is compromised, we refer to Marin et al.|(2018).

Critical-sized defects may not heal and require in-depth planning of their treatment. Currently used
therapeutic approaches include bone grafting, distraction osteogenesis, and the so-called “Masquelet”
technique, in which a periosteal membrane is formed to induce bone defect healing, cf. Nauth et al.|(2018).
Despite having a general guideline for treatment of critical-sized bone defects, healing outcomes vary highly,
dependent on the site and size of the defect and patient-related aspects, e.g., age, lifestyle and comorbid
metabolic/systemic disorders, see|Roddy et al.[(2018).

Over the years, research demonstrated the potential of using porous, possibly bio-resorbable support
structures, so-called scaffolds, as supporting devices to promote bone defect regeneration. Initially, a
scaffold is placed in the defect site, acting as a temporary support structure allowing for vascularization
while guiding new bone formation. This has recently shown promising results in vivo and in clinical cases,
for example Petersen et al.[(2018) showed that the architecture of the scaffold can guide the endochondral
healing of bone defects in rats. In this study, collagen-based scaffolds with cylindrical pores aligned along
the principle stress axis were used. In Cipitria et al| (2012); Paris et al|(2017), 3D-printed scaffolds made
from a composite of polycaprolactone (PCL, a slowly degrading, bio-resorbable synthetic thermoplastic)
and g-tricalcium phosphate (8-TCP) were used in an ovine experiment. In the studies Petersen et al.| (2018);
Cipitria et al.| (2012); [Paris et al.| (2017) no relevant bridging of the bone defect was achieved without the
addition of exogenous growth factors or cells. However, Pobloth et al.| (2018) illustrated that clinically
relevant bone formation for scaffold mediated bone regeneration is possible without exogenous growth
factors. In this experiment a 3D-printed titanium scaffold with optimized mechanobiological properties
was used and displayed clinically relevant functional bridging of a major bone defect in a large animal
model. Concluding, the studies [Petersen et al|(2018)); Cipitria et al.| (2012); Paris et al.| (2017); [Pobloth et al.
(2018) indicate the possibility of using a scaffold-mediated bone growth approach for critical-size bone
defect healing. Furthermore they indicate that the design and choice of materials are critical questions not
yet fully understood.

There are several objectives to be considered when designing a scaffold, such as (a) the porosity, pore
size and shape, influencing cell proliferation and differentiation as well as the vascularization process; (b)
the overall stability and elastic properties guaranteeing a proper transfer of loads, as mechanical stimulus
is indispensable for bone growth; (c) patient specific information such as reduced bone healing capacities,
caused for example by diabetes Marin et al.|(2018). Therefore, the patient dependent optimal scaffold design
is of fundamental importance and with the advent of additive manufacturing technologies the production
of personalized scaffolds is — in theory — fully feasible.

However, the design of scaffolds has been dominated by trial-and-error approaches — modifying an existing
scaffold architecture based on experimental outcomes, a very costly workflow unsuitable for patient specific
design. Over the years, with the help of evolving computer aided design tools, topology optimization
techniques have shown potential to address the optimal design question computationally.

This strategy has already been applied to design scaffolds meeting elastic optimality conditions with a given
porosity or fluid permeability, we refer for example to|Dias et al.|(2014); Coelho et al.|(2015);|Lin et al.|(2004);
Guest and Prévost (2006);/Challis et al. (2012); Kang et al.|(2010);Wang et al.|(2016);|Dondl et al.|(2019). Yet, a
common limitation to these models is that they do not resolve the time dependence of the bone regeneration
process, as scaffold mediated bone regeneration crucially depends on the varying elastic moduli over time.

Highly accurate, fine scale models for bone formation exist (see, e.g., Klika et al.| (2014); Sanz-Herrera et al.
(2008);/Alierta et al.|(2014);Checa and Prendergast|(2010)). A central issue in most such micro-scale modelsis
that their use in optimization routines for scaffold design is impeded by too high computational cost. Ideally,
a bone regeneration scaffold design should be patient specific, i.e., depend on the individual patient’s defect
site and its biomechanical loading conditions, geometry, and regenerative ability as influenced by, e.g.,
comorbitities such as type 2 diabetes mellitus. Such an optimization of course relies on the availability of
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highly efficient models for bone regeneration that nevertheless take into account mechanics and biological
signaling.

Based on a previous, one-dimensional study by |Poh et al| (2019), we thus propose a model based on
homogenized quantities suitable for scaffold optimization in the sense of the first step in the “Shape
Optimization by the Homogenization Method” |Allaire| (2012). This means that our model does not resolve
the micro-structure of the scaffold design, but uses coarse-grained values instead. In a scaffold based on a
unit cell design, the scaffold volume fraction (or equivalently, the porosity) changes on a larger length-scale
than the unit cell design. We use this fact to simplify our model, working with meso-scale averages of the
volume fraction instead of the precise micro-structure. Likewise, the other quantities of the model can be
viewed as locally averaged values. However, it should be made clear that using such an approach implies
that only the averaged quantities can be tracked over the regeneration process and no prediction on how the
micro-structure changes over time can be made. Rather, this is required as an input to provide the correct
homogenized material properties. Our central assumption is that one can describe the time-evolution of the
homogenized quantities in terms of their averages at the initial time-point. Compared to the aforementioned
one-dimensional approach, our model can resolve important issues such as bone mass loss due to stress
shielding in orthopaedic implants, see Section [[l] for an explicit example.

Another objective of our model is that it allows for a mathematical optimization of the scaffolds volume
fraction distribution, similar to the optimization in Poh et al.|(2019). This requires the model to be posed in
a fully continuous manner, making, e.g., the adjoint method of PDE constrained optimization applicable for
which we refer toHinze et al.|(2008). As mentioned before, computational efficiency of the model is necessary
for a successful application of PDE constrained optimization methods — these optimization algorithms
typically require to evaluate the model for many different scaffold volume fractions. Mathematically, we
allow for a wide class of objectives to optimize for. Applications are the amount of regenerated bone
after a given healing period or one could maximize the temporal minimum of the elastic modulus of the
scaffold-bone composite. We elaborate on these examples in Section T.4}

As our model is designed for computational efficiency we include only key events in the course of the bone
healing process. We keep track of the mechanical environment at every point in time and space, depending
on the current state of bone formation and scaffold degradation in terms of its molecular weight. Here we
focus on additively manufactured scaffolds made out of PCL, a very promising material for this specific
application. Of course, extensions to other materials (e.g., non-degrading titanium) are possible. The
biological environment is represented via a concentration of endogenous angiogenic and osteoinductive
factors (e.g., intrinsic growth factors/cytokines) which we call bio-active or signaling molecules and a
concentration of osteoblasts, a type of bone forming cell. The coupling of the mechanical and biological
properties is assumed to be driven through the local strain caused by mechanical loading of the scaffold-
bone composite, i.e., mechanical loading leads to stimulus for the biological environment which in turn
leads to bone growth and hence changes the mechanical properties.

This results in a coupled system of evolution equations composed of a linear elastic equilibrium equation
for every point in time, diffusion equations for the bio-active molecules and ordinary differential equations
for the concentration of osteoblasts and the volume fraction of bone. As our main focus lies on the
existence and uniqueness results, we do not use concrete homogenized tensors in the equations, but abstract
functional relationships. This has the advantage of proving the result for a wide class of imaginable scaffold
architectures at once. Explicit micro-structures can then be taken into account when one performs numerical
simulations. In the same spirit we keep the rest of the equations abstract, preferring functional relationships
over concrete formulas. This constitutes also a perspective for future research: derive concrete homogenized
quantities for certain scaffold details, compare the outcome to experimental results, and employ the model
in an optimization routine analogous to the one presented in [Poh et al| (2019). The 3-dimensionality of
the model makes an optimization of the scaffold porosity considerably more challenging from a numerical
viewpoint—but due to the efficient, homogenized, model it is within reach to provide patient specific optimal
scaffold designs that depend on the individual’s defect site and geometry, as well as their regeneration
capacity.

1.2 The System of Equations

Let Q C R? be the domain of computation, i.e., the bone defect site, and let I = [0, T] be a finite time interval.
On the defect site we keep track of the local scaffold volume fraction called p(x), with x € Q. Equivalently,
the relation to the local scaffold porosity 0 is given by 0(x) = 1 — p(x), but we work with p exclusively. Note
that we do not assume a time dependency for p as experimental findings of Pitt et al.| (1981) have shown



that, in the time-window relevant for us, PCL degrades via bulk erosion. However, the molecular mass
decreases and we keep track of this by introducing the exponential decay o(t) = e™1, making the product
p(x) - o(t) the quantity encoding the mechanical properties of PCL over time and space. Furthermore, we
denote the local bone density by b(t, x) and the three quantities b, 0 and p together determine the mechanical
material properties of the bone-scaffold composite. We model this composite in the linear elastic regime
using an elastic tensor C(p, 0, b) to capture the material properties.

In the spirit of the homogenization approach we assume little on the concrete properties of this tensor,
in particular we do not assume isotropy. For a particular choice of micro-structure C(p, o, b) can be made
explicit. In order to quantify the elastic stimulus throughout the bone-scaffold composite we introduce a
displacement field u(t, x) satisfying the equation of mechanical equilibrium (L.I). The corresponding strain

is denoted by ¢(u), with &(u) = 2(Du + D"u) the symmetrized derivative.

For the biological environment we introduce N bio-active molecules denoted by a; (¢, x), .. ., an(t, x), these are
endogenous angiogenic and osteoinductive factors which we assume to diffuse depending on the scaffold
density p. This is captured by D;(p) in the equation and is left as an abstract functional relationship
for the same reasoning as the elastic tensor. Furthermore, we assume the bio-active molecules to decay at a
certain rate and to be produced in the presence of strain and a local density of specific cells (e.g., osteoblasts)
which we denote by c(t, x). The essential quantity for the production of bio-active molecules is |e(u)|s, where
|- |5 is a functional relationship which we propose to view as a usual Euclidean norm or a truncated version
thereof, see also (2.20). The concentrations of bio-active molecules are normalized to unity in healthy tissue
and the choice of decay and production rate should reflect this in a concrete simulation.

Equation governing the production of bone forming cells (here: osteoblasts) is modeled by logistic
growth and a functional relationship H(ay, ..., an,c, b) allowing driving factors for osteoblast production
to be the concentrations of bio-active molecules (causing differentiation of stem cells to osteoblasts), the
proliferation of osteoblasts and the maturity of the bone present. Note that we do not model diffusion
in this equation as we assume that osteoblasts diffuse on a significantly lower level than the bio-active
molecules. Of course, more than one cell type is present and responsible for bone growth. For simplicity
we only include osteoblasts in this model, but an extension is easily feasible here. Finally, the equation
modeling bone growth follows the same pattern as the one for osteoblast concentration. In summary,
our system of equations reads

0 =div (C(p, o, b)e(u)) (mechanical equilibrium) (1.1)
(diffusion, generation, and
dwa; = div (Di(p)Vai) + ko ile(u)lsc — ks ia; decay of i = 1...N bio- (1.2)
molecules)
dic=H(ay,...,an,c, b)(l ~ 7 f ,O) (osteoblast generation) (1.3)

(bone regeneration driven

by a,b and c). (14)

b
db =Ky, ..., an,c, b)(l _ E)

In the above system ki, ki, k3; > 0,i =1,...,N are constants that need to be determined from experiments,
compare to the Sectionwhere we discuss certain choices. The functional relationships C, Di(p), | -|s, H and
K are all required to satisfy certain technical assumptions that guarantee the well-posedness of the above
system. We discuss this in detail in Section

Finally, we need to specify boundary conditions. For the elastic equilibrium equation we allow mixed
boundary conditions including the limiting cases of a pure displacement boundary condition and a pure
stress boundary condition. As for the bio-active molecules we assume that these are in saturation, i.e.,
a(t,x) = 1 adjacent to bone and on the rest of the boundary of () we assume no-flux boundary conditions.
For the initial time-point we propose a;(0,x) = a;0 = 0 inside of Q. This choice reflects the scenario of
a scaffold that is not preseeded with exogenous growth factors. However, different choices of a;¢ are
admissible and allow the model to cover, e.g., pre-seeding with osteoinductive factors. Finally, at the initial
time we assume that no osteoblasts and no regenerated bone are present inside the domain of computation.
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Figure 1.1: Schematic setup of the model’s dependencies. 1) & 2) indicate the stimulus’ dependence on bone
and the scaffold. 3) & 4) represent that the production of growth factors depends on cells and stimulus.
5) encodes the dependence of cell production on growth factors. The cell production is limited through
the available space via 9). 6) & 7) indicate that that growth factors and cells drive bone production. The
available space in 10) bounds bone production. The dashed arrow in 8) represents a possible dependence
of cells on bone, however, we do not include this in our numerical experiments.

In formulas, it holds foralli=1,...,N

a;(0,x) =0 forallx € Q (1.5)

ai(t,x) =1 for all t € I, x adjacent to bone (1.6)

DfVai(t, x)-n=0 for all t € I, x not adjacent to bone (1.7)

(C(p, o,b)e(u(t, x))) -1 = gn(x) on the Neumann boundary of Q (1.8)
u(t,x) = gp(x) on the Dirichlet boundary of Q (1.9

c(0,x) = b(0,x) = 0 forall x € Q. (1.10)

The model allows for a time dependent choice of the mechanical loading gp and gny. Due to the long
regeneration time horizon of approximately 12 months, however, it is not expedient to resolve very short
time-scales of, e.g., the mechanics of physical therapy. Instead, we consider suitably time-averaged loading
conditions here.

1.3 The Associated Optimization Problem

In the system (L.I)) - (1.4) above, the function p, i.e., the scaffold’s volume fraction, is a design parameter
that we can control in applications. For example, a given scaffold volume fraction distribution could be
additively manufactured. Therefore, we call p the control variable. Given a certain control variable p, we

denote the solution of the system (1.1 - (1.4) by

— 1 N
Yp = (up,ap, N A /Cprbp)

to stress the dependency on the control variable. Note however, that we don’t always use the subscript
p throughout the thesis. Depending on the so-called state y,, we can measure the control variable’s
performance by the value of an objective function | evaluated at p and y,. We are interested in minimizing
or maximizing the objective function over the set of admissible control variables. In other words, we are
interested in the optimization problem of finding

argmin/(p, y,) subjectedto pe€P,
P

5



where the set P encodes for example that p takes values in the unit interval (necessary for a reasonable
volume fraction). The fact that corresponding to p, we consider the solution y, makes this a PDE-constrained
optimization problem and p € P introduces box constraints on the control variable. The concrete form of |
is an engineering choice. For instance, the amount of regenerated bone at a certain time-point in the healing
process should be maximized. Another alternative we pursue is to maximize the temporal minimum of the
elastic modulus. See Section[I.4]for a mathematical formulation of these choices for J.

1.4 Concrete Examples.

We provide a number of possibilities for choosing the functional relationships C, D, H and K and boundary
conditions for the mechanical equilibrium equation[I.1} For an easy example of the elastic tensor that does
not need to be derived by a complicated homogenization procedure we simply use the Voigt bound. If we
denote by C; and C, the elastic tensors of matured bone and intact PCL respectively (in their simplest form
modeled as isotropic materials) we thus choose

C(p,0,b) = bCy + paC,.

This is in accordance with Poh et al.|(2019) where the same idea was used in a model with only one spatial
variable. Note that this C naturally is time-dependent as the quantities b and ¢ vary in time. While this
example may serve as a first choice, one could also fix a concrete scaffold micro-structure, such as a gyroid
design, and derive the explicit homogenized material properties (see, e.g.,/Allaire|(2012)).

For the diffusivities D;(p) we propose a dependence on the scaffold density p, for example
Di(p) = ki(1 - p)1d

where k; are constants that measure the diffusivity of the bio-active molecule 4; without the presence of the
scaffold p. The term (1 — p) accounts for reduced diffusivity for high PCL volume fractions. It is heuristically
clear, yet interesting to note, that a too dense scaffold impairs bone regeneration. This is reflected in our
model through the diffusivity above, since the amount of bioactive molecules is linked to bone regeneration
via the ODE (1.4). One could also imagine to derive the tensor D;(p) through a homogenization process
which would then again reflect the choice of a specific micro-structure. For mathematical well-posedness
reasons we are unable to allow the diffusivity D;(p) to depend on the bone density b. Furthermore, we also
assume that D;(p) does not depend on time.

Finally, we consider the functional relationships H and K inducing the production and proliferation of
osteoblasts and bone. We impose a structural condition on K and H that allows us to treat all examples we
have in mind. For the explicit assumption see Especially, products of any finite number of signaling
molecules are allowed. This presents an improvement over our previous results in |Dondl et al| (2021).
However, note that this is certainly not the most general assumption on H and K that can be made. For
simplicity, we provide an example involving two bio-active molecules a; and a,. These can be assumed to
have different production rates and half-lives. Then we set

H(aq,a2,¢,b) = H(a1, a3, ¢) = keara(1 + kzc) (1.11)

hence bone growth only takes place when the full bio-environment, i.e., both molecules a; and a, are present.
Furthermore the proliferation of osteoblasts is represented by the term (1 + kyc). Again k¢ and k; are some
constants that need to be chosen in accordance with experiments.

For Kwe propose a similar equation, modeling that bone growth takes place given the presence of osteoblasts
and a suitable biological environment, represented in the choice of K through the factor a;. More precisely
we set

K(ay,a;,¢,b) = K(ay, c) = kqayc. (1.12)

Another choice for K reflecting that different bio-active molecules are responsible for different stages of bone
formation and maturation is possible. This makes the functional relationship dependent of b. We set

K(a, b) = fi(b)aic + f2(b)asc. (1.13)

Now, fi can be chosen with support on small values of b, such that in this stage molecule 4; is driving the
growth, and f, with support on larger b, thus requiring a, in later stages of regeneration. We remark that
empirically many different bio-molecules are observed and it is assumed that these are linked to different
biological processes, see Kempen et al.| (2010).



Examples for the objective function include the maximization of the bone-scaffold’s stiffness, i.e., the effective
elastic modulus of the structure. In the case of a hard load for the elastic equation, the elastic modulus at a
time-point ¢ is proportional to the elastic energy &(#), i.e.,

8p(f)=% L Clp, a(t), b())e(u(D)) : e(u(t))dx,

where u and b solve the system (1.I) - (1.4) corresponding to p. The minimum of & over the whole
regeneration process describes the weakest state of the bone-scaffold structure during healing. This gives
rise to the objective function

J(p) = min&, ()
and the maximization problem of finding

p'e argmaxf(p).
peP

The set P encodes pointwise constraints on p, i.e., the necessity of enforcing p(x) € [0,1] in order to be
a meaningful volume fraction. The notation J instead of J is chosen to indicate that the variables u & b
appearing in the definition of &, are solving the system - (T4). Usually, J is called the reduced objective
function to distinguish it from the objective function ] that does not require u and b to solve the PDE system.
If we use a soft load instead of a hard load, the elastic modulus is proportional to the inverse of the elastic
energy, hence the objective function becomes

J(p) = max &, (t)

and the optimization consists of finding
p" € argmin(p),

peP
i.e., is a minimization problem.

Remark 1. The proposed objective functions are not smooth as they involve minimizing or maximizing
over t € I. For a numerical implementation, one might therefore approximate the minimum or maximum
functional by an L?(I) norm with large value for —p or p respectively.

Another choice of objective function is to consider the amount of regenerated bone after a given time T.
This results in the definition

ﬂm=fmnm
Q

Remark 2. Care needs to be taken with respect to the functional relationships in the system (L.1) - (1.4)
when choosing the amount of regenerated bone as an objective. This requires an adequate choice of | - |5. If
|- |s is chosen to be the Frobenius norm, the above objective function promotes very weak scaffolds as these
lead to high strains and high bone growth. A more sensible choice for | - |5 in this case is to use a filter, i.e.,
only strains with a certain range of magnitude lead to non-vanishing values of | - |s.

II Warm-Upr Anarysis IN ONE DIMENSION

We begin by providing an existence and uniqueness result together with the existence of an optimal control
for a simplified, one-dimensional system similar to - in the spirit of the system considered in
Poh et al|(2019). Here, we keep our proofs short as the Section shall mainly serve to illustrate the plan of
attack for the general, i.e., the three-dimensional case. The main difficulties arise from mixed boundary
conditions, non-smooth domains and of course worse Sobolev embeddings in the higher spatial dimensions.
Therefore, the one-dimensional case is a gentle introduction to the notation and strategy of the analysis. For
the existence and uniqueness result, we base our approach on a fixed point argument. We also prove the
existence of an optimal control p for the associated PDE constrained optimization problem.

2.1 Well-Posedness in One Dimension

Theorem 3. Let Q) = (0,L) and I = [0, T] for some T, L > 0 be a spatial domain and a time interval, respectively. Fix
parameters y,ky, ..., ks > 0. Set 0 : 1 = R to o(t) = e ™" and let p be a member of H'(Q) that satisfies ¢ < p(x) < C



for fixed constants c, C € (0,1). Then there exists a unique weak solution u* € L*(I, H(Q)), a* € H'(I, H(Q), H}(Q)")
and b* € HY(I, H(Q)) to the system

((po + keb) ux), = 0 (1.14)
a = (k5(1 - p)(lx)x - k3ﬂ + kzbux (115)
by = kga (1 - %) (1.16)

with initial and boundary conditions u(t,0) = 0, u(t,L) = yL forall t € 1, a(0,x) = 0 and a(t,0) = a(t,L) = 1 for all
(t,x) € I xQand b(0,x) =0 forall x € Q0.

Remark 4. As stated above, we prove the existence of a weak solution to the system (1.14)-(1.16). We justify
the concept of weak solutions —in particular the fact that we treat the ODEs as Banach space valued and the
the solution to the elastic equation as a member of L*(I, H'(Q2)) — in Section More precisely, it is explained
there that in fact, the solution u solves the elastic equation at every time-point and that using Banach space
valued ODEs is nothing but a mathematically convenient way of solving parametrized ODEs.

Proof. Associated to the fixed scaffold density p € H(Q), we consider the convex and closed subset of the
space C°(I x Q)
W, ={beCfIxQ)|0<b(t,x)<1-p)}.
Now we define and analyze the following iteration operator
I:-W,->W,, b I(b),

where 7 (b) is produced by solving equation - with the start data b, hence decoupling them. More
precisely, fix b € W, and solve to obtain u(b) = u. With b and u(b) solve to obtain a(b, u(b)) = a
and finally 7 (b) is given as the solution of (1.16) using a(b, u(b)). The set of fixed points of 1 coincides with
the set of solutions of the system - (1.16). For the existence and uniqueness we combine Schauder’s
and Banach celebrated fixed point theorems. We begin by showing that I is well defined, continuous and
compact.

To begin with, note that our assumptions on b and p imply that the material tensor
po +keb = C(p,0,b) (1.17)

is uniformly elliptic for every fixed t € I, hence a solution u = u(b) € L*(I, H}(Q)) exists as an application of

the Lax-Milgram Theorem in the Hilbert Space L*(I, H}(Q2)), satisfying the correct boundary values. Let us
denote by (77, tr) the following linear homeomorphism

(T, tr) : LA(I, H(Q)) — LA(I, Hy(Q))* x L3(I, H/*(0Q)) (1.18)
given by
U (ff (po + keb)u’” - dxdt, tr(u)). (1.19)
Then, to see that b — u(b) is continuous anId l())ounded, we factorize using the above homeomorphism
b= ((t%) = p(x)a(t) + keb(t, %)) = (Tp, tr) = (T, tr) ™"+ (T3, 1) 710, (0, L))
as a map
W, — C(I x Q) — L(LA(I, H\(Q)), L*(I, Hy(Q))* x LA(I, HY2(90)))
— L(LA(1, H)Q)) x LX(I, H'*(9Q)), LX(I, H'(Q)))
— L2(I, H(Q)).

Now we look at the diffusion equation. We note first that our assumption on p implies that the diffusivity

D(p) = ks(1 - p) (1.20)
is uniformly elliptic. Hence the inducing operator
D(p)a’ - +ksa- € LIH (Q), Hy(Q)* x H'*(9Q)) (1.21)
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is coercive and with the right hand side kybu, in L*(I,L*(QQ)) we get a solution a = a(u,b) in
HY(I, HY(Q), Hé (Q)"). As u depends continuously in L%(I, H}(Q)) on b in C°(I x Q), clearly

b kabu(b)y (1.22)
is continuous and bounded which is thus inherited by b + a(u(b), b). This can easily be verified using the
estimates in Lemma [27|and the linearity of the equation. Finally, to solve the ODE we employ Theorem
to produce a solution in H'(I, H'(Q2)). The essential requirement is that the map

L
-p

F:IxHY Q) - HY(Q) with F(tb)=

satisfies a Lipschitz condition of the form
IE(t, b1) = F(t, ba)lln ) < LOIIb1 = balln(q)
with L € LZ(I) This holds true as in one dlmensmn the space H'(Q)) is a Banach algebra. Hence, there is
b = I(b) = b(a) in H'(I, H(Q)) solving ([.16) and the abstract Sobolev space embedds compactly into the
space of continuous functions on the space t1me cylinder
HY(I, HY(Q)) — C*(I,C*(Q)) <> C'(I x Q)
for a sultable Holder exponent a € (0,1). The pointwise property of the set W, is respected by solutions of
the ODE (T.16) as the function a = a(u, b) is non-negative, see[60} and the term
b

_E

prevents the solution from exceeding 1 — p. The boundedness and continuity of the map a + b(a) follow

from the formula

k4a(s)

t
b(t) = fo kya(s) — b() s in HY(Q) (1.23)

and an application of Gronwall’s Lemma, [73] This brmgs us in the position to apply Schauder’s theorem to
produce a fixed point b* to the map
Wy, —>W,, b I(b).

Solvm the remammg equations with b* as in the def1n1t10n of 1 then leads to functions u*, a*, b* solving

The uniqueness of this system can be obtained by proving that for a short enough time interval, the map
b+ I(b)isin fact a contraction. Finally an extension argument yields the uniqueness for an arbitrary, finite
time interval. m|

As mentioned at the end of the proof above, we might prove the existence and uniqueness Theorem using
the contraction mapping principle alone and will do so in the three dimensional case. Above, we decided
to use Schauder’s theorem and only comment briefly on the uniqueness aspect to keep things simple.

2.2 Existence of an Optimal Control in One Dimension

In a next step we prove the existence of an optimal p with respect to the objective function ] based on the
elastic energy as described in Section[T.4 However, the result is also applicable to different choices of ]. Note
that provided the preceding existence and uniqueness result, we know there is a solution operator ¢ taking

p to the solution (u, a, b) and consequently we may talk about the reduced objective function f(p) = J(p, p(p)).

Also note that in the following Theorem, we artificially enforce a bound in the H!(Q) norm on the admissible
functions p. It is presently unclear if this bound can be reduced.

Theorem 5 (Optimal Control in 1D). Let us fix R > 0 and ¢, C € (0, 1) with c < C. Consider the set of admissible
scaffold densities

P :={c < p(x) < C | llpllm( < R} € H(Q).
Then there is p* € Pr maximizing the objective function

J(p) = min f C(b, 0, p)uzdx

among all functions in Px. Here, | is the reduced objective, meaning that b and u solve the system ([.14) - (T.16)
corresponding to the datum p.



Proof. The result is proven by the direct method of the calculus of variations. Using the H'(Q2) bound that
is built in the definition we get for a minimizing sequence (p) that there is a (not relabeled) subsequence
and a function p* € Pg such that
pi—p in H(Q).

One crucial aspect that makes the one-dimensional analysis simpler is the fact that H'(Q2) embedds compactly
into C°(QQ) and therefore we can deduce that py — p* converges strongly with respect to the space C°(Q).
By the previous proof we know that the associated solutions (br) € C%(I x Q) are relatively compact, hence
passing to another unlabeled subsequence we get that

by = b* in COI x Q)
for some b* € W,,. Also from the previous proof we know that by(t) € H 1(Q) for all timepoints t € I. Together

with p € H/(Q) and 0 € C*(I) we get, invoking elliptic regularity theory (Dobrowolski, 2010, Chapter 7,
Satz 7.6), that u(t) € H*(QQ) with a bound on its norm

k(D)) < C-yL forallt el

We proceed by showing that the sequence (i) is equi-continuous as a subset of C°(I, H'(Q2)). To this end we
split uy into u(t, x) = x(t, x) + yx, where 1y € L*(I, H}(Q)) solves

f C(px, br, o) ()i (t) - dx = — f C(pk, by, 0)y " dx foralltel
o} Q

=T, (1 e (t) =fo.
For two timepoints ¢, s € I we compute
ot = fors) = Touo () = Ty (5)124(5)
= Tty (@ () = k(5)) + Ty (t)-eto) (A(S)) -
Hence,
Tty k() = k(8)) = forty = fots) = Touir-bits) ({k(S))
and by the standard Lax-Milgram energy estimates and straight-forward computations we get

llur(t) — ur(S)llen ) = Ndk(t) — ()l (@)

1 .
< E”fbk(t) = foollm@y + 1T bu0-bs) @)y

< Clib(t) = b(s)llcoy-
The last estimate shows that (1) inherits its equi-continuity from the equi-continuity of (by), which was
established via the relative compactness of the sequence (bx) in C°(I, C°(Q)). Using the Banach space valued
version of the Arzela-Ascoli Theoremlzz]yields, inferring the regularity u(t) € H*(Q), that also the sequence
(ux) € C(I, HY(Q)) is relatively compact, hence there is a function u* € C%(I, H*(Q)) such that

ue — u* in C°I, HY(Q)).
Finally, for the solutions a; of the diffusion equation, we have by the boundedness of the operator 1 of the
previous proof that, passing to one last subsequence,
a —a* in H(I, H(Q), Hy(€Q2)")
for a function a* in H'(I, H*(Q), Hj(€2)*). All these convergences are by far sufficient to pass to the limit in
the equations (1.14) and (1.15). For the ODE (1.16), one uses its fixed-point formulation via the fundamental
theorem of the space H'(I, H}(Q)), i.e.,
t
kaax(s
i) = [ a9 - b9 32D s
0

and pass to the limit yielding a unique solution in b* € W'(I,C%(Q)) as b* € C%(I x Q). Inspecting the
resulting ODE, it is clear that also a unique solution ™ in H!(I, H'(Q2)) must exist as a* € L*(I, H'(Q)) and

p € HY(Q), hence b™* = b*. Consequently (p*, u*,a*,b*) indeed solve (I.14) - (I.16). By the strong convergences
we have established it clearly holds

in H{(Q)

inf (p) = lim f(px) = J(p")
PEPR k—oo

which implies that p* is an optimal control function. O
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Remark 6. Some remarks concerning the above result are in order.

(i)

(ii)

(iii)

(iv)

The question of removing the requirement

ol ) < R

remains open. In the one-dimensional case with Dirichlet boundary conditions as assumed in
Theorem [5| one might try to exploit the symmetry that one expects from an optimal control p*.
However, we do not pursue this idea further as it seems of limited interested in view of the three-

dimensional setting. To conclude, we note that adding a Tikhonov penalization to J, i.e., considering

J(p) + llpll s
provides H!(Q) bounds for any minimizing sequence (p;) and thus makes Theorem EI applicable.

It is not clear whether there exists only one optimal control. The objective function is not convex —it
involves a minimum over all timepoints ¢ € [ and a complex solution operator — and thus standard
arguments are not applicable.

We have freedom in the choice of of the objective function. The minimum over all time points that
is used in its definition can be replaced by any functional

F:CUI) - [0,00), v F(v)

that is well defined on the cone of continuous and positive functions from I to R, which we denote
by C(I). For instance an L*(I)-type functional with a negative exponent p can be used to smoothly
approximate the minimum in the definition of J. Furthermore, we might incorporate the pointwise
constraint ¢ < p(x) < C in form of a suitable penalization

K :CUQ) = [0,00), v K@)

as long as K is continuous. One might think of K as penalizing the deviation of p from leaving
the interval [c, C]. This then allows to define the energy J on all of C°(Q) and one still obtains the
existence of an optimal control. This is precisely the approach taken in the numerical Section of this
work.

We briefly comment on the core difficulties encountered when transferring the above proof to
three dimensions. As we are forced to consider mixed boundary conditions (Dirichlet-Neumann)
for the diffusion equation to allow realistic application scenarios, the regularity properties of the
solution to the diffusion equation are limited. In order to get compactness for (bx) we need that
(ax) is bounded in the space L*(I, C*(Q)). It turns out that this holds true in three dimensions but
it requires substantial effort. Details can be found in the Appendix [[Il on regularity theory and in
Chapter 3 for the main part of the proof in three dimensions. Furthermore, the strong convergence
of (1) in the space C°(I, H!(Q)) is crucial to allow reasonable choices of the functional relationship
| - |5 in three dimensions and still being able to pass to the limit in the optimal control result. Only
recently, the main result in |Haller-Dintelmann et al.| (2019) made the desired regularity available.
We discuss this in detail in Chapter 3]
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Chapter 2

Analyzing Scaffold Mediated Bone
Growth

This Chapter is devoted to the mathematical analysis of the system (2.1) — (2.4). We explain the in detail the
weak formulation and its appropriateness. Furthermore, exemplary numerical results are provided.

I MataEmATICAL FORMULATION

In this Section we describe the mathematical setting in which we prove the well-posedness of a solution to
the system of equations (2.1) — (2.4). We also state the assumptions the functional relationships C, D;, | - |s H
and K are required to satisfy. For convenience, we recall the system

0 =div (C(p, o, b)e(u)) (mechanical equilibrium) (2.1)
(diffusion, generation, and

dia; = div (Di(p)Va;) + ke (u)lsc — ks ia; decay of i = 1...N bio- 2.2)

molecules)

dic = H(a,...,an,c, b)(l ~ 1 f p) (osteoblast generation) (2.3)
B b (bone regeneration driven

db=Ka,...,an,c b)(l - E) by b ooy 2.4)

with boundary conditions

a;(0,x) =0 forall x € Q (2.5)

ai(t,x) =1 for all t € I, x adjacent to bone (2.6)

Df Va(t,x)-n=0 for all t € I, x not adjacent to bone (2.7)

(C(p, o,b)e(u(t, x))) -1 = gn(x) on the Neumann boundary of Q (2.8)

u(t,x) = gp(x) on the Dirichlet boundary of Q (2.9

c(0,x) =b(0,x) =0 forall x € Q. (2.10)

1.1 The Domain

Fix a time interval I = [0,T] with T > 0. The spatial domain Q c R", with n = 1,2,3 is assumed to
be open, bounded and connected and for every equation we split the boundary JQ into a Dirichlet part

and a Neumann part. For the elastic equation we write '}, and I}, for Dirichlet and Neumann boundary

respectively, here I) = 0 is allowed. For the diffusion equations we write I\ and I'¥,. To simplify notation

we do not treat the case of different Dirichlet-Neumann partitions for different diffusion equations, though
this does not lead to further mathematical complications. Finally we need to assume some regularity on ()
and the partition dQ = T UTY for the diffusion equations, namely the set QUTY needs to be Groger regular
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which is a concept introduced in |Groger| (1989), see also Haller-Dintelmann et al|(2009). These regularity
assumptions are tailored to provide a certain regularity of the solutions of the diffusion equations, which
we discuss in detail in Section[[/in the Appendix. Our assumptions are very general and cover most cases
relevant in practice. Problems may only arise for self-touching domains or domains with cusps.

1.2 Admissible Data

The admissible scaffold volume fractions p are given as
P:={peCQ)|cp < px) < Cp) 2.11)

with some fixed constants 0 < cp < Cp < 1, excluding unreasonable scaffold designs. To a scaffold volume
fraction p € P we assign the set W, of admissible cell and bone volume fractions, consisting of tuples of
continuous functions in time and space

W, = {(c, b) € COUx Q)? |0 < c(t,x), b(t,x) <1 - p(x)}. (2.12)

1.3 The Elastic Equation

We begin with the Hookean law C. It depends on the scaffold and bone, i.e., on p, ¢ and b and varies
therefore in space and time. We assume that the map

W, = L¥(Ix Q, LIMs)) with (c,b) = ((t,x) - C(p, 0, b)(t, x)) (2.13)

is Lipschitz continuous with Lipschitz constant L¢ independent of p € P. Remember that ¢ is a fixed
exponential decay. Here M; denotes the symmetric # X n matrices and L(M;) is the space of linear maps
from M into itself, usually called the space of fourth order tensors. In the following we will often omit the
cumbersome notation of dependencies on x and ¢ for C. Spelling out the definitions of the norms in
this Lipschitz continuity means that for all M € M, it holds

IC(p(x), a(t), bi(t, )M — C(p(x), o(t), ba(t, x))M]| < Lc [Ib1 = ballco IM] (2.14)
for all (cq, b1), (c2,b2) € W, and uniformly in p € P and uniformly on the complement of a set of measure
zero in I X Q. Furthermore we assume that there are constants 0 < ¢c¢c < o and 0 < C¢ < oo such that

S0P 000102y < Ce a0 0 0, M 2 e @19

where the supremum and infimum run over p € Pand b € W, and A : B = tr AB” denotes the full contraction
of matrices. We now discuss the weak formulation of equation (L.I). Let p € P and (c,b) € W, be some
admissible functions. We first address the case where I'}, has non-vanishing measure and comment on the
pure Neumann problem later. The strong form

—~div(C(p,0,b)e(w)) =0in Q, up =g%, (Cp, 0, be(w))nrs, = 8%

encodes that at every point in time mechanical equilibrium is achieved, making the equation time dependent.
The function space for the weak formulation is given by: L*(I, H(Q), R")) with H*(Q, R") being the Sobolev
space of R"-valued, square integrable functions with square integrable derivatives, see for example [Brezis
(2010); |Grisvard| (2011); |/Adams and Fournier| (2003) for a detailed account of such spaces. If the context
is clear, we will usually write H!(Q) instead of H'*(Q2, R"). Furthermore, the space L*(I, H'(Q)) denotes a
Bochner space, i.e., a Banach-space valued Lebesgue space, see, e.g., [Diestel and Uhl| (1977) or [Boyer and
Fabrie (2012). The space of test functions is L*(I, H}, (Q)), where HJ, (Q) is the subspace of H'(Q2) whose

members vanish on I'},. For the Dirichlet boundary values we require there exists a lift up with
up € C%(I, HY(Q)) such that (”D)If‘l} = g5

in particular g2 (t) lies in H'/2(I, R"), with H'/*(T), for some I C 9Q), being the trace space of H'(Q), see for
example|Adams and Fournier| (2003); |Grisvard| (2011). The Neumann boundary values can be given as an
element of C°(I, H'/#(I'{;, R")*). Denoting by (-, -} the dual pairing of H'/?(I{,, R") the weak formulation

of (L1I) is
f f C(p,0,b)e(u) : e(-) dxdt = f(g;,,->Hmdt in  L*(I, Hp, (Q))" (2.16)
I1JQ 1
u=g in L*(I,HYXI)).
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The left hand side of (2.16) equation defines an operator
7 : LX(I,HY(Q)) — L*(I,H(Q))" with Tu= f f C(p,0,b)e(u) : &(-) dxdt.
1Ja

Note that the isometry L2(I, H}(Q))* = L*(I, H}(Q)*) implies that the equation can be understood to hold
almost everywhere in time, which is precisely what we want for our model. A moments’ reflection reveals
that C(p, 0, b) € L*(I x Q, L(M;)) implies that C(p, o, b)e(u) € L(I, L>(Q)), hence the operator is well defined.
Furthermore, Korn's inequality can be used to show that 7 is coercive, see Ciarlet| (2010). The advantage
of the abstract formulation is that it makes the Lax-Milgram Lemma applicable. Now we comment on the
pure Neumann boundary value problem, i.e., the case I';, = dQ. We define the spaces W := ker(¢) C H'(Q)

and the quotient H'(Q)/W. Note that W consists of the functions of the form w(x) = Ax + b, where A is an
anti-symmetric matrix and b € R", see for example|Ciarlet|(1988). For the pure Neumann problem consider
the operator

T LX(I, HY(Q)/W) — LI, H(Q)/W)*
using the induced map ¢ : H'(Q)/W — L*(Q, M;) in its definition

T (u) = f]f(; C(p, 0,b)é(u) : &(-) dxdt.

The codomain of this operator is L*(I, H'(Q)/W)* = L(I, (H*(Q2)/W)*), which encodes a compatibility condi-
tion. We assume that our Neumann boundary condition is given as a function g}, € C%(I, H'2(9Q))*) that
satisfies almost everywhere in |

(5(8), e =0 forallw e W. (2.17)

This guarantees that
[ttt 2 1 @y
I

is an admissible right hand side. The pure Neumann problem consists then of finding u € L*(I, H(Q)/W)
such that

f f C(p, 0, b)) : &() dxdt = f(g;,»Hm dt € L2(I, H-(Q)/ WY,
I1JQ I

Finally, let us remark that one can treat the Dirichlet, the Neumann and the mixed boundary value problem
at once by always passing to the quotient H}JE(Q)/ W. In the case of a proper Dirichlet boundary condition
we then have W N Hp, (Q) = {0}, which implies H}, (Q2)/W = H}, (Q), hence recovers the Dirichlet or mixed
case, and if I'j; = Q) we retrieve the pure Neumann case.

1.4 Diffusion Equations

Before we state the weak formulation of the diffusion equations, for the reader’s convenience, we recall the
concept of the time derivative we are using — namely a regular Banach space valued distribution with a
dense embedding j € £(X, X) just as in Boyer and Fabrie| (2012). Let (i, X, H) be a Gelfand triple, i.e., X is a
Banach space, H is a Hilbert space and i € £(X, H) has dense range. Then we set j to be j = i* o R o i where
R : H — H" is the Riesz isometry and i* denotes the Banach space adjoint of i. We say a function a € L*(I, X)
possesses a time derivative dya € L*(I, X*) if it holds

f(] o a)(t)drp(t) dt = — fdta(t)(p(t) dt Vo € D(I).
I 1

The integrals are X* valued Bochner integrals and we set D(I) := C°(I) as usual. This is used to define a
generalized Sobolev space built on the triple (i, X, H) as

HY2([, X, X*) = {a € L*(I, X) | da € L*(I, X*)}.

See in (Boyer and Fabrie, 2012, Chapter II, section 5) for more information. We only remark that functions
in this Sobolev space have representatives in C%(I, H), hence initial value problems can be formulated.

15



To get to our concrete diffusion equations we let p € P, (c,b) € W, and, depending on the boundary

conditions for the elastic equation, u € L*(I, H}(Q)) or u € L*(I, H'(Q2)/W) be some fixed functions. In order
to work with homogeneous Dirichlet boundary conditions in space we write

a(t) = a(t) +1 with a(t) € H, (Q) for i=1,...,N.

Here Hlljd(Q) denotes the subspace of H'(Q) with vanishing trace on Ff). We can thus seek 4; in the space
HY22(], H}Dd(Q), H}, (Q)°) built around (idy y H}, ,L?) satisfying the equation

f <dtai,->H;jd + f f D&V - +kd; - dxdt = f f (le@)lsc — k) - dxdt

a;(0) = -1.
The first equation is an equality in the space L([, Hll)d(Q))*, i.e., it is required to hold when tested with all

members of L(], H}Dd(Q)). In the second equation, the initial conditions is an equality in the space L*(Q).

Foreveryi=1,...,N we have different constants ki2 and kf’ and also different diffusivities Df . Note that the

quantity |e(u)|s is well defined, even though the solution of the elastic equation is only unique up to rigid

body motions. We assume furthermore that the Df are time-independent, measurable, essentially bounded
and coercive, precisely

D € L™(Q, M) (2.18)

(DP&, &y > cplé? VEER” (2.19)

where M; again denotes the symmetric n X n matrices and the inequality in (2.19) is to be understood

uniformly inx € Q, p € Pand i = 1,...,N. Finally the function | - |5 : R™" — [0, o) is required to to be
globally Lipschitz and to satisfy an estimate of the form

|Als < C1]A| + C,  for all A € R™" (2.20)

where Cy,C, > 0 and |A| denotes the Euclidean norm of a matrix.

1.5 Ordinary Differential Equations

We treat the ODEs in the vector valued sense and focus here on the cell equation (1.3), the bone equation
(1.4) being treated analogously. For each x € Q, we thus seek a function c, satisfying the ODE

cx(t) )
1-p(x)
with ¢, (0) = 0. If there is a solution for all x € ) we obtain a function c in time and space,ie., c:IxQ — R

with c(t, x) := cx(t). As H(ay, ..., an,c,b) can not generally assumed to be continuous, a reasonable space to
work in is

c.(t) = H(a1(t,x), ..., an(t, x), cx(£), b(t, x))(l +

WY(I,X) = {c € L'(I, X) | dyc € LV (I, X)},
similar to the space for the diffusion equation, but without the identification j : X < X*. An existence and
uniqueness result in this setting can be found in the supplement, see Theorem 74

In our concrete case we choose X = C%(Q), p = 2, so for fixed p € P and a = (a1,...,an) €
H"2(I, H(Q2), Hp, (Q)")N we seek ¢ € W"(I, C°(Q)) satisfying

dic = Hiay, .., an, c, b)(l - ﬁ) with ¢(0) = 0. .21)
We assume that H is a Nemytskii operator induced by a function which we again denote by H,
H:R¥*2 5 R with (ay,...,an,b,¢) = (a,b,¢) = H(a,b,c) (2.22)

such that H(a, c,b) > 0 whenever ay, ..., an,b,c > 0. For the concrete form of H we require that H factorizes
into H = H?> o H!, where H' : RV*?2 — RM for some M € N is globally Lipschitz. The function H? is the
product of its components, i.e.,

—

I
—_

H*(hy,...,hw) = | | i
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Note that by some abuse of notation we denote by 4, b and c both a function in a Sobolev space and a vector
in Euclidean space.

For the bone ODE we work in the same space and seek b € W'2(I, C°(Q0)) satisfying
db = K(ay, ..., an, ¢, b)(l - %) with  b(0) = 0. (2.23)

We assume the functional relationship K is induced by
K:RN*2 5 R with (a,b,¢) = (a,...,an,b,c) = K(a,b,c)

that satisfies K(a, . ..,an,b,¢) > 0 foray,...,an,b,c > 0 and that K = K? o K! where again K! : RN*2 —» RM s
globally Lipschitz continuous and K? is the product of its components, just as we assumed above for H.

We continue by explaining the connection between Banach space valued ODEs and the formulation as a
family of real valued ODEs in our examples (2.21)), (2.23).

Lemma 7 (Compatibility of ODEs). Let b € W'(I, C°(Q)), then for every x € Q the function b(-,x) is a member
of HY(I) and it holds

s A0 = 5 (600 06, 0),

where d; denotes the time derivative operator of the space W'*(I, C%(Q)) and 4 the one corresponding to H'(I).

Proof. Asb € W(I,C%(Q)) c C(I x Q), clearly b(-,x) € L*(I). Furthermore, d;b € L*(I, C°(Q)) implies that
dib(-, x) € L*(I). This is due to the fact that point evaluation at x € Q is a member of C°(QQ)*. In fact, point
evaluation can be viewed as a member of W*(I, C°(Q2))*, compare to Lemma Now to the compatibility
of the derivatives. For d;b it holds by definition

f dib(t)p(t) dt = — f b(t)dsp(t)dt Ve € D(D).
1 1

The integral used above is the C°(Q) valued Bochner integral, thus using that point evaluation is a linear
and continuous map on the space of continuous functions we find that for every x € Q it holds

Idtb(t)(x)¢(t) dt = — flb(t)(x)at(p(t) dt Vo e D(),

meaning that for every fixed x € Q the function t — b(f)(x) satisfies the defining equation of the weak
derivative of H'(I). o

The implication of the above Lemma is that, given a solution b in W*(I, C°(Q2)) to an ODE of the form
dib(t) = F(£,b(t)), b(0) = bo
for a suitable F : I x C°(QQ) — C%(Q) and by € C°(Q) we always get that b(-, x) for fixed x € Q solves

% (t = b(t,x)) = F(t,b(t,x)), b(0,x) = bo(x)

in the space H'(I). From a modeling perspective, this is precisely the viewpoint we took initially. Hence,
using Banach space valued ODEs is justified.

We summarize our setting.

Assumption 8. We assume domain regularity as discussed in Subsection 1.1, define the admissible scaffold
densities P in (2.11) and the set W, in (2.12). The material tensor C satisfies (2.13) and (2.15) and admissible
boundary conditions for the elastic equation are given in (2.16) and (2.17). For the diffusion we assume

(2.18) and (2.19) and | - |5 must satisfy (2.20). The functional relationships H and K need to factorize as
described in (2.22).
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II ExisTENCE AND UNIQUENESS

In this Section we will prove that there exists a unique solution to the system (L.I)-(1.4) in the weak
sense, i.e., there are functions u* = @ + ug with a* € L*([, H%)E(Q)/ W) and g = g%, a* = & + 1 with
a e H(, ngd(Q), Héd(Q)*), ¢ € WY(1,C%(Q)) and b* € WH(I, C%(Q)) satisfying

f f C(p, 0, b")E(i" + ug ) : () dxdt = ﬁg;,-mmﬁ At (2.24)
1JQ I

f (didi;, ) + f f DINZV - +a; - dxdt = f (R le(")lsc* = k3) - dxdt (2.25)

a;(0)=-1, withi=1,...,N, (2.26)

dic* =H(aj, ..., ay,c, b*)(l ~1 C_ p) with ¢*(0) =0, (2.27)

a = K@i g, )1 - 1 p) with  b(0) = 0. (2.28)

The proof of this result relies essentially on the elementary fixed point theorem of Banach which we will
employ for the complete metric space W,. The strategy is to fix p € P, then start with some arbitrary
admissible functions (c, b) € W, and to solve the equations successively. More precisely, the elastic equation
will yield u = u(c, b), the diffusion equations a; = a;(c, u), the cell equation will be solved with data a; and b
yielding an updated cell function ¢ = ¢(a;, b) and finally the bone equation will be solved with data 4; and ¢

to get an updated bone function b = b(a;, ¢). This procedure gives rise to an operator  which we will refer
to as the iteration operator, formally

I:W,—> W, with (c,b)m (b).

It is easy to see that all possible solutions to (2.24)—(2.28) correspond to all possible fixed-points of 7. The
crucial part of the proof consists of establishing regularity for the solutions of the diffusion equations, see
also Section[ll]in the Appendix for a discussion of relevant results from the literature.

Finally, the whole strategy discussed above does only work on a short time interval I = [0, T], i.e., T small
enough. However, by a continuation argument we can afterwards extend this solution to span any finite
time interval.

Theorem 9 (Existence & Uniqueness). Let p € P be fixed and let the Assumptions || be fulfilled. Then
there exist unique functions u* = @ + ug with @* € L*(I,H}, (Q)/W) and ug i = g5, a* = & + 1 with
a e H'(, ngd(Q), H%)d(Q)*), ¢t € WH(I,C%(Q)) and b* € WYi(I, C°(Q)) solving the system (2.24) — (2.28).

Proof. We need to establish the contraction and self-mapping property of 7. Let us thus fix two tuples (c1, b1)
and (c2, b2) € W,. We aim to show an estimate of the form

11, ) = Tlea bollogeor = 61 = Ealooguy * B =l ey

< C(I)( ller = callcogxay + b1 = ballcogxay ),
where C(I) — 0 with |I| — 0, making I the desired self-mapping for T small enough.

The Elastic Equation. We will treat a pure Neumann and a mixed boundary value problem simultaneously. We
endow the space Hng (€2)/W with the norm [|e(-)l|;2 (), which by Korn’s inequality is equivalent to the natural

one on HlD)(Q)/ W, see for example Ciarlet (2010). By definition of g,, there is a function ug: € L2(I, H(Q)/W)
such that ug re = ¢7,. In the weak formulation of the elastic equation we seek i; € L*(1, HlDe (Q)/W) satistying

ff C(p, 0, b;)é(i; + ung) D E(-)dxdt = f(gf\,, : )Hl/Z(r;’\])dt (2.29)
1JQ I

in the space L*(1, H}DC(Q) /W)*. Then u; = il; + ug is the solution we are interested in. Note that if I, has
vanishing measure, we can choose ug = 0 and H}DC(Q) /W = HY(Q)/W. On the other hand, if I';, has positive
measure, then W N H}DC(Q) =0and H}De(Q) /W = H}JF(Q). The equation (2.29) leads to the operators

T, : L2, Hp, (Q)/W) — LA(I, Hp, (/W)
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with
T = ff C(p,0,b)é(v) : &(-) dxdt
1Jo
and right hand sides

o = ﬁggv,.ml/zmw \dt - f f Clp, 0, b)eug,) : £() dxdt
I I1JQ

=fN = ff
By our assumption (2.15) and Korn’s inequality the operators 73, are coercive with coercivity constant cc.

Applying the Lax-Milgram Lemma we find that there are unique solutions #; and i, € L2(], Hlll(Q) /W) to
T4l = fp,. By the duality

LA, H (Q)/W)" = L2(I, (H'(Q)/W)")
we know that almost everywhere in I the function u;(t) = @;(t) + u g (f) satisfies

| et bamem s s = (O,

_ fQ C(p, 0, b)(ug. (1) : £()dx

in the space H'(Q)/W. Using Lax-Milgram again we get using the boundedness and coercivity constants
from (2.15)

el o < [ I8ROl + Ce oty Oll gy

As the above estimate is independent of p, ¢; and b; it holds, inferring the continuity in time of g} and ug
that

SuIb) ”M(p, b)”L‘X’([,Hl(())/W) < C(I)/ (230)
P

where u(p, ¢, b) denotes the solution of the elastic problem to the data p € P and (c,b) € W,. To show that
C(I) tends to zero with |I| — 0 we employ the dominated convergence theorem of Lebesgue. Finally we
come back to estimate the difference 17 — 1,. We claim that

1 — 2l )ywy < C) D1 — ballcogxay (2.31)
where again C(I) — 0 with |I| = 0. To establish this, note that @ — i, = 17 — u, and compute

for = foo = fy, = fi = T ila = Tty = T, (i1 = i) + T, tlp = T,y = T, .

Hence T3, (u1 — ) = (T, ilz — T, il2) + (fbf’ - fb’?) and using HTb_ll” < c¢! we find

1 ~ ~
”ul - u2”L2(I,H1(Q)/W) < CC ”7—172142 - %1 MZHLZ(I,HT(Q)/W)*

+cg! “sz.? - f;fj “Lzu,Hl(m/wr ‘

We estimate the terms of the right hand side using the Lipschitz continuity of C which we assumed in (2.14),
combining it with (2.30) to find

(72,112 = T, ﬁ2||L2(LH1(Q)/W)* < Lellby = balleogxa l12llr2g 11 ) /w)
< LeC(I) |61 = ballcogxay
=C() by - b2||c0(1><Q)
and
15 = Fill sy < L Nttt llaqe i oy 101 = P2llcvaxcy
= C(I) [1b1 = ballcogxay -

The Diffusion Equations. Given the functions c;, u; with i = 1,2 and p, we turn to the diffusion equations. We
seek functions a’ = @ + 1 where the &' are members of H'(I, H}, (Q), H}, (Q)")", that means a' = (), ..., ay) =
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@ +1,...,4, +1),i=1,2, denoting the components of a' with lower indices. For j = 1,...,N the ﬁj. are
sought to satisfy the following equation in L2([, H}Dd(Q))*

~i dvr 3~ — 2 Me: — K3 .
j;(dta;,-)H}) dt+fijVajV~ +kja;. - dxdt = ff(kj|5(“z)|cz kj) dxdt

=:d,dj, ::M/(p)ﬁ; g

Jujcp

and initial value ;(0) = -1 in L*(Q2). The operators
(di + Mj(p), evo) : H'(I, H}, (Q), Hp, (Q)) = L*(I, H}, (Q))" X L*(Q)

are linear homeomorphisms, see for example Ern and Guermond (2013) for a proof, which essentially relies
on the coercivity of M;(p). This explains why we assumed (2.19) and hence we can guarantee the existence

of the #'. We now state three important properties of the solutlons a] and their differences a! —a2. References

or proofs can be found inlllin the Appendix. The first is a lower pointwise bound, it holds for j =1,...,N
andi=1,2

0<1+ iz“i.(t, X) = ai-(t, x) almost everywhere in I x Q. (2.32)

This is due to the positivity of the right hand sides f}, .. Secondly, we look at the equations satisfied by the
differencesa; —a? These equations possess right hand sides L{Z,Cz in L2(I, L*(Q)) and with (a] —-a2)(0) =

1,01
smooth initial conditions. Then, using regularity for mixed boundary value problems, see Theorem there
is @ > 0 such that
j j

1 2 _
uy,C1 Uz,C2

a. —a; hS
) iz ce )

O’ (2.33)
The constant C is uniform in the data p € P, (c,b) € W, and u(p) and does not blow up when |I| — 0, see
Appendix [} The third and last property we need is a max1mal L? regularity result. By the estimate (2.30)
the right-hand sides satisfy

fuser = Kle(ui)le; =k € L™(I, L*(Q2)

with a bound on their L*(I, L*(QQ)) norm which is independent of u; and ¢;. The ellipticity and boundedness

of the diffusivity D;(p) assumed in (2.18)) and (2.19) allows to apply Lemmato produce a bound for a' of
the form

||{11)‘L,,(1,Ca(())w) < C (Pr I_D(p)J/ (Q,Ms)) : ||fui,Ci ||U’(I,L2(Q)) < C(p) “fui,Ci ||U’(I,L2(Q)) ’ (234)
where p can be chosen arbitrarily in (1, o). We claim now that we get the following estimate for the difference
al —a?

" = a2 oy < Cllen = allcvecy + s = wallizq i wy ) (2.35)

w1th C not blowing up as |I| — 0. This estimate is obtained, using (2.33) and estimating the difference
1161~ fnco- Tt holds

P = Fon = Ryle@ls(er = c2) + Kle(un)ls — le()l)ez
Using the fact that ¢; takes values in the unit interval and the assumptions on | - I5, see it follows
fC1 u Cz |2 12 = (Hf(ul)”LZ(ILZ(Q) + 1) ller — C2||CU(I><Q)

+ Clle(ua — u2)llr2g 12 -

Invoking (2.30) we know that [le(u1)ll;2( 12 is bounded uniformly in the data p € P and (c,b) € W,,.
Combining this with the identity

lle(ur — u)ll 22y = la = alliz e ywy

we conclude.
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The Cell ODE. We turn now to the Cell ODE and solve this equation twice, once with data p, a%, s, all\] and by,
producing a function ¢;, and once with p, a%, ... ,ai] and b, yielding ¢,. The solutions ¢; and ¢, are members
of the space W'%(I, C°(Q)) and consequently of C°(I x Q) satisfying 0 < ¢;(t, x) < 1 — p(x) solving the ODE

4 = H@., ..., bi,E,-)(l - 1i—p) with 5(0) = 0

These facts are proven as Lemma [80]in the Appendix. Our goal is to estimate the difference ¢; — ¢, and we
claim that it holds

e - Ez”CO(IxQ) < C(D( la - a2||L2(I,C“(Q)N) + by~ b2||c0(1x0)) (2.36)

where C(I) tends to zero with |I| — 0. To prove the estimate (2.36) we use the fundamental theorem of the
space W%(I, C°(Q)) and write

aifh) = f H(a'(s), bi(s), c,(s))( CI(SL)

=yi(s)

We claim that the following estimate holds

1-p
+||H(@?, bz,zz)(s)”@(g) la - P)_lﬂco(m |[61(s) - @(s)HCO(Q)
< fi9) [[a'©) = 26|y + L) 101(9) = b2(8)ll vy +B6) [E16) = 20| oy (237)

1165) = 726w e < 1@, b1,80)(5) = H @2, b2, E)(6)]| oy |1
Q)

=:a(s)

where f; € L%(I) and f; € L(I) and g € L!(I) can be chosen independent of a’,b; and c;. We then apply
Gronwall’s Lemma [73|and Holders inequality to obtain

[e1(t) = 22(8)| o) < (1 + [1Bll o, exp (Ilﬁtlm)) : f[ 716 [[a"(5) = @) | oy + £20) [101(5) = b2(6)llcugeyy s
< C(”‘B“U(I)) [”fl”LZ(I) ””1 - a2||L2(I,C°(Q)) + ||f2“L1(1) 1161 ~ bZHCO(IxQ)]

< C(”ﬁnua)) ) C(”leLZ(I) ’ f2HL1(1)) [““1 - aZ”LZ(I,C“(Q)N) + b1 ~ b2”C°(I><Q)]

Then, employing Lebesgue’s dominated convergence theorem, we get that “ f1|| — 0and || f2” oy 0

L(n)
with |I| — 0 and consequently

ciH=cC (HIBHU(I)) -C (Hf1||L2(1) ’

As the right side of the estimate is independent of ¢ € I, this shows that (2.36) holds. However, we still need
to prove the claim (2:37). To this end, remember the structural assumption made on H, i.e., H = H? o H!, see
2.22) and use Lemma [79|to estimate

f2||L1(1))—>0, with |I = 0.

IFi@", b1, = H@, bo, e O]

M M
- H H (@', by, 1)(s) - H H} (@, b, ©)(s)

Q)

M — M
Z[HH(a bl,co(s)][ [] H@ b2,02)(5))( (@, b1,20)() = Hy iy (@, b2, 82)(5))

k=1 =M—-k+2

()

()
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We treat () first. Estimating for any k = 1, ..., M yields
M-k M
[THN @b e < [ ] (Hi@ by a0 +1).
i=1 i=1

The global Lipschitz continuity of H 1 implies then for any i = 1, ..., M the estimate

|FE} @, b1,20)6)]| oy < L (||a1<s>||CO(Q)N + [1b1 () llo ) + ||a||cg(9)) + [[H0,0,0)]| oy -

Combining the two preceding estimates yields

M-k M
H “Hz‘l(“l'blfal)(s)”cm) = H [LHl (”al(S)HCO(Q)N 1Sl + ”El(s)”CO(ﬂ)) +[e o0 O)HC"(Q) " 1]
i=1 i=1
M
< H [LH1 (”al(s)”CO(Q)N + 2) + ||H11(0’ 0, O)“CU(Q) + 1]
i=1
< i),

where fi(s) € L*(T) with a bound on |f1 HL‘*(I) only depending on a bound on the ”al”ml @y Horm of a® for

a suitable, large value of p. By the maximal L? regularity result, such a bound is available, see (2.34). The
second factor in (+) can also be estimated by f;(s). This yields

M
@, b1,€)(6) = H@, b2, 82)6)|| o < A Y [IH @ b1,80)(6) = HE @ b2, 82)9)| o
i=1

< fie)Lu, [|)a1(s> = @) oy + 1015) = 2Oy + [[Er(5) = @(s)llco(m]

Thus, f1, f> and B in (2.37) can be chosen to f7(s)Ly;,.

The Bone ODE. Finally we treat the Bone ODE. Again we solve it twice, with dataal, ..., 4}, ¢;and p producing
b; with i = 1,2. The functions b; & b, are members of W'2(I, C°(Q)) and consequently of CO(I x Q) satisfying
0 <bi(t,x) <1 - p(x) and
7 i i 7 b
dtbl‘ = K([Zl, .. .ﬂN, bj, Ci)(l - ﬁ)
This means that b; € W,, hence making the iteration map 7 a self mapping. All these properties are
established as in the case of the Cell ODE. Repeating our computations for ¢; — ¢, we find

< C)([Ja* = @2 ooy + et = Calloogsy ) (2.39)

b1 —b
“ ! 2 CO(IxQ)

and the constant C(I) tends to zero as [I| — 0.

Contraction Property of 1. We collect all estimates to see that 1 is a contractive self-mapping for |I| small
enough. Use (2.38), (2.36), (2.35), and (2.31) to conclude

5122 ) = CO(l0" = @y * et = 2l
< C(D( ””1 - uZ”LZ(I,Hl(Q)/W) +ller = C2”C°(1xﬂ))
< CO(IIb1 = balleoguey + et = callcogey )

and the estimate for ”El - 52” CoUxQ) works identically. Consequently, it holds

1Z(c1, b1) = Z(c2, b2)ll oy < C(I)[ ller = calleogxay + 1161 — b2||C0(I><Q)]

As C(I) — 0 with |I| = 0, the contraction map principle implies that 7 : (c,b) — (C, b) possesses a unique fix
point for [I| small enough.
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Long-Time Existence. We established the existence of a solution (u*, a*, c*, b*) on an interval [0, T] where T > 0
is chosen to make 7 a contraction. Now we use the well defined functions c*(T, -) and b*(T, -) € C°(Q) as
initial data for the ODEs and as a* € C°([0, T], L*(Q)") the function a*(T) € L>(Q)"N serves as start value for the
diffusion equations. Repeating the computations we find that there exists a unique solution (u™,a™, c™, b™)
to the system on the interval [T — ¢,2T — €] for some small € > 0. On the overlap [T — ¢, T] the solutions
(w™,a”,c”,b™)and (u*,a*,c", b*) agree and thus we found the unique solution on the interval [0,2T —¢]. As T
does not depend on the initial values of neither a*, ¢* nor b* this iterates to span every finite time interval. O

Lemma 10. Let Assumption |8 hold and assume that for any choice of p and b € W, the function a €
HNI, Hp, (Q), H}, (Q))Y produced by the iteration operator I is a member of L™(I x Q)N with a bound on the

L=(I x Q) norm that is uniform in p € P and b € W,,. Then local Lipschitz continuity of H and K is sufficient to
ensure the existence and uniqueness asserted in Theorem [l

Proof. We discuss this briefly. The essential ingredient in the proofs is that (for bounded sets B ¢ C°(Q)), we
have that for a € L*(I x Q) and b € C°(I x Q) the following subset of RN+2

{(a(t, x), c(x),b(t,x)) | c € B, (t,x) € I x Q}

is relatively compact. This implies that H and K are Lipschitz continuous on sets of this form (and not
merely locally Lipschitz). Exploiting this fact, one easily parallels Lemma [80] and the crucial estimates in
the proof of Theorem [} O

Remark 11. We discuss when one can expect L*(I X Q) regularity of the diffusion equations in order to
apply Lemma

(i) Assume that |- |s : R™" — R is a bounded function. Then the solution to the diffusion equations
lie in L*(I X Q) with a bound on the uniform norm not depending on p € Pand b € W,. This is a
standard result and can be seen by Stampacchia’s truncation method, see Section[[]in the Appendlx

(if) Assume that we consider a pure Dirichlet problem for the diffusion equations and that the Dirichlet
data on the parabolic boundary lies in the space L*(I,L*(dQ))). Theorem 7.1 and Corollary 7.1
in |Ladyzhenskaia et al.| (1968) show that the solutions of the diffusion equations are members of
L*(I x Q) with a uniform bound on their norms. Here one crucially needs the Dirichlet information
on the parabolic boundary, thus the assumptions. We currently do not know whether a similar
result is available in the case of mixed boundary conditions.

(iii) If we do not assume anything besides the setting of Section[lland consequently only have access to
LP(I, C°(Q)) regularity for p < oo, some further assumptions on H and K need to be made. In our
approach we chose the factorization assumption, see (2.22).

Remark 12 (Diffusivity Depending on Bone). In principle, one can desire to allow the diffusivity tensor D
to depend on bone and not just the scaffold. This leads to diffusion equations of the form

dia = div (D(p,b)Va) —a+ f, a(0) =a (2.39)

leaving out constants and using a generic right-hand side f. However, this poses challenges to our existence
analysis which relies crucially on higher regularity properties of solutions to such equations. More precisely,
let b1, b, and fi, f» be admissible data for (2.39) and denote by a; and a, the corresponding solution, that a
priori lie only in the space H'(I, H,(Q2), H},(Q))*). Then setting b = by — by, f = fi — fo and @ = a; — a; we get
that a solves

i@ — div (D(p, b)Va) +a = f + div(D(p, b)Va;), a(0) =

The strategy of our proof requires an estimate of the L(I, C°(Q)) norm of . However, the term div(D(b)Va;)
is a priori of low regularity, namely only in L*(I, H},(Q))*. It is presently unclear to us if there are suitable
regularity results available to show that indeed the L?(I, C°(Q)) norm of z can be controlled in a suitable way.
In view of the results for elliptic operators such as [Haller-Dintelmann et al.| (2009), one might investigate
higher integrability of Va; and seek to transfer this to the parabolic, non-autonomous case.
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III NumericaL EXPERIMENTS

In Cipitria et al.| (2015) porous PCL scaffolds with a periodic honeycomb structure and 87% porosity were
used as a treatment strategy for 30mm tibial defects in an ovine model. This experiment was conducted
in two groups, one preseeding the scaffold with a special bio-active molecule (BMP) and the second group
without such preseeding. Here, we aim to numerically recreate the experiment without preseeding, using
a concrete instance of our computational model.

As usual, the experimental setup in Cipitria et al.| (2015) includes the use of a so-called fixateur — a titanium
or steel plate that is fixed to the bone surrounding the defect site using screws. This fixateur is used to
provide additional mechanical stability. We include this device in a simplistic manner in our simulations,
neglecting the effect of screws. From a modeling perspective, the fixateur acts as a stress shield on one side
of the defect and thus influences bone growth significantly.

As a concrete instance of our model we use two bioactive molecules and consider the following system of
equations

0 = div (C(p, 0, b)e(u))
dtal = div (D(p)Val) + k2,1|€(u)|C — k3,1{11
diay = div (D(p)Vaz) + kyle(u)lc — ks pa

C
dic = k6a1a2(1 + k7C)(1 — m)

b = ka1 - L)
1-p

We use mixed boundary values for the elastic equilibrium equation, with a surface traction stemming from
a force of 0.3kN on the top of the cylinder in the model with fixateur. The bottom of the computational
domain is assumed to be fixed, i.e., subjected to zero Dirichlet boundary conditions and the remaining part
of the boundary is subject to zero stress boundary conditions. These boundary conditions are chosen to
represent the maximal stress that repeatedly occurs, having an ovine model in mind, where a specimen
can weigh between 45-160kg. For a healthy individual without bone defect, we assume a force of 2.25kN.
This difference is important as it will influence the choice of the generation and decay rate of the bio-active
molecules that are normalized for healthy bone. For the bio-active molecules we assume that they are present
in saturation, i.e. a1(f,x) = a»(t,x) = 1, adjacent to bone and otherwise we assume a non-flux boundary
condition. Osteoblast and bone density is set to zero at the initial time-point. Note that the concrete choice
of boundary conditions here should be considered a proof of concept. Further, more detailed numerical
studies are forthcoming.

3.1 Model Parameters

We report the choices for the constants and functional relationships in table Some comments are in
order.

(@) In a healthy individual, given appropriate clinical interventions, bone defects should be com-
pletely bridged with low to medium weight-bearing capacity after 6 months, see [Zimmermann
and Moghaddam)| (2010). The bone remodeling process to follow can take 3 to 5 years until the full
function of the bone is restored. We therefore consider a time span of 12 months for our model,
which we identified as the critical phase for scaffold mediated bone healing.

(b) The PCL decay parameter, k;, is based on the experimental studies in|Pitt et al.[(1981), which shows
that after one year 30% of the molecular mass remains.

(c) Thesurface traction is set to 0.001gPa corresponding to a force of 0.3kN over a surface of 300 mm?. We
propose to view this time-constant surface traction as an averaged maximal stress. Furthermore we
assume that due to the injury this averaged maximal stress is considerably lower than what is to be
expected in a healthy individual, where we set it to 0.0075gPa corresponding to the aforementioned
2.25kN.

(d) The constants ky;, k3, i = 1,2 governing the generation and decay of bioactive molecules are difficult
to obtain from the literature compare for example to the discussion in [Poh et al.{(2019). The values
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for k31 and k3> correspond to a half-life of 31 and 62 hours respectively and are chosen to achieve a
realistic model outcome. Consequently generation rate constants k;; and k,, are chosen such that
a surface traction of 0.0075gPa — corresponding to a force of 2.25 kN over a surface of 300mm? —
results in an equilibrium state for a; = a, = 1 when ¢ = 1, that is when the concentration of osteoblast
equals that of healthy bone.

(e) The diffusivity D(p) = ks(1 — p) is controlled by the porosity 1 — p and the constant ks. With
ks = 260mm?/month we set it to a standard value for the diffusion of bioactive molecules that is
measured for soluble proteins, see Badugu et al.| (2012) and Yu et al.| (2009).

(f) We use Voigt’'s bound as an approximation of the material properties of the bone-scaffold composite.
More precisely, we model bone and PCL as linear isotropic materials with material constants chosen
as collected in Table The effective properties of the compositum are then obtained by adding
the weighted tensors.

(g) The constant k4 drives the rate of bone regeneration, ks is related to the overall osteoblast production
and k; influences the effect of osteoblast proliferation. These values are fitted to achieve realistic
outcome in the simulations.

Table 2.1: Parameters for the bone regeneration model

’ Param. ‘ Value Description
T 12 months Period of bone regeneration
Q L =30mm, r = 10mm Cylinder with length L, radius r
p p =013 Scaffold volume fraction
C(p,0,b) bCy + paC, Voigt bound for composites
D(p) ks(1 - p) Diffusivity of bioactive molecules
(Ap, Up) (2.88GPa, 1.92GPa) Derived from (Ey, vp) = (5 GPa, 0.3)

(Ap, pp) (1.97GPa, 0.17GPa) Derived from (E,,v,) = (0.5GPa, 0.46)
Cy CpA = A tr(A)Id +2u,A Material tensor of healthy bone

Cp CpA = A tr(A)Id +2u,A Material tensor of PCL

kq 0.1 per month PCL absorbation rate constant
ko1 10500 Generation rate first molecule
ko 5250 Generation rate second molecule
ks 1 16 Decay rate first molecule

ksp 8 Decay rate second molecule

ky 0.2 Bone regeneration constant

ks 260 mm? / month Diffusivity of the a; w/o scaffold
ke 0.5 Osteoblast generation constant

k7 0.07 Proliferation constant for osteoblasts

3.2 Numerical Implementations

We use a simple first-order implicit in time Euler scheme to solve the equations displayed in the order
displayed above. The fact that an implicit approach is feasible is due to the simple structure of the ODEs
and the linearity of the diffusion equation. It is worth mentioning that this reduces the computational cost
of solving the system drastically as only very few time steps are needed to achieve acceptable accuracy in
the simulations. The elastic and the diffusion equation are discretized using P1 elements and the meshes
were generated using the Computational Geometry Algorithms Library CGAL [Boissonnat et al.| (2000).

3.3 Discussion of Numerical Simulations

In Figure 2.1 the domain of computation with an added fixateur is shown. Here we assume the material
of the fixateur to be titanium with Young’s modulus chosen to 100GPa and a Poisson’s ratio of 0.31. Bone
growth and osteoblast production is disabled in the space occupied by the fixateur. In Figure[2.3lwe present
the relative bone density averaged over horizontal slices in the fixateur experiment at 3 and 12 months. We
observe that both the regenerated bone after 3 and after 12 months agree well with the experimental results
shown in (Cipitria et al., 2015, Figure 2, ‘Scaffold only’). There, the same shape of regenerated bone, with a
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aNe

Figure 2.1: Experiment including fixateur. Shown is a vertical section through the cylindrical defect site.
Fixateur domain is colored in gold. From left to right: regenerated bone at 3 months, 12 months and a view
on top of the defect site. The grey colored areas illustrate the top and bottom cylinder/fixateur caps.

#8e

Figure 2.2: Experiment excludig fixateur. Shown is a vertical section through the cylindrical defect site.
From left to right: regenerated bone at 3 months, 12 months and a view on top of the defect site. The grey

colored areas illustrate the top and bottom cylinder caps.
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Figure 2.3: Relative bone density averaged over horizontal slices after 3 and 12 months in the experiment

including the fixateur.
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flat area in the middle of the defect site and a significant gradient towards the proximal and distal interface,
is observed.

In Figure the result of the stress shielding effect of the fixateur is clearly visible, with little regenerated
bone in the central part of the defect site close to the fixateur. Comparing to (Viateau et al., 2007, Figs 4C,
5C) or (Reichert et al} 2011} Figures 3a, 3b) we see that this is also observed in experiments. Bone mass
loss due to stress shielding is indeed a long recognized, major issue in orthopaedic surgery Schwyzer et al.
(1985); [Terjesen et al.| (2009).

The computation excluding the fixateur is performed using a reduced surface traction that is set to 70% of the
surface traction in the fixateur model to account for the stress shielding of the fixateur. This experiment is the
direct analogon of the 1D model in|Poh et al{(2019). Naturally, we see that bone regenerates symmetrically
and that the result is essentially a one dimensional distribution of bone comparable to the results in Poh
et al| (2019). Note that the asymmetries encountered in the more realistic model including the fixateur
can not be resolved by a one-dimensional simplification. This has important implications for the porosity
optimization of scaffolds where a three dimensional simulation can thus help to achieve a more appropriate
optimal design.

27



28



Chapter 3

Optimal Scaffold Design

In this Chapter we consider theoretical and numerical aspects of the scaffold density optimization problem.
We already discussed the heuristic and modeling aspects of the optimization problem in Chapter|l} Section
and Remember, for a given scaffold design p, we find a unique solution y, = (up,a}), ... ,ag’ ,Cp,bp)

solving the equations (L.1) — (L.4) and measure the “quality” of p through an objective function J. This leads
to a PDE constrained optimization problem.

The structure of this Chapter is as follows: We start with a brief introduction to PDE constrained optimization
theory and the adjoint method in Section[l] We then prove the existence of an optimal control using the direct
method of the calculus of variations in Section [IIl We continue with deriving the structure of the adjoint
system and consequently the derivative of the reduced objective function in Section[IIl]and conclude with
a presentation of numerical results in Section[[V]

I INnTRODUCTION TO THE ADJOINT METHOD IN PDE CONSTRAINT OPTIMIZATION

We will briefly review the abstract framework of PDE constraint optimization and especially the adjoint
approach, for more details we refer the reader to the introductionsHinze et al.|(2008) or De los Reyes|(2015).
Let Y and W be Banach spaces and P either a Banach space or a subset of a Banach space. The space Y is
called state space and an element y € Y a state variable, P is called control space and p € P a control variable.
We consider two maps, the objective function | : Y X P — R and the constraint e : Y X P — W. These names

are chosen as we are interested in minimizing | over the set e"1({0}), i.e., to find

argmin/(y, p) subjectto e(y,p)=0. (3.1)
(yP)EYXP

Without further assumptions this problem is ill-posed and difficult to treat in practice. In our application
the set e71({0}) can be parametrized by amap ¢p: P — W, i.e.,

e ({0}) = {(¢(p), p) | p € P}.
In this context ¢ is called the control to state operator. Using ¢, we can define the reduced objective function
J(p) := J(¢(p), p). Then the taskbecomes the unconstrained problem of finding

argmin f(p). (3.2)
peP

Incase J,e: YXP — Wand ¢ : P — W are C' and e,(¢(p), p) is invertible for all p € P we can derive a
formula for D¢p and consequently for DJ. Differentiating the equation e(¢(p), p) we obtain for fixed py € P

0 =D(p ~ e((p), p))(Po) = ey(b(po), po) © D(po) + ex((po), po)-

Combining this with Df(po) = Jy(¢(po), po) © DP(po) + Jo(¢(po), po) yields for the derivative of the reduced
objective function

DJ(po) = =], (¢(po), po) © €, (d(po), po) © e, (P(po), o) + Jo(P(po), po)-
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This formula is not optimal from a numerical viewpoint. On a discretized level, to compute the components
of Df(po) we would be required to solve for &; in e, (¢(po), po)Si = €,(P(po), po)ci, where c¢; iterates through
a basis of a finite dimensional subspace of P. This is problematic since solving for ¢&; is usually costly and
should be done as seldom as possible, yet the dimension of the finite dimensional subspace is typically
large. To address this we can rewrite the equation using the Banach space adjoint maps of ¢,(¢(po), po) and
ey(P(po), po), this is known as the adjoint approach:

DJ(po) = €,(@(po), po) ey (@(po), po) Ty (@(po), po))| + To(@(po), po). (3.3)
The advantage is that solving the so-called adjoint equation, which consists in finding A € W*
e, ((po), po)A = Jy(p(po), po) (G4

needs only to be done once and the discretized components of DJ(py) can be found evaluating
[—e;‘)(c{)(po), po)Al(c;) with ¢; iterating through the basis of the finite dimensional subspace of P. On a
discrete level this is less costly as it corresponds to an inner product of two vectors.

II ExistencE oF AN OprTiMAL CONTROL

In the first Chapter, we considered quite general functional relationships and allowed for multiple diffusion
equations and included and ODE for the behavior of generic type of cells. However, to be able to derive an
optimal control result, we need to narrow down these assumptions. The following Section gives the precise
framework we use for the optimal control result.

2.1 Setting

We begin by specifying the assumptions on the domain.

The Domain. We consider a finite time interval I = [0, T]. The spatial domain Q C RY withd = 1,2,3 is
assumed to be an open, bounded and connected Lipschitz domain. We consider partitions of the boundary
dQ, namely

0Q=T5Ud, and 0Q=T%UTY

that will be used for the elastic and the diffusion equation respectively. For the partition of the elastic

equation we assume |I% | # 0. We require both Q UT¢, and Q UT to be Gréger regular. For the concept of
Groger regularity we refer to Appendix [ or the artlé\{es Groger 1989) and |Haller-Dintelmann et al.[(2009).

Remark 13. Note the following things.

(i) For the elastic equation we exclude a pure Neumann problem, however, we can include this case
by passing to a suitable quotient space. We excluded this for convenience and brevity only.

(if) The assumption of Groger regularity is very mild and all desirable application settings we have
in mind easily satisfy this requirement. Compare to Haller-Dintelmann et al| (2009) for more
information.

The Control Space. The set of control variables is defined to be
P={peHQ)|0<cp<p()<Cp<1}, (3.5)

where cp and Cp are two fixed constants. Note that in the spatial dimensions d = 1,2, 3 the space H*(Q)
embeds into C°(Q), hence the pointwise condition imposed in the above definition is well-defined.
The State Space and the Equations. Consider the state space
Y = C(I, Hp, (Q)) x H'(I, Hp(Q), Hp(Q)) N LI, C°(Q)) x WA(I, C°(Q))?
and the space
W = LX(I, Hp, (Q)) x L*(I, Hp, (Q))" x L*(Q) x L(I, C°(Q))*.
Then the state equations can be written in the form e(y, p) = 0 with the constraint operator

e:YXP—>W, (y,p)=(@,d,d,bcp) - ey, p)
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given by

[ C(p, 0, b)e(ii + up) : (-)dxdt — [ [ gn - dsdt
ﬁ(dtdl,)H}Jd(Q)dt + [[ D(p)VarV - +ks1(@1 + 1) - dxdt — [ kaale(uo + up)lsc - dxdt
J(did, ->Héd(g)dt + [[ D(p)VarV - +ks (@ + 1) - dxdt — [[ kaple(uo + up)lsc - dxdt
e(y,p) = a(0) +1 (3.6)
a0)+1

dic = ke(@ + 1)(@ + 1)(1 + k70) (1 - 155)

dib = ky(@ + 1) (1 - 25)

We frequently use the notation
a;=4a;+1, and wu =1+ up.

Functional Relationships. To make fully sense of the above definition of ¢ we still need to clarify the
assumptions made on the data and functional relationships. We begin with the function 0. We assume that
it is smooth, depends only on time and is bounded away from zero, i.e.,

o€ C®(), witho(f)>0forallfel (3.7)

Usually, we set 0 to be an exponential decay. For the material properties C of the elastic equation we require
that it is a map

C : dom(C) ¢ C°(I x Q) x C°(Q) — C°(I, L¥(Q, L(M))), with (b,p) > C(b,a,p).
The concrete definition of dom(C) is not so important, however, as a minimal requirement it should hold
| Jibe CfUx )10 <b(t,x) < 1-p()} x {p} € dom(C).
pepP

Furthermore, we need C(:, 0, p) to be Lipschitz continuous with Lipschitz constant independent of p. Fur-
thermore, C is assumed to be continuous on all of dom(C). Finally, we require

sup  IC(b, 0, p)llL=(,£om,) < e (3.8)
(b,p)edom(C)

and

inf inf C(b,0,p)M : M| > ccIMP?, (3.9)
(b,p)edom(C) [ Me M\ {0}

for a constant c¢c > 0. We need a further regularity property of C. We assume that b(t) € C*(QQ), p € C*(Q))
for an a € (0, 1) implies that the coefficient functions

Ciu(t) = [C(b, 0, p)()] 4

are members of C*(€2) and that there exists a constant C > 0 not depending on b and p such that

ICij(B)llca(y < ClIb(®)llce@llpllc - (3.10)
For the boundary data up and gy of the elliptic equation we assume that
gn € CU(I, L*(9QY)) (3.11)
and that the Dirichlet boundary data is given through a function
up € C(I, H*9(Q), (3.12)

meaning that the boundary information can be lifted to all of Q such that the lift has the above regularity
in time and space, where 0 > 0 can be arbitrarily small. In practice, this is easy to verify as we mainly
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work with Dirichlet boundary conditions that do not vary in time. The material properties D(p) used in the
diffusion equation are a map

D : dom(D) c C°(Q) — L™(Q, M), with p D(p)

that we require to be continuous with respect to the uniform norm on dom(D). The domain of D will usually
satisfy

{peC%Q) |0 <cp<p) < Cp <1} cdom(D),

where cp and Cp are the positive constants appearing in the definition of P. We also require D to be uniformly
elliptic independently of p € dom(D), i.e.,

mﬂ%Lﬁ%D@&4zmwl G139
for a constant cp > 0. Finally, for the function | - |s we assume that it is given through a map on matrices
|1 : R = [0, )
that we require to be Lipschitz and to obey an estimate of the form
|Als < C1|A| + C, forall A € R, (3.14)

where Cy, C; > 0 and |A| denotes the Euclidean (or any) norm of a matrix. Furthermore, we need | - |5 to be
continuous, more precisely, we assume that if (v) € L*(Q, R*) is a sequence, then it holds

- v inL2(Q,R™) = |y = s in L3(Q). (3.15)

We recall the main result of the first Chapter concerning the well-posedness of the PDE-ODE system.

Theorem 14. Assume that the setting described in this Section holds. Then, for every p € P there exists a unique
solution y = (i, 1,2, b, c) € Y satisfying e(y, p) = 0, i.e., solving the state equations (3.6

Proof. Inspecting the assumptions required for the well-posedness in (8), we see that the requirements on
the domain, the control space, the elastic & diffusion equations are (partly) stronger than in (8), hence
trivially satisfied. The admissibility of the functional relationships H and K that are implicitly given in (3.6)
were already discussed in Section O

2.2 Objective Function

Here we formulate the class of objective functions we are able to treat in the setting of the optimal control
result. For every time-point ¢ € I and state control pair (y, p) € Y X P we consider the elastic energy

E:YXP—C), &, p)t)=tr % fg C(b(t), o(b), p)e(u(t)) : e(u(t))dx. (3.16)

For most of our objective functions we desire & to take values in C%(I), as we want to have access to point
evaluations. This is the reason to require the continuity of the solutions to the elastic equation in the

definition of Y. Primarily, we are interested in the reduced elastic energy &, that is, we are interested in
&E(y, p) only when (y, p) solves the system of equations, i.e., when it holds e(y, p) = 0. We define

E:P-C, &p) =&y, p) (3.17)

and here it holds e(y,, p) = 0. We provide now the proof that & takes values in Cco(D).

Lemma 15. For all (y,p) € Y X P we have E(y, p) € C°(I). If it holds e(y, p) = 0 and i(t) + up(t) # 0, then
&y, p)(t) > 0.

Proof. As il + up € C°(I, H}(Q)) by the definition of the state space Y and the material tensor C is a member
of the space C°(I, L*(Q, L(M;))) it follows that

C(0, p, b)e(ii + up) : e(il + up) € C°(I, LY{(Q)).
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Using the L!(I) continuity of integration, we get E(y, p) € C°(I). Now, let e(y, p) = 0. We can estimate

E(Y, p)(t) = cllii(®) + upllis ),

with the constant ¢ > 0 depending on the constant appearing in Korn's inequality and the ellipticity constant
cc. As it holds e(y, p) = 0, for every t € I the function #i(t) + up(t) solves an elastic equation, hence can only
vanish if the boundary conditions are homogeneous for this time-point which leads to i(f) + up(t) = 0. This
is excluded in the statement of the Lemma and the proof is complete. m|
We state now the structural assumption we impose for our admissible objective functions.

Assumption 16. Let ¥ : dom(F) c C°(I) — R be a continuous map and assume that the domain of
satisfies
{v e C°W) | v(t) > 0 forall t € I}  dom(F). (3.18)

Furthermore, let G : C°(I X Q) — R be a continuous function. Using the elastic energy & and functionals 7,
G as above, we define the prototypical objective function as

J:YXP-R, J(y,p)=F (Ey, p))+GD)

in case the domain of ¥ allows &(y, p) as an argument. The function b denotes the bone component of the
state variable y. More important, we define the reduced objective

J:P>R, J(p) =T (&@(p),p)) + GD).

Note that the assumption (3.18) together with Lemma([I5|guarantees that E(¢(p), p) is an admissible argument
of ¥ . Finally, we assume that f is bounded from below if we are interested in a minimization problem and
we assume | to be bounded from above if we are interested in maximization.

Remark 17. We comment on some admissible choices for ¥ and G.
(i) As main examples for # we mention the minimum or maximum functional, i.e.,
min:C'I) >R, v rrtleilnv(t)
and likewise with the maximum functional.

(if) Smooth approximations of the minimum and the maximum are given by L”(I) norms with large
values of |p|. A positive value for p serves as an approximation of the maximum and a negative
value is suitable for the approximation of the minimum. In the latter case, i.e., p < 0, one chooses

dom ([Hlw) = {o € C°M) | o(t) > 0 forall t € I}

It is straight forward to show that ||-||z»(;) is continuous with respect to the uniform norm, also for
negative exponents. In fact, it is even Fréchet differentiable.

(iif) The function G encodes objectives concerning regenerated bone. One might set

Gb) = f B(T)dx,
Q

i.e., considering the amount of regenerated bone at the final time T € I. Clearly this choice is
admissible.

2.3 Main Results

Our main result of this Section establishes the existence of an optimal control in the set P ¢ H*(Q) given the
objective function J is regularized by an H*(Q) norm.

Theorem 18 (Optimal Control). Assume we are in Settingzmd let ) > 0 be fixed. Then there exists a minimizer
p* = p*(n) € P to the regularized objective

Jp") + nllp Ny = inf [7(p) + nllolngy |
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Proof. The proof is established in the course of the text. m|

In order to incorporate the pointwise constraint encoded in the definition of the control space P, see (3.5), in
a numerical simulation one can use a soft penalization. This usually corresponds to a continuous functional
K : C°(Q) — [0, o). Also in this setting we can establish the existence of an optimal control.

Corollary 19. Assume we are in Settingand let K : C°(Q) — [0, o0) be a continuous, non-negative functional.
Then there exists an optimal control p* = p*(n, K) € H*(Q) to the regularized and penalized objective, i.e.,

Jioh + o ey + KpN = int (7o) +nllple ) + K(p)]

Proof. The proof is established in the course of the text. O
Remark 20. A few comments regarding the above results are in order.

(i) For some objectives we might be interested in a maximizer rather than a minimizer. In this case, one
subtracts the regularizer 7||-[|2(q) and the soft penalty K and the results are still valid. For brevity,
we discuss only minimization problems in the remainder.

(ii) As discussed in Section we have some freedom in the choice of J. From a modeling perspective
a maximum or minimum over all time-points of the elastic energy seems reasonable. On the other
hand, for the numerical treatment a smooth approximation thereof is preferable, e.g., an L?(I) norm.
Note that all these choices are covered by our main result.

(iii) The Tikhonov penalization term n||-[| is artificial. It serves to generate compactness of minimiz-

2
HX(Q)
ing sequences and an optimal control result without this term seems out of reach.

(iv) The optimal controls p*(n) and p'(n, K) depend on n and K and for these hyperparameters there
are no canonical choices. We investigate their influence numerically in Section

(v) Itis presently unclear to us if the optimal control problem possesses a unique solution.

2.4 Proofs of the Main Results

In this Section we prove Theorem [18[and Corollary It turns out that our approach crucially relies on
rather specific regularity properties of the diffusion equations and the elastic equation that imply convenient
compact embeddings. To prevent an overly technical section, we begin by assuming the implications of
the compact embeddings. We provide full proofs or give appropriate references of the regularity properties
at the end of the Section and in the Appendix [lIl Note that again the mixed boundary conditions, rough
coefficients and jump initial conditions are responsible for the technical difficulties.

Proposition 21. Assume we are in Setting|2.1l Let (px) C P be a minimizing sequence for | + nl||I%,,... and denote
p S P g seq Mg g

by () € C°(I, H(QY)), (&), (a7) € H(I, H'(QY), HL(Q)*) and (by), (cx) € W'A(I, C°(QY)) the corresponding solutions
to the system Assume that there is a common subsequence (not relabeled) of (p), (ux), (ai), (ai), (by), (cx) and
elements p* € P, u* € C°(I, H(Q)), a}, a3 € H'(I, H(Q), H5(Q)") and b*,c* € W'A(I, C°(Q)) such that

(A1) px — p*in CYQ) and py — p*in H*(Q),
(A2) up — u*in C°(I, H(Q)),

(A3) al — a in H'(I, H\(Q), HL(Q)), i=1,2
(Ad) by — b in COI X Q)

(A5) ¢ — ¢"in CO(I x Q)

then (p*,u",a],a;, b*) solves the system and " is minimizer of | + nll-llip(g) over the set P, i.e., satisfies

Jp") + nllp Ny = inf [7(p) + nllolny |
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Proof. There are two things to show. First, we need to guarantee that the tuple (p*, u", aj,ay, b*) still solves
the system of equations And secondly, we need to prove that p* is in fact a minimizer. We start with
the second point, assuming for the moment that (p*, u*, aj, @y, b*) solves the correct equations. We show that
it holds

Jp") + 1l N o < liminf [ (o) + nllpilfe ey | = min [J(e) + el o |

that is, the classical lower semi-continuity property required in the application of the direct method of the
calculus of variations. Clearly, the map

2 2
HY(Q) =R, p e 1llpllpq,

is convex and norm continuous, hence weakly lower semi-continuous, that is, it holds
T?“P*leiz(o) < llkrrl}glfn”pk”%p(g)

by the assumption py — p* in H*(Q) on the minimizing sequence. To proceed, remember our structural
assumption on the objective function, i.e.,

J=7 (&) +GW),

where ¥ : C°() > Rand G : C°(I x Q) — R are assumed to be continuous. Thus it suffices to show that
E(pr) = &E(p*) in C°(I). For convenience, let us now set C* = C(p*,0,b*) and C; = C(px, 0, br). We then
compute

18400 ~ &0 e = | | 106~ €Tt et + et =) )+ Cetw et —ra|

<Gk - C*”CU(I,LD"(Q,L(MS)))||5(”k)||é0(1,Lz(Q))
+ ”C*”CO(I,L“’(Q,.E(MS)))“8(uk - u*)”éoa,LZ(Q))”‘(f(uk)”?:O(LLZ(Q))
+ ”C*”CO(LL“(Q,L(MS)))”g(u*)Hén(LLZ(Q))||€(uk - u*)”é'(]([,LZ(Q))-

Using the continuity assumption for C and the convergence by — b* in C%(I X Q) and px — p* in C%(Q) we
get that

1€k — Cllcog L=, £Mm)y) — O
Furthermore, the convergence u; — u* in C(I, H(QY)) implies both a bound on ||e(ux)|| and the convergence

lle(ux — u)lcog 2y
Hence, we established S(pk) - S(p*) and conclude
J(o") + nllp IRy, < lim J(pi) + lim inf lloels gy < lim inf [F(p) + nllpiliegcy |
which settles the claim.

We still need to show that (p*, u*,a],a5,b") is in fact a solution to the system For the elastic equation we
consider for an arbitrary test function ¢ € L*(I, H}, (€))

ffC(pk, 0, br)e(u) : e(p)dxdt = j;j(;o gnpdsdt

and the continuity assumption on C and the convergence assumed for py, by and u; are by far sufficient to
pass to the limit.

In the same spirit, we consider the diffusion equations with a test function ¢ € L*(I, Hp,(Q))

j@@wm%®m+ifmmw@m+@@wmmzlfwamwmmbi:Lz
I

For the left-hand side of the diffusion equations we can easily pass to the limit by the weak convergence of
a, and the strong convergence of D(py) that we have available through the continuity assumption on D and
pr = p*in C°(Q). For the right-hand sides we use the implication

u — u inCOLHYQ) = le(up)ls = le())s in L2(Q).
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Hence, the limit for the diffusion equations can also be correctly identified. To establish the initial condition
of the limit, consider the continuous linear map

H'(I, Hp, (Q), H}, (Q)) = C°(I, L*(Q) = LX(Q), a ~ a(0).

Using the weak sequential continuity of continuous linear maps shows that 4*(0) vanishes, as desired.

To pass to the limit in the cell ODE, we look at its fixed-point equation

t

which holds in the space C°(Q), for all ¢ € I. Multiplying the above equation by a smooth test function
@ € C(Q) and integrating over () yields for the left-hand side of the above equation

fck(t)(pdxefc*(t)godx with k — oo,
Q Q

The convergence ¢y — ¢* in the space C°(I x Q) suffices by far for the above limit passage. Before we treat
the limit of the right-hand side we note that the compactness result of Aubin-Lions, see for instance Simon
(1986), provides the compact embedding

HY(I, HL(Q), H5(Q)*) =< L*(I, L*(Q))

which is essentially due to the fact that the space triple (H%)(Q), L2(Q), HE(Q)*) satisfies the requirements of
the Ehrling Lemma, being in turn guaranteed by the Rellich-Kochandrov compactness result that provides

the compact embedding of H},(Q) into L*((2). Note that the boundary regularity in for Q is chosen to support
the Rellich-Kochandrov theorem. Hence we get the convergence
akak — aja; in LI, LY(Q))=L'(I x Q).

Using the above convergence and the convergence of ¢y — ¢* in C%(I X Q) and py — p* in C°(QQ) we compute,
employing Fubini’s theorem and pass to the limit

t t
f f k6a’1‘a'§(1 + kycr) (1 - L) dspdx = f f kéa’{ag(l + kycy) (1 _ G )godsdx
o Jo 1-pk 0 Ja 1—px
t %
— f f keajas (1 + kyc) (1 i *) @dxds
0 Ja I-p
t X
- f f ke, ay(1 + ks (1 i ) dspdx
aJo 1-p

Inferring the fundamental lemma of the calculus of variations we obtain

t *
) = f keaiay (1 + kyc¥) (1 — ) ds
0

1-p
for every t € I. This implies that ¢ satisfies the correct limit equation. Obviously we can repeat the same
argument to guarantee that b* satisfies an appropriate limit equation. O

Remark 22. Via discussing the requirements (A1) — (A5) above, we give a rough idea of their proof.

(i) The fact that ] is bounded from below implies that the regularization term r)ll-llil2 @ automatically

leads to an H?(Q) bound on any minimizing sequence (px) C P. Thus there exists p* € P and a (not
re-labeled) subsequence (pi) with px — p* in H*(Q). Employing the compactness

HY(Q) > C(Q)

that holds for three spatial dimensions, this implies the desired convergence py — p* in C°(Q).
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(ii)) A uniform bound in C(I, H'(Q2)) norm of the sequence () is easily established as Lemma
shows. However, this does not provide assumption (A2) which can only be achieved through a
compactness argument. In fact — given Holder continuous coefficients functions of C(py, o, bx) — one
is able to show that for every t € I the solution u(t) is a member of H*?(Q) for a sufficiently small
6 > 0 as an application of the main theorem of [Haller-Dintelmann et al.| (2019). Compare also to
Lemma 25| for a discussion of the applicability of this result. Then, given the relative compactness
of the sequences (bx) in C°(I x Q) and (px) € C°(Q) one can apply a vector-valued version of the
Arzela-Ascoli theorem to derive the relative compactness of (1) in C°(I, H(Q2)). As discussed in
(iv), the compactness of (by) relies on a Holder regularity result for diffusion equations.

(iii) Similarly, a uniform bound for the sequences (a;) in H'(I, H'(Q), H},(€2)") norm can be established by
standard computations, thus implying the desired existence of 4} and corresponding subsequence.
We provide the details in Lemma

(iv) The existence of a subsequence (b;) and b* € C°(I X Q) with by — b* in C%(I X Q) requires the biggest
effort. We achieve this by deriving a W'2(I, C*(Q2)) bound on (b%) for an a € (0, 1). Investigating the
structure of the cell and bone ODEs, we see that such a regularity and bound can only be established
if we are able to show that the sequences (a;'() are bounded in L*(I, C*(Q)). It is this regularity and
boundedness result for the diffusion equation on which the whole proof rests, we discuss it in

Appendix

Coming back to the boundedness of (b) in W3(I, C*(Q)), note that this implies the desired existence
of b* € C(I x Q) together with a subsequence by — b* in C°(I x Q) via the embeddings

WYA(I, CY(Q)) — CP(I, C*(Q)) — C™n@A(] x Q) —>— CUI x Q).

(vi) Tosummarize: (Al)is clear, (A3)is established in Lemma (A2),(A4)and (A5) rely on the regularity
result for diffusion equations stated in Lemma 28| and the main result of [Haller-Dintelmann et al.

(2019). The derivation of the W'2(I, C*(Q)) bound for (by) is carried out in Lemma the bound for
(cx) in Lemma

Lemma 23 (C°(I, H}(Q)) bound for u). Let C € C°(I, L*(Q, £L(Ms))) be uniformly elliptic with ellipticity constant
|C] independent of t € I and x € Q, i.e., it holds

C(t,x)M : M > |CJIM*, forall M € LM;) and (t,x) € I x Q.
Furthermore, let f € C°(I, H5(Q)*) be a fixed right-hand side. Then the unique solution u € L*(I, H}.(Q)) to
f f Ce(u) : e(-)dxdt = f( fim@dt in L*(I, Hp(Q))" (3.19)
I
is a member of the space C°(I, H},(Q)) and satisfies
||”||C0(1,H1(Q)) < C(LC], Ckomn) - ||f||C0(1,H1D(Q)*)~

Proof. The equation (3.19) implies that u satisfies almost everywhere in I

fQ C()eu(t) : e()dx = f(f) in HH(Q)'

=Tu(t)

upon applying the isometry L*(I, H},(Q))* — L*(I, H,(€2)*) to both sides of the equation. Clearly, testing with
u(t) yields, inferring Korn’s inequality,

LCICkom * 1lify ) < L€ - eIy < HF Ol ey el -
Hence,
)l @) < (LCICkom) ™ ILF Bl @y < (LCICkom) ™ I fllco iy

meaning that the H'(Q2) bound on u(t) is independent of ¢ € I. To show that u is continuous in time, we
compute fort,s €I

f®) = f(s) = Thu(t) = Tsu(s) = Te(u(t) = uls)) + T(u(s)) = Tsu(s).
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Using the coercivity of 7; we find

1
I = u@lin) < TEE— (1) = £y + 1T 514(s) = Tste(s)lgz, oy |

By the assumption f € CY(, H})(Q)*) it is clear that the first term above tends to zero when |t —s| — 0. It
remains to estimate

1730~ T < sup [ [€0) - €Ol etuts) : elp)ee
Il <1 V0
<|IC(®) - C(S)HL“(Q,MS)”u(S)HH}J(Q)-

The time-independent bound on |[u(s)|| HL (@) and the continuity assumption on C imply the assertion. O

Lemma 24 (Equi-Continuity). Assume (px) C P is any sequence, (by) C W), is an equi-continuous sequence in
C(I, C°(QY)) and (fi) is a equi-continuous and bounded sequence in C°(I, Hp,(Q)"). Assume that C(py, o, by) satisfies
the assumption i.e., in particular, it holds

IC ok, 0, bi)(t) = Cpk, 0, b))~ £0m)) < ClIbr(t) — br(8)llco() (3.20)

for a constant C that does not depend on the data py € P and by € W), and t € 1. Denote by uy. the unique solution of

f f C(px, 0, b)e(uy) : e(-)dxdt = ﬂfk,.)ng(Q)dt in L*(I, HL,(Q))".
1

Then, (uy) lies in C°(I, H%)(Q)) and is equi-continuous in this space.

Proof. We are in situation of Lemma[23) hence we know that 1 is a member of the space C°(I, HL (Q)) and we
need only to establish the equi-continuity. To this end, repeating the equations in Lemma 23| for u; instead
of u we arrive at

etk (8) = ()l o) < /() = fe@len @y + 1Ck(t) = Ck(s)”Lm(Q,L(MS))”uk(s)”Hl(Q)]

1 [
LCkJ CKorn

1
< e (160 = fi@lliny + Cllk(® - bl |

as ||ux(t)llrn ) is bounded uniformly in k € N and s € I by Lemmathrough the boundedness we assumed
for (fr). Then, we infer the equi-continuity of (fi) and (by) to derive it for (uy). O

The following Lemma summarizes the main result of Haller-Dintelmann et al.|(2019). We restrict ourselves
to the generality necessary needed for our application, which however, is not the most general situation. We
refer the reader to[Haller-Dintelmann et al.|(2019) for a relaxation concerning boundary regularity, regularity
of coefficients and the differential operator.

Lemma 25 (Higher Regularity for Elliptic Systems). Let C € L*(Q), L(M;)) be uniformly elliptic, i.e., there exists
LC] > 0 such that
CM: M > [ClIMP, forall M € M.

Assume that C;jy € C*(Q) for a fixed but arbitrary small a > 0. Then, there exists 6 = 6(a) > 0 such that for every
f € H'"9(Q)* the solution u € H} (Q) to

f Ce(u): e()dx = f in HL(Q)'
Q

is in fact a member of H'*9(Q) and we can estimate
lllireo) < ClICllea@ll 1m0y

where C does not depend on the concrete form of C.

Proof. This follows from Theorem 1 and Lemma 1 in Haller-Dintelmann et al.{(2019). ]

38



The last result we need to establish the relative compactness of (i) in C%(I, H} p(QY) is — little surprisingly -
a vector valued version of the Arzela-Ascoli Theorem which we recall here for convenience.

Theorem 26 (Characterization of Relative Compactness in C°(K, X) Spaces). Let X be a Banach space and K a
compact metric space. Then a set ¥ C CO(K, X) is relatively compact if and only if the following two conditions hold:

(i) The set F is equi-continuous, that is, for all t € K and all € > 0 there exists a neighborhood U(t) C K such
that
supllu(t) —u(s)llx < e foralls e U(t).
uef

(ii) Forallt € K the set
fu®)lueFlcX
is relatively compact.

The focus of the next Lemma lies on the a priori estimates for linear parabolic equations.

Lemma 27 (A Priori Estimate for Parabolic Evolution Equations). Let (i, X, H) be a Gelfand triple, M : X — X*
a linear coercive operator with coercivity constant |[M], i.e., it holds

(Ma,ayx > [M]llal%, forallae X.

Let I = [0, T] denote a time interval and f € L*(I, X*) a fixed right-hand side. Then there exists a unique solution
aeHY, X, X" to

ﬁdta, dt + f<Ma, dxdt = f( f,xdt, in L*(I, X)’
I I I
Furthermore, the norm of the solution a can be estimated by
lallez g, xxy < C (Ml ey, LMIY) - (Il + 11 fllzx) (3.21)
with C being monotonously increasing in ||M|| gx x-) and M.
Proof. We establish only the estimate (3.21), the existence of a solution is the well known maximal regularity

result of J. L. Lions, see for instance (Ern and Guermond), 2013, Part II, Section 6). To derive the estimate, we
note that by the natural isometry L?(I, X*) = L*(I, X)* the function a satisfies a pointwise almost-everywhere

equation in X*, namely

dra(s) + M(a(s)) = f(a(s))
which, at time s € I, we can test with a(s) € X and integrate from 0 to t. Then, we apply the partial integration
formula for Gelfand triples and estimate using the coercivity of M and Young’s inequality

1 g 1
Ella(t)llé +|M] fo lla(s)I5ds < =llaO)IZ + ”f”LZ(I,X*)“a”LZ(LX)
LM

1
< 51O}y + 5737 J||f||L2(0t]X) 2 g

which leads to

1 M ([ 1
o, + 5 [ o) < SO0 + 2B g
We get by estimating the terms of the left-hand side separately and taking the supremum over t € [ both

”a” CO(I,L2(Q)) = ”a(O)HH LMJ”f”LZ(IX) and ”a”Lz(I,X) < ”a(O)HIZ—[ I_MJZHf”LZ(IX)

To estimate the L2(I, X)* norm of d;a, we use that a is the solution of the parabolic equation to estimate

ld:alli2qxy = sup f(dta,@xdt

lloll2¢ 30 Y1

< sup [fl(Ma (p)XIdt+f|<f (p)XIdt]

el 2, x)<1
< M gex xsllallcza,xy + 1 leza,x)-

If we infer the previous estimates for a in L?(I, X) norm, we can bound d;a in L?(I, X)* norm. Combining the
considerations for a and d;a lets us bound the H'(I, X, X*) as desired. m|
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Lemma 28 (L7(I, C*(Q2)) Bound for (a;)). Assume Q ¢ R* withd = 1,2,3 and 9Q = T'y U Tp where QU Ty is
Groger regular. Let D € L™(Q, M;) be uniformly elliptic with ellipticity constant |[D]| > 0, k > 0, f € LF(I,L*(Q2))
for a fixed p > 2 and ag € L*®(Q) some essentially bounded initial condition. Then there exists o = a(p) € (0,1)
independent of D and f such that the solution a € H'(I, H},(CY), H},(Q)*) to

f(dta,'>Hl @dt + ffDVaV - 4ka - dxdt = f f - dxdt
I D

a(0) = ag
is a member of L (I, C*(Q)) and satisfies the estimate

lalla.coy < C(p, LD, IDl,m)) 1 fllrg 2

Proof. The proof requires some work, we refer to Section [[I} O

Remark 29. We comment on some of the aspects leading to the complexity of the proof of Lemma

(i) The mixed boundary conditions, rough coefficients and the jump initial condition prevents the
standard theory from being applicable. If it wasn’t for this roughness, an L(I, H*(Q)) result could
be derived by standard theory, see for instance Evans| (1998).

(if) Even invoking the theory of abstract parabolic equations as described in [Amann| (1995) does only
almost suffice. In fact, combining the results in|Amann| (1995) with Haller-Dintelmann et al.| (2009)
yields L?(I, C*(Q)) regularity only if a9 lies in a suitable trace space for initial conditions. The trace
space in this case is H},(Q) and not L*(Q).

(iii) The strategy to prove Lemma [28)is therefore to treat the cases f = 0, a(0) = ap and f = f, a(0) = 0
separately and then to use the superposition principle available for linear equations.

We treat now the cell ODE. We need to establish that a solution in WV*(I, C*(Q0)) exists and is suitably
bounded in the data. We have already access to the fact that a long-time solution in WLZ(I, CO(Q)) exists,
hence the crucial part is to control the Holder norm of this solution. This can be done by accessing the
solution ¢ through its formulation as a fixed-point and then estimating its Holder norm if suitable regularity
for the data is given.

Lemma 30. Let a; and ap be functions in L*(I, C*(Q)) with a1,a; > 0. Assume that p € C*(Q) satisfies 0 < p < 1
and ke and ky are positive constants. Then there exists a solution c € WY2(I, C%(Q)) to the equation

1-p

with 0 < ¢ < 1. Furthermore, we can control the a-Holder seminorm of ¢ in the following way

dic = keayax(1 + kyc) (1 - L), c(0)=0

le()]a < C(”“l”LZ(I,C“(Q))r lazllr2 @, e ||p||cw(Q)),

with the constant C being monotone in its arguments.

Proof. The existence of a solution in the space W'(I, C°(Q2)) was already established in Theorem@ We are
only concerned with the control over the Holder seminorm. To simplify notation, we prove the statement
for an ODE of the form

dic=m(l+c)(1-6c), c(0)=0 (3.22)
with m € L*(I, C*(Q)) and 6 € C*(Q) with 0 < 67!(x) < 1, which implies that the solution c to takes
values in the unit interval, i.e., c(t, x) € [0, 1], see Lemmal[77] The existence of ¢ in W'2(I, C%(Q))) solving

implies upon applying integrating that c(t) is given by
¢
c(t) = f m(s)(1 + c(s))(1 — Oc(s))ds,
0

with the integral being a C°(Q) valued Bochner integral. As point evaluation at x € Q is continuous and
linear from C%(Q) to IR, it also holds

c(t,x) = [)t m(s, x)(1 + c(s, x))(1 — O(x)c(s, x))ds.
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We use the above formula and the triangle inequality to estimate

t ¢
c(t, x) — c(t, y)| < f [m(s, x) — m(s, y)lds + f [m(s, x)c(s, x) — m(s, y)c(s, y)lds
0 0

=A =B

. fo (s, )OW)C(s, y) — m(s, )OS, Vlds

=C

t
+ f Im(s, y)Oy)c(s, y)* — m(s, x)0(x)c(s, x)*|ds .
0

=D

For brevity, we set 1i(t, x) = m(t, x)O(x). Inferring that ¢ takes values in [0, 1], we claim that the above estimate
leads to

t
e(t,x) — c(t, )| < fo (2Lm() L + IOl L) Lo + () leneyle@®)la + 2L ) ) I = yiods.  (3.23)

Dividing by |x — y|* and taking the supremum over pairs (x, y) € Q° with x # y we get

t
0L < [ 20m)s + L) + (6Nl + A6l et o,

=a(s) =p(s)

Hence, by Gronwall’s lemma we get

Lo(®) Lo < (1 + Bl exp (1Bl ) Nevllagy
with
el < 2lmllp g ceqy + 217l g,coqy
1Bl < llmllzag,coqy + 3l coy)-

As for a bounded intervals the L? norm dominates the L! norm, we are done, given we still provide the
details of the computations that led to (3.23). To this end, note that we may estimate (A) by

t t
L |m(s, x) — m(s, y)|lds < fo Lm(s)]alx — y|*ds.

Using the triangle inequality and the pointwise properties of c, we estimate (B) by
t t t
[ s 0cts,2) = mts, et s < [t Dl - itas + [ e, mime Lk - s
0 0 0

f t
< f (o Le(s) Jalx — yi*ds + f Lm(s) Jal — yi°ds.
0 0

Using again the abbreviation 11 = m0 and noting that 77 has the same regularity as m, we can estimate the
term (C) in analogy to term (B) by

t t t
fo (s, 1)O)c(s, ) — m(s, DO, Dids < fo (6o Le(s)Jalx — v + fo Lit(s)Lalx — yl*ds.

To estimate (D) we need to split the term

t t
(D) = fo Tm(s, ) |c(s, y)* — c(s, x)?| ds + fo le(s, ) |f7i(s, y) — 7(s, x)| ds .

=D =D,
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Using c(s, y)* — c(s, x)* = c(s, y)(c(s, y) — (s, %)) + c(s, 2)(c(s, y) — (s, x)) and c(s, x) € [0, 1], we estimate (D)
¢
(Dy) < fo (s, )l le(s, y)l Le(s) Jalx = yI* + I7a(s, y)l le(s, )l Le(s) Jalx — yl*ds
¢
< fo 2lm(s, y)lLe(s) Jalx — yI*ds

< fo tZIIm(S)IIcm) Le(s) Jalx — yI*ds
and for (D,) z t
(Dy) < fo le(s, ) Ln(s) Jalx = yl*ds < fo Lrit(s) Jalx = yI*ds.
Collecting all estimates yields the claim and the proof is complete. m]

Lemma 31. Let a; and ap be functions in L*(I, C*(Q)) with a1,a > 0. Assume that p € C*(Q) satisfies 0 < p < 1
and ke and ky are positive constants. Then there exists a unique solution c € WY2(I, C*(Q)) to the equation

dic = keayar(1 + kyc) (1 - ° p), c(0)=0

with 0 < ¢ < 1. Furthermore, we can control the full a-Holder norm of c in the following way

llellwz g, cagqy < C(””l”LZ(I,C“(Q))/ la2lli2q,co ) ”P”C“(Q))/

with the constant C being monotone in its arguments.

Proof. We use again the notation
dic=m(l+c)(1-6c), c0)=0,

where m € L%(I, C*(Q2)) and m(t, x) > 0 and 6 € C*(Q). Thus, the inducing function F in the sense of Theorem

[74is given by
F:IxCYQ) — CHQ), F(tc) = m(t)(1 +c)(1 - Oc).

To prove the existence of a unique short-time solution in the space W'?(I;, C*(Q)), we need F to be of
Carathéodory regularity. Clearly, F(,¢) : I — C*(Q)) is Bochner measurable as m is. Furthermore, F(t,) :
C*(Q) — C*(Q) is continuous. This is due to the fact that C*(Q) is a Banach algebra.

To proceed, we need a boundedness and a Lipschitz condition on bounded subsets of C*((2), compare to
Theorem|[74] To this end, let B c C%(Q2) be a bounded set. For ¢ € B we estimate

IE(t, c)llcaq) < Clim(t)llce@lll + cllcaylll = Ocllcaq)

The term |1 + cllce)ll1 = Ocllce() can be bounded in terms of the measure of (), the assumed boundedness
of B and the C*(Q2) norm of 0. Hence, there exists a constant C = C(€, [|0]|c«(q), B) such that

IF(t, ©)llce(y < C(Q, 16llcs(, B) Im(®)llce()

and by assumption, the map t — |[m(t)llcz(q) is a member of L>(I). Now, let c and ¢ € B and look at the
differences

IE(t, €) = E(t, O)llce (@ < Cllm®llca @1 +¢)(1 = 6c) = (1 +2)(1 = 60)llce(@

sqm@mm{m+mw@m—wmm+wmmm8—§@@}

We look at the quadratic term separately

”62 —52

v < Clle = Cllcaaylle + @) < € (B) llc = ellce(-

Hence, there exists a function Ly € L?(I) such that

IE(t, c) = F(t, ©)llceq) < Le(®)llc = Cllcxqy-
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Consulting Theorem [74} the estimates above provide the existence of an interval [0, 6] = I; and a unique
function ¢ € W'2(I5, C*(Q)) solving the ODE.

To show that the solution can be extended to all of I = [0, T], we extend the solution ¢ to the maximal interval
[0, t) of existence. For any f, € [0, ") we set ¢y = c(tp) and consider the initial value problem

dic = k6a1{12(1 + k7C) (1 - ﬁ),C(tO) = (p.

Then this has a unique solution in WL2([to =6, to + 6] NI, C*(Q)) for some suitable d. In fact, depends on the
L*(I, C*(Q)) norm of a1a,, the C*(Q2) norm of (1 — p)~! and the L*(I, C*(Q2)) norm of ¢ on [0, t*). This implies
that § does not depend on the position of t; € [0,t*) and thus #* = T and the interval [0, ') can be closed.

Finally, the promised bound on the W'2(I, C*(Q2)) norm of c is easily established using c(t, x) € [0, 1] and the
estimate on the Holder seminorm of Lemma 30l O

We show now how to establish the existence of solutions to the bone ODE in the space W*(I, C*(Q)).
Furthermore, we show that the W?(I, C*(Q)) norm of such solutions can be bounded, given bounded data
in the right spaces. This can in principle be done by the same arguments as for the cell equation, however,
the bone ODE is linear and thus we can use more elegant approaches.

Lemma 32. Let X be a Banach algebra and denote by Cx > 0 the norm of its multiplication and assume that p > 1.

By W(l)’p (I, X) we denote the vector-valued Sobolev space with vanishing initial conditions. For a function m € LF(I, X)
we define the multiplication operator

M:C%I,X) - [P(I,X), Mo =t mt)o().

Then the map
di+M: WP (I, X) - L'(I,X), o+ do+Mo

is a linear homeomorphism. Furthermore, given a right-hand side f € LP(I, X) we may bound the solution v to
dyo + Mo = f in the following way

lollyg < € (11 Il 0, Cx) M flla .

i.e., the norm of v does only depend on f and m measured in LP(I, X) norm and the constant C is monotone in these
quantities.

Proof. The continuity and linearity of the map d; + M is clear. Its bijectivity follows as an application of
Theorem|[71} To this end, note that the inducing function F : I X X — X of Theorem[/1]is given by

F:IxX — X, F(tx)=m(t)x.
This is clearly a Carathéodory function and it holds for x, y € X
IE(t, x) = E(t, y)llx < Cllm(®)l[xllx = yllx-

The function C||m(-)||x is a member of LP(I) with p > 1 and therefore the existence of a unique solution

v E Wé’p (I, X) is established. To provide the bound, we employ Gronwall’s inequality. Note that, by the
fundamental theorem, the solution v satisfies the integral identity

t
v(t):fo‘f(s)—m(s)v(s)ds

and consequently the estimate

t
llo®)llx < fllf(s)llx + Cxllm(s)llxI[v(s)l[xds.
0
Using Grénwall’s inequality yields

lo()llx < [1 + CxlImllp g x) exp (CXHmHLl(I,X))] Nl x)-
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Clearly, this implies a bound in C°(I, X) norm for v of the form

ollcogx) < C (Il ), Cx) Il
and consequently also in LF(I, X). To bound d;v, we use the equation satisfied by v and estimate

devllrax) = Ilf — Mollrax)
< lra,x) + Wollcog,xllmllea,x)

< (I, Wl x), Cx) Il x)-

Lemma 33. Assume (px) is a minimizing sequence for | + nll-lli,2 " Then properties (A1)-(A5) hold.

2
H(Q)

as [ is bounded from below. Then there exists a subsequence (not relabeled)

Proof. We begin with (Al). The regularizing term n||-|| leads to a H?(Q) bound for any minimizing

2

sequence (py) of | + My

with
pi—p in HA(Q).

Using the compactness of the embedding H?(Q) << C’(Q), we get
pe—p inC(Q)
and inferring the closedness of P in C°(Q) yields p* € P as desired.

We provide first a weaker statement than (A2). Namely, we prove that (1) is bounded uniformly in
C%(I, H(QQ)). At the end of the proof, we can show the full validity of (A2). In Setting we assumed that
the boundary conditions satisfied by 1 are

Clpx, 0, bi)e(ug) - n =8N, Uk =Up
on Ty and I'p respectively, where gy € C°(I, L2(9Q)) c C°(I, HY?(9Q)*) and up € C°(I, H'*9(Q))) implying that
(up)r, € H'?(9Q2). The unique solutions i € L*(I, HL(Q)) to

f f Clpr, 0, bi)e(ix) = e(-)dxdt = fl<gN,->Huz(aQ>dt— f f C(pr, 0, bp)e(up) : e(-)dxdt in LX(I, HL(Q))* (3.24)

= fe€L2(LHL(Q))"
have therefore right-hand sides f; that can be interpreted as members of C°(I, H})(Q)*). This is due to the
assumption gy € C°(I, HY/?(9Q)*) and a standard computation that shows that the map

[ oo boOep) s )
Q

is a member of C%(I, H}D(Q)*). Hence Lemmais applicable and shows that
||71k||C0(I,H1(Q)) <C (LC(Pkr 0, br) ], Ckorn) ”fk”CU(I,HE(Q)*)'

As C is coercive and essentially bounded, this estimate can be made independent of k € IN. Clearly, we have
not yet proven (A2) but will first continue with the other assumptions.

We are concerned with (A3) now which is an application of Lemma[27} The corresponding Gelfand triple is
(Id, H5(Q), L*(QQ)) and the operators My are

My : Hp(Q) — Hp(Q)',  Mia = f D(px)VaV - +kza - dx.
Q

The coercivity constant of M can be estimated from below independently of (px) by

[M] > min(| D(px)], k3).
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On the other hand, the operator norm of M can be estimated to

IMill = sup D(px)VaVe + ksapdx < ID(pi)ll=@m.) + k3.
llall<Llipli<1 JQ

The right-hand sides of the equation are given by

fi = f f (ol )k — k) - ddl,

consequently their norm can be estimated

fill2 e @y < Wfellza ey

1/2
< [ f (Kale u)locy - ks)]

< kalleillcoaxay el oy + I X Q[ ?ks.

This is uniformly bound in k € IN by the bound on (1) and the pointwise properties of cx, i.e.,, 0 < ¢ < 1.
Thus we apply Lemma 27|to obtain

il 1 b1 (0 12 2y S C(”Mk”/ LMkJ_l) : (Ilﬂk(O)HLZ(Q) + ||fk||L2(1,H})(Q)))
< C(ID(oi)ll=@ ), LD(oi) 1™ Ka) - (kO + fellizqr e o)
By the ellipticity and boundedness of D, the constant initial conditions d;'((O) = 1 and the estimate for uy, we

see that (a!) are bounded uniformly in k € N. Using the reflexivity of the Hilbert space H'(I, H},(C2), H},(Q)*)
to produce a weakly convergent subsequence with limit 4 we proved (A3).

We proceed with (A4) and aim to apply Lemma[32]to the ODE

diby = kaa) (1 1 by ) bi(0) = 0, (3.25)
k

with X = C*(Q) and p = 2. To this end we rearrange (3.25) to

k4ﬂ]1
diby — 7= o b = kaay,
thus
k4a11
my = 1= e and fk = k4{1]1

in the notation of Lemma (32} Due to the embedding H*(Q) << C*(Q) in three spatial dimensions, we get
px € C*(Q) and also (1 — px)~ € C*(Q) with a uniform bound in Hélder norm. Then, Lemma guarantees
that (a;) is bounded uniformly in L?(I, C%(Q2)) which implies such a bound for (1) and (f;). We may therefore
use Lemma [32]to obtain

bkl w2z, o)) < C(L Cea), ||mk||L2(I,C“'(Q))) Il fellz2, o))
and guarantee that the bound is independent of k € IN. Furthermore, we have the compact embedding
W(I, C*(Q)) > C°(I x Q).

This yields the relative compactness of (b) in C°(I x Q) and thus the existence of b* € C°(I x Q2) and a (not
relabeled) subsequence with
bk - b

To provide the existence of ¢* and a subsequence ¢y — ¢* in C°(I x QQ), we note that Lemma provides a
bound of the W'2(I, C*(Q2)) norm of ¢ of the form

llekllwrzg,coy < C (”alﬂle(LCf‘(Q))/ a8 lr2q1,co 2y ”P”C“(Q))
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with C being increasing in its arguments. As we proved suitable bounds for (a’{), (a’é) and (px) this yields
a W2(1,C*(Q2)) bound for (c;) that does not depend on k € IN. Therefore, the sequence (c) is relatively
compact in C°(I x Q) and (A5) follows.

We are still left with showing the existence of a subsequence of (i) and a function u* € C°(I, H(Q)) such
that
up = u* in CO(I, H'(Q)).

To this end, note that we have established that (bx) is relatively compact in C°(I, C°(Q2)). Hence, applying the
Arzela-Ascoli Theorem, (by) is equi-continuous as well. Now, going back to we can easily compute
that the sequence (f;) is indeed equi-continuous in C°(I, H,()*). Again, this is essentially due to the equi-
continuity of (bx) in the space C°(I, C°(Q2)). Hence, applying Lemma yields the equi-continuity of (1) in
C(I, HY(Q)). In view of the Arzela-Ascoli Theorem we still need to show that the sets

{ur(t) e H(Q) | k e N}

are relatively compact in H(Q). This can be established by looking at the equation satisfied by u(t) for
every fixed t € I and applying Lemma[25] Indeed, uy(t) = fix(t) + up(t) satisfies

f o 0, BYO(D) : e()dx = f an(t) - ds - f Clor, 0, b Oe(up(®) : e()dx.
Q 2Q Q

The assumptions on gy and up guarantee that the right-hand side lies in H'=9(Q)* and the Holder regularity
established for (y), i.e., (b(t)) € C*(Q) allows to deduce the H*9(Q) regularity for u(f). Additionally, the
uniform W'2(I, C*(Q)) bound for the sequence (by) established before yields a bound for the C*(Q2) norm of
(bk(t)) and also the coefficients of C(py, g, bx) via assumption (3.10). Collecting these bounds in fact implies
that

sup||ux(t)l|greoq) < C
keN

and invoking the compactness result of Rellich which states that
H"(Q) > HY(Q)

we can conclude the missing piece in order to apply the Arzela-Ascoli Theorem to (ux) in the space
o, H%)(Q)). This eventually guarantees the validity of assumption (A2). O

We can now conclude the Section by providing the proofs of Theorem [18 and Corollary [19]

)
assumptions (A1) — (A5) hold and Proposition 21]shows that this leads to the existence of an accumulation

point p* € P of the sequence (p;) which is a minimizer of | + -z, @ O

Proof of Theorem[I8] Let (px) C P be a minimizing sequence for | + 1]||~||13{2(Q . Lemma [33| shows that the

Proof of Corollary[I9 Let (px) C H*(C2) be a minimizing sequence for J+ r]||'||1212 o7 K. Revisiting the proof of
Proposition 21]shows that the additional term % does not lead to complications in the lower semicontinuity
as it is assumed to be continuous on C%(I X Q), i.e., a compact perturbation. Furthermore, as we assumed
that K takes non-negative values only, also the coercivity of the objective function is not violated through
the addition of K. o

III Ricorous DerivaTioN oF REDUCED DERIVATIVE

In this Section, we want to apply the adjoint approach for the computation of the derivative of the reduced
objective function

DJ(po) = —€}(b(po), po)| e, (@(po), po)(Jy(b(po), p0))] + To(b(po), o),

compare also to Section [I| for a derivation of this formula. We still essentially work with the system (3.6),
for which we already established the existence of an optimal control in the previous Section. However, we
need to make some minor adaptions ensuring the differentiabilty of the solution operator ¢. The precise
requirements are collected in Section 3.1}
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Our goal with respect to the above formula is to rigorously derive a formulation of the adjoint equations that
is useful from an implementations viewpoint. The main difficulty we are facing are the spaces associated
to the time dependent equations, compare to the definition of the choice of state space Y in (3.27). For these
spaces convenient characterizations of their dual spaces are not known. This forces us to derive regularity
properties of the associated adjoint equation by hand.

We illustrate this problem with an example. Let m € L*(I, C°(Q)) be a fixed function, where Q c R is some
bounded domain. We consider the Banach space valued, linear ODE

dy +m: WAL, CY(Q)) - LA, CY(Q), v+ dw+mo.

Here, the zero subscript in the space Wé’2(l, C%(Q)) indicates vanishing initial conditions. Note that by
Theorem [71|d; + m is well posed and a linear homeomorphism. In the adjoint approach, we are — among
other types — forced to consider the adjoint of a map of the above form, i.e.,

(d; +m)" : LX(I, CY(Q))* — WAL, COQ))", b > b [dy - +m-] .
The problem now is that the space L*(I, C°(€2))* lacks a convenient description of its dual. However, given
a member of Wy (I, C°(Q))" of the form
f f f - dxdt

for a function, say in L2(I, L}(Q)), we are able to show that instead of solving
W [dy - +m] = f frdxdt, in Wy(I, CY(Q)

we may solve for h € W2(I, L}(Q)) satisfying
—dih+mh = f, with h(T)=0
for the final time T. For us, the advantage lies in the fact that the latter is easy to solve numerically. Similar

problems arise when considering the adjoint diffusion equations, as these are — due to regularity issues —
posed on inconvenient function spaces as well. The details can be found in the Appendix

3.1 Setting

We essentially keep the Setting 2.1 However, we work with more concrete assumptions on C, D, | - |; and
J. We also need to take into account that we compute derivatives, hence some additional differentiability
assumptions are required. The remaining assumptions of Section [2.1]are still valid. In detail we need the
following.

(i) For the material tensor we use the Voigt bound
C(o, p,b) = 0pC,, + bCy
where C, and C; are two linear isotropic material, coercive tensors, e.g., corresponding to PCL and
bone.

(if) We also choose a concrete ansatz for the diffusivity, namely the one used earlier in the numerical
simulations in Chapter 2]
D(p) = ks(1 - p),

where ks was some positive parameter.

(iii) In addition to the Lipschitz continuity and grwoth condition for | - |5, we require | - |s : R*? — R to
induce a Fréchet differentiable Nemyckii operator. More precisely, we assume that

N : LHQ,R™) = L2(Q), (x = f(x)) = (x = 1f(1)ls)
is Fréchet differentiable. This entails differentiability of | - |s and the derivative of N}, is given by
DNy, (fo)f = x = DI ls(fo(x) f(x)
where f, fo € L2(Q, R™>9),
(iv) Finally, the objective function is chosen to be

f C(o,p,b)e(u + up) : e(u + up)dx
Q ()

The LP(I) norm is used as a smooth approximation of a minimum or maximum over all time-points,
depending on the signum of the exponent p.

1
I, p) = 8. Pl = 5 (3.26)
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3.2 The Derivative of the Energy

As we are interested in the differentiability and the derivatives of the map p = J(¢(p), p) we clearly need to
compute

Jy(@(p), p), and ,(¢(p), p).

A glimse in formula (3.3) reveals that the former enters in the computation of Df(p) as the right-hand side
of the adjoint equation and the latter is an additive term.

The structural assumption on | is
J=1lr@mo&,

where p can be negative and positive and & is the elastic energy, see (3.26). Fréchet differentiability of LF(I)
norms with respect to the natural norm and p € (1, o) are is well established, see for instance Werner|(2006).
However, for negative values of p the choice of a “natural” domain is not so clear. In the L*(I) topology, the
subset of positive functions bounded away from zero is not an open set. A convenient way to get around
these question is to consider ||||;») only on the set

{[fec®W| ft)>0forallt eI} c COI).

This integrates well with &, since in Lemmawe established that &(y, p) is a member of C°(I) and if y = ¢(p)
then it holds E(¢(p), p)(t) > 0 for all ¢ € I. Hence we analyze | defined on

Y x P = C(I, H}, (Q)) x H'(I, H}, (Q), H}, (Q)")* N LX(I, C°(Q))* x Wy (I, C°(Q)) x Wy (I, C°(Q)) X P.

Theorem 34. Let (¢(po), po) = (Yo, po) € Y X P be a state-control pair, i.e., e(yo, po) = 0. Then the derivatives of |
at (Yo, po) are given by

1u(Wo, o) = J(¥o, po)'™ f f &0, po)™ T, 0, bo)e(utn + up) : e()dxdlt € COL HY (Q))
Jo(yo, po) = %](yo, po) " ff:‘)(yo, po) 'Cpe(ug + up) : e(ug + up) - dxdt € C(I x Q)*

1
Jotwo,po) = 31w, p0)' f f &, po) ' aCe(uto + up) : €uo + p) - dxdlt € QY
]ﬂ1(y01 pO) = ]az(y()r PO) = ]C]/O/ PO =0.

Furthermore, it will be useful for the computations in the adjoint system to concretize the abstract functionals above.
We set

Frtvopn) = JWo, po)' f E(Wo, po) ' C(po, 0, bo)e(ug + up) = &()dx € C°(I, Hp ()
Q
1
Sntwopn) = 5] (Yo, p0) PE(Yo, po)’ ' Coe(uig + up) : e(up + up) € C°(I, LN(Q))
1
Fisworn = 51, po)' " f E(yo, po) 10C,pe(ug + up) : e(ug + up)dt € L'(Q).
I
Using the above notation it holds
]u(yO/ PO) = j;(f],,(yo,po)/ ')Hng(Q)dt (S CO(I, H})E(Q))*,
Jo(yo, po) = f f Fiatwopo) - dxdt € COI x QY7
I1JQ

Jo(Wo, po) = fQ Fin(wopo) - dx € C(QY)".

Remark 35. The structure of the derivatives of | is crucial in deriving regularity properties of the adjoint
equation in Theorem
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Proof. We compute, using the chain rule

DJ(yo, po) = D (IMlray © E) (o, po)
= DIl (E(Wo, po)) © DEWo, po)

= [”8(%/ PO)H;Z;) [[S(yol po)l’™ 'dt] o D&(yo, po)-

In the last step above we exploited that E(yo, po) takes values in the set {f € C°(I) | f(t) > Oforallt € I}
and that ||-||r»(r) is Fréchet differentiable on this set for all p € R\ {0} with the respective formula. This is
proven in detail in Lemma[37} To get the partial derivatives, we need to replace DE by the respective partial
derivative. These partial derivatives are given by

Eu(o, po) = fQ Clp, 0, b)e(ug +up) : e()dx € L(C°(I, Hp, (), C(D),

where we used that u — &(y, p) is the composition of a translation u +— u + up and a continuous, bilinear
map. The partial derivative in direction of b is given by

Exlyor po) = 5 fQ Colito + 1p)  £(utg + up) - dx € L(CI x ), (D)

and

1
Ep(Yo, po) = 5 Lﬁcpf(uo + up)

Lemma 36. Let Q C IR? be bounded, f € C1(Q) and U c C%(Q) an open set. Define the operator
N:CQ) - C%Q), N(u)=fou.
Then, N is continuously Fréchet differentiable with derivative

DN : C°(Q) — L(C°(Q)), DN(uop)v = (f' o ug) - v.

Proof. We need to show that for uy € U it holds

fuo(x) + to(x) — f(uo(x))
t

=0.

lim sup sup
t—0 —
Pllco<1 xed

= f'(uo(x))v(x)

The uniformity of v in the unit ball of C°(Q) is the crucial fact that is necessary for the existence of the Fréchet
differential. To this end, we define the auxiliary function

0 ift=0

(P : [Or 5] X [_1/ 1] X 1/[0(5) — R, (t/ [ M) = { f(”‘*’t"?_f(”) _f/(u)v , ift 0.

As f’ is continuous, the function ¢ is and as a continuous function defined on a compact set, ¢ is uniformly
continuous. O

Lemma 37 (Derivative of L7(I) Norms). Let p € R\ {0} and I = [0, T] for some T > 0. Then the function ||-||r»(r) is
Fréchet differentiable as a map

Mo : {ue W lu@) > 0VEel c O » R, uw [fu”dt]p
1

with derivative
1- —
Dl ()0 = lul};f) f Wt
1
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Proof. We factorize |||l ny
Hiow = ¥Fo [Odton,
I

where N denotes the Nemyckii operator
N:fue ) u®)>0vtel} - (), N)=x uy.

Clearly, the domain of N is open in C°(I) and the inducing function x +— x* is smooth, hence N is Fréchet
differentiable with derivative
DN(u)v = x > pu(x)’'o(x),

as established in the previous Lemma. Using the chain rule we compute the derivative of ||-||r»(;)

Dl|llr @y (u)o = D(\}f o ﬁ')dt o N) (u)o
=D () ( j; N(u)dt) : j; DN(u)vdt

1 y1
=- [fupdt] 'fpup‘ldt
P LJr T
= flull*? fu""lvdt,
I

where we used % -1= %(1 —p) in the last step. This establishes the asserted formula. O

3.3 Adjoint Maps between Product Spaces

Before we start, we repeat a simple characterization of the adjoint map between Cartesian product spaces,
this will facilitate the later treatment. Our statement treats the case of a linear operator that maps from a
product space of two factors into another product space with two factors. The generalization to more factors
is straight forward.

Lemma 38 (Adjoint of Product Maps). Let X1, X5, Y1 and Y, be Banach spaces and let F : X1 X X, — Y1 X Y>
be linear and denote by F(x1,x2) = (T(x1,x2), S(x1,x2)) where T = F1 : X1 X X = Yiand S=F, : X X Xp = Ya.
Then F can be computed by the formal matrix-vector product
_ T(/ O) T(Ol ) X1
Fo) =(50) 5009 ()

where T(-,0) : X1 = Y1, T(0,7) : Xo = Y1, S(-,0) : X3 = Yo and S(0,-) : Xo — Y,. We are interested to bring the
adjoint map of F into a similar form. To that end consider the linear homeomorphisms

G Y7 X Yy = (Y1xY2)', (5, 93) P ((y1,92) = (1) + 13 (12)
and
1,[) : (X1 X Xz)* - X; X X;, é* = (X1 (=g 5*(3('1,0),9(?2 = 5*(0,3('2)) .
Using ¢ and 1 we define
F'iYixY; 5 X;xX;, Fi=¢oFo¢.

P = (16 56 ()

Proof. To see that ¢ and ¢ are in fact homeomorphisms note that, if Y7 = X; and Y> = X, it holds
Id = ¢ oy = ¢ o ¢p and the continuity of ¢ and ¢ is plain. If the spaces X; and Y; are different fori = 1,2
then one can still construct inverses to ¢ and ¢ in an analogue fashion. Hence the maps are invertible and

continuous thus linear homeomorphisms. Now to the proposed structure of F*; for (y;,;) € Y; X Y; and
(x1,x2) € X3 X X, we compute

((F 0 d)w, 1), (x1,%2)) = (D45, 13) 0 F (31, %2))
= y; (T(x1,x2)) + y5 (S(x1, x2)) .

Then F' is given by
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In order to apply the map ¢ we need to insert (x;,0) and (0, x2) in the above composition and find

((F 09) (3, 13), (x1,00) = 3 (T(x1,0)) + 3 (S(x1,0))
(T, 0 () + SC, 0 (), x1)

and
((F o 0) (43, %), (0, x2)) = (T(O, ' (4) + 5(0,)'(33), %2)

respectively. This proves the claim. m]

3.4 The Linearized State Equations

In order to carry out the adjoint approach as outlined in Section |I| we need access to the linearized state
equations. This means we need to formulate the system that we want to solve as a constraint of the form
{e(y, p) = 0in W | (y, p) € Y X P} for suitable Banach spaces ¥, W and P, as we have seen earlier in equation
(3.6). The choice of these spaces stems from the well posedness result in Theorem[9] Here we briefly repeat
the choices that work for our concrete system. As state space Y we may choose

Y = LX(I, H}, (Q)) x H'(I, Hp, (), H}, (Q)")* N L(I, C°(Q))* x Wy (I, C°(Q)) x Wy (I, C°(€) (3.27)

where Wé’z(l, C%(Q)) means that the functions in this space have vanishing initial values. A member y € Y
will be denoted by

y = (u,ay,azc,D).
We stress the fact that u, 4, and a, are zero on the corresponding Dirichlet parts of the boundary of Q. We

take care of this in the definition of the constraint operator e and the objective function J. As a codomain for
e we set

W = LX(I, Hf, ()" x [L2(1, H}Dd(@))*]2 x L2(Q)% x LA(I, C°(QY)) x L*(I, C°(Q)).
The admissible scaffold densities are collected in
P={peCQ)0<cr<p(x)<Cp<1
for two fixed constants cp and cp. Then, as defined previously, we sete: Y X P — W with
i Ji, Clp, 0, b)e(u + up) : e(-)dxdt — [ [ (59, )pprgaoydsdt
[(diay, dt + [} [ D(p)VarV - +ks1(ar +1) - dxdt — [ [ koqle(u + up)lsc - dxdt
[(diaz, dt + [ [ D(p)VarV - +ksp(az +1) - dxdt — [ [ kaple(u + up)lsc - dxdt

e(yl p) = a1(0)+1
ﬂ2(0) +1

dic = ke(ar + 1)(az + 1)(1 + k70) (1 - 155)

dib —ka(a1 + 1)c (1 - %)

For the following computations we use the Voigt bound for C(p, g,b) = bCy, + poC,, and for the diffusivity
we assume D(p) = ks(1 — p).

Having repeated the constraint operator e and clarified its domain we can proceed to compute the linearized
state equations. These are obtained by taking the Fréchet derivative of e in direction y.
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Theorem 39 (Linearized State Equations). Let us fix a pair (yo, po) € Y X P, the linearized state equation at (o, po)
is given by e, (yo, po) : Y — W through

[ Cpo, 0, bo)e(u) : e(-)dxdt + [[ bCye(uo + up) : e(-)dxdt

[(diar,)dt + [[ D(p)VarV - +kz1aq - dxdt — k1 }f DI - ls(e(uo + up))e(u)co - dxdt
I

—ko1 || le(uo + up)lsc - dxdt

le(up + up)lsc - dxdt

[(diaz,dt + [[ D(p)VarV - +kspaz - dxdt — kyp }f DI |s(e(uo + up))e(u)co - dxdt
—ko2 [[

e}/(yOI PO)]/ =
a1(0)

a2(0)

dic — ké(ao,l + 1)(&0/2 + 1) (k7 - 1—1po - %]Y;g)C - k(,(l + k7C0) (1 - 13}()) (ﬂl(ﬂo/z + 1) + ﬂz(ﬂo/l + 1))

dtb-i- h(?’_l—;ol)c(]b—kzi(!o(l— . )ﬂl—k4(tl0,1+1)(l— b )C

b
1—p() 1—p0

Proof. The proof consists of the computations. For the first component of e we compute

e (yo, po)u = f f C(po, 0, bo)e(u) : e(-)dxdt.

Here, we used that the map u +— e'(u,aq1,a02, co, bo) is linear and continuous, hence Fréchet differentiable
with derivative el(yo, po) = U = e'(u,ag1,a02,co, bo) independently of the choice of (o, po). The other
derivatives are given by

er. (o, po)ar = €3, (Yo, po)az = eX(yo, po)c = 0
and

ellj(yo, po)b = ff bCpe(ug + up) : e(-)dxdt

which follows again by exploiting linearity. In the second component ¢ the derivative of | - |5 enters. We
assumed in Section [3.1|that | - |s induces a Fréchet differentiable Nemyckii operator, i.e.,

Ny, 0 L2(Q,R™™) — [2(Q), (x+ f(x) = (x = [f(X)ls),
Consequently

ex (Yo, po)u = —ka ffD| “|s(e(uo + up))e(u)co - dxdt.
Inferring linearity we find
651 (yo, po)a1 = f(dtal, Sdt + ff D(po)Vﬂ1V . +k3,1a1 - dxdt
I
and
o po)e = s [ [ letuo + uplc-
The remaining partial derivatives vanish

€2 (Yo, po)az = (o, po)b = 0.
The third component works identical to the second one

e (Yo, po)t = —kop ffDl “ls(euo + up))e(u)co - dxdt, e} (yo, po)ar =0
Esz(yo, po)a2 = f(dtﬂz, )dt + ff D(po)VaZV . +k3[2£12 - dxdt

eg’(yo, po)c = —kz,zf le(ug + up)lsc - dxdt, ei’(yo, po)b = 0.
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As evaluation at a time-point t € [ is a continuous and linear map on H'(I, H}Dd(Q), ngd (€))") since the space
embeds into C°(I, L*(Q2)) we get for the fourth and fifth component of e

en(yo, po)u =0, €3 (vo, po)a = m(0), e (vo, po)az = €x(yo, po)c = € (Yo, po)b = 0,
es (Yo, po)u = €, (Yo, po)ar =0, €, (o, po)az = a2(0),  €2(Yo, po)c = €, (Yo, po)b = 0.

For the sixth component we note that the ODE is quadratic and continuous in ¢ as W'*(I, C°(Q2)) embeds into

C%(I x QQ), hence it is Fréchet differentiable. All other dependencies are again (affine) linear and continuous.
This yields

¢
e (Yo, po)u =0, €5 (Yo, po)ar = —ke(aoz + 1)(1 + kyco) (1 1 —Opo)ﬂl

1 _ 2k7C0)C
1—p0 1—p0

¢
e, (Yo, po)az = ~ke(ao1 + 1)(1 + krco) (1 1 : o)ﬂz

%Yo, po)c = dic — ke(ag + 1)(aop + 1) (k7 -

eg(yo, po)b = 0.

The last component again consists of affine linear maps and is thus easy to differentiate

b
EZ(]/O/ PO)M = 0/ e; (]/0/ pO)ul = —k401C0 (1 - 1 _Opo)/

b
¢ (o, po)az =0, ¢ (yo, po)e = —ka(ao1 +1) (1 1 _OpO)C,
k 1
e, (Yo, po)b = dib + ky(@o, +1)co b.

1- po
The derivative can be written in matrix form
u
ey(yo, po) - ei(yol Po) a
ey(Yo, po)y = : k& : a |-
ei(yo, po) ... f—’Z(yol Po) Z
This leads to the asserted form in the statement of the Theorem. O

Remark 40. The matrix form for e,(yo, po) in the above proof will be useful to derive the adjoint operator
ey(yo, po)*. Lemma 38|states that we find it by taking the adjoint of every component and transposing the
matrix.

3.5 The Adjoint Operator

Remember that e,(yo, po) maps Y into W, hence its adjoint acts between the dual spaces in the reversed
direction

ey(Yo, po)" : W' = Y",  w" = w" o ey(yo, po)-
However, we make the spaces more concrete (that is transforming them by linear homeomorphisms) by
using reflexivity, the Riesz isomorphism of L?(Q) and lemma 38} We set

W =12, Hp, (Q)) x LA(I, Hp, (Q))* x L*(Q)* x L*(I, C°(Q)* x LX(I, C"(Q))"

and denote a member @ € W by
W = (& 1,92, 1, 2, & 1) (3.28)
Furthermore, we consider

W = [2(, H, (Q)" 22, H), )] x [L2@] x L2, @) x L2, Q).
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Then the spaces W and W* are isomorphic with a convenient correspondence given by

L:W— W
with
&y, a5, 15 1y 8 1) o (€91, 92, 11, 12, 8, ) > E°(E) + 7 (@q0) + G () + 115 () + 3 (2) + () + ' (h)).

This precisely the linear homeomorphism ¢ of lemma 38, The linear homeomorphism between the spaces

W and W works via

L:W—=W, (41,4 pa, 2,8 1) = (Ie(é), Iaz(ql),]d(tiz),fQ 1 - dx,fQ o - dx, g*,h*),
where
Je : L*(L Hp (Q) = LX(L Hp (Q)”, & (& &E'(8))

is the canonical surjective isometry between a reflexive Banach space and its bi-dual space. The map J;
denotes the analogon for the space L(1, HlDd(Q)). The L*(QQ) functions are sent into L2(Q)* via the Riesz

isometry. For L?(I, C°(Q))* we do not know any helpful characterization, thus we leave this space as it is.

For the space Y* we merely concretize it by considering it as a product of dual spaces instead of a dual of a
product space, i.e., we define Y to be

—_ * 2

Y = LA(L H}, (Q))" x [(H!(I, Hp, (Q), Hp, (Q)") N LA(I, C°(Q))) | x Wy (I, C°(Q))" x Wy(I, CY(Q))
and the map

L: Y — Y

is the linear homeomorphism i adapted to these spaces. We are now in a position to present the concretized
adjoint operator between the spaces W and Y.

Lemma 41 (Matrix Form Adjoint Operator). We use the notation and definitions given above for the spaces W,
W, Y and the maps I, I, and I3. Then for fixed (yo, po) € Y X P the map

Iz 0 ey(yo, po)* © I1 0 b = e,(yo, po) o I : WoWoW Y Y

is given by the formal matrix-vector product

es(yo, po) o e €Wo,po)efa ... el(yo, po) c

e, (Yo, po) o Je ez (Yo, po) ©Ja ... e (Yo, po) Z;
tif. (3.29)
2
g

ey(yo,po) o Je e (o, po) ofa ... e (vo, po)

Here, as in Lemma 38| the map e, (yo, p0)+ is defined as I3 o e, (yo, po)” © I1.

Proof. Writing out the formal matrix-vector product one sees that Lemma [38is immediately applicable. O
Remark 42. Inspecting the form of the adjoint operator given in Lemma [41| we see that it again takes the
form of a system of equations, much like the state equations. However, the evolution equations still need a
considerable amount of attention. This is due to the complicated state spaces and the time dependency.

Computing the adjoint maps appearing in the above matrix, we arrive at the following Proposition.
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Proposition 43 (The Adjoint Operator). We use the preceding notation. Let us fix (yo, po) € Y X P. Then for
(&,91,92, 1, 2, §°, 1*) € W the expression

(ey(vo, o)t 0 1) (&, 91,92, 411, pi2, &' 1) € Y
is given by

] Tpo, bo)e(&) = e(-)dxdt — [ (kaiq1 + ka22) coD) - Is(e(uo + up))e(-)dxdt

Jdt,qdt + [ D(po)VarV - +ka1qn - dxdt + [ iz evo()dx + g° [~ks(aoa + 1)(1 +kreo) (1 - 72-) ]
[~ (1- 72|

Jdt- q2)dt + [[ D(po)VaV - +kaoga - dxdt + [ g1z evo()dx + g° [~ks(aos + 1)(1 +kreo) (1 - 725 ]

g [dt - —ke(ao,1 + 1)(agn + 1) (k7 - %IZUCU) ] — [f Geapq1 + ka2q2) le (g + up)ls - dxdit
+h [—k4(‘10,1 +1) (1 - 12310) ]

e [dy - +5G00. ] 4 [T (ColeCug + up) : €(£))) dxd

Proof. The proof collects the computations. In the first row of the matrix in (3.29) we have members of
Y; = LX(I, H}, (€Y), namely

el(o, po)* (Jo(&)) = Jo(€) o el(yo, po)
f (po, 0, bo)e() = e(&)dxdt

_ f f C(po, 0, bo)e(E) : e()dxdt,

and

(1o, po)* Ja(q1)) = Ja(qr) © €4(yo, po)
=—ky1 ffDl - |s(e(uo + up))e(-)cogrdxdt

and

&0, po)* (Ja(@2)) = Ja(q2) © €3(yo, po)
. f f DI - s(e(uto + up))e(coqadxd

The remaining terms vanish, i.e,

en(yo, o) (R(11)) = €, (vo, po)* (R(12)) = €§(yo, po)* = €., (o, po)* = 0.

This yields the first component of the adjoint map. For the second component we compute, the elements
being members of the space Y; = [H'(I, H}, (Q), H}, (Q)") N L*(I, C°(Q))]

ea, (Y0, o) (Je(©)) = €3, (o, po)” (Ja(42)) = €, (o, po)” (R(i2)) = 0
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and
ez (vo, po)* (Ja(q1)) = Ja(qr) © ez, (vo, po)
= f(dt', E]1>dt + ffD(pO)V . Vql + k3,1 ~q1dxdt

= f(dt', E]1>df + ffD(po)Vqlv . +k3,1ql - dxdt

é%mwmwm=mmw¢www=iymwom

e (Yo, p0) (81) = =¢' [ké(ao,z +1)(1 + krco) (1 7 EO )]
Po

7 * L W A _ bO .
ez, (yo, po)'(h*) = =h [k400 (1 =y

The third component of the adjoint map takes again values in Y} = [H1 (L Hp, (Q), Hp, () N LI, CO(Q))]*.
We compute

es, (Y0, po)” (Je(&)) = €2, (o, po)” (Ja(q1)) = €5, (o, po)” (R(u1)) = €, (o, po)*(hx) = 0

and
e, (vo, po)’ (Ja(92)) = Ja(g2) © €3, (¥o, po)
= f(dt', L]2>dt + ffD(po)V . VL]Z + kg/z . qude

= f(dt', qZ>dt + ffD(po)VE]zV . +k3/2Q2 - dxdt

e (Yo, o) (R(2)) = R(u2) o €3, (o, po) = L pa evo(-)dx

€5 (yo, po)'(§) = —¢ [ké(ao,l + 1)1 + kyco) (1 7 EO )]
Po

The fourth component takes values in Y = W(l)'l(l, Co(Q)) given by
ec (Yo, o) (Je(8)) = €X(yo, po) (R(111)) = €2 (o, po) (R(u2)) = 0
and

e2(o, po)” Ja(@)) = Ja(g1) © €2(yo, po)
=—kz1 fflé‘(uo + up)lsqr - dxdt
e, po)" Ja(q2)) = —kap fflé‘(uo + up)lsqz - dxdt
e2(o, po)* (87) = & © €2(yo, po)
=g [dt - —ke(ao1 + 1)(ao2 + 1) (k7 -

1+ 2k7C0) ]
1- Po
el (Yo, po)*(h") = I* o €X(yo, po)

:#%%ﬁ%pboﬂ
1—p0

The last component of the adjoint takes values in W(l)’2 (I, C°(Q2))* and we compute

& (Yo, po)* = € (o, po)” = €5(Yo, po)” = €3(Yo, po)” = €30, po)* = 0
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and

e, (Yo, po)” (Je(€)) = Je(&) © e,(yo, po)
= f Cpe(ug + up) : (&) - dxdt

e} (yo, po)" (") = I o €] (0, po)
_ [dt . +k4(110,1 + 1)co ]
1- Po
o

We are now in a position to invoke the theory developed in Section[[V} This yields a formulation that is well
suited for numerical treatment.

Theorem 44 (Adjoint Equation). Let (1o, po) = (¢(po), po) € Y X P be a control-state pair. Assume thereis A € W*

solving

ey(P(po), po)' A = Ey(P(po), po) in Y.
Assume furthermore, that the assumption of Lemma[91} that serves as an identiﬁcation of the initial/final values of the
diffusion equations, hold. Then this A can be computed in terms of (£,q1,q2, g, 1) € W, that is

=(hiobh) ((E,ql,qz,th(O) 42(0), ffg dxdt, ffh dxdt)

where (£, q1, 92, , h) results from solving the following system and I and I, are the linear homeomorphisms defined
in Section

f f Cpo, 0, b)e(E) : e()dxdlt = f (ka1 + ka2q2) oD - Is ((tto + 1up)) e()dxd + fi o0

f(dtql, >H1 (Q)OCU dt + ffD(pO)vqlv +k3 1q1 dxdt f gk6(a02 + 1)(1 + k7C0) (1 -

+ffhk4co(1— bo )~dxdt
- 0

f(dt(h, >H1 L(@)NC(Q df + ff D(po quv +k3 202 * dxdt = ffgk6(a01 + 1)(1 + k7C0) (1 - po) dxdt

1+ 2k7c
—dg — ke(ao) + 1)(ap2 + 1) (k7 - 1_—700)g = (ka1 + kop42) l€(uo + up)ls

) dxdt
— pPo

+k4l’l(€lo 1+1) (1 - bo )
1- po

kaao + 1)co

—dih + =y

h= fEh(yo,po) - Cbe(uo + uD) : E(E)

with the final time conditions
qu(T) = qa(T) =0 in [Hp (Q) N C°(Q)]
and
g(M) =hT)=0 inLYQ).

Proof. We prove this using the results from[@TV]and begin with the last equation in the system of Proposition
. 43 Remember that J,(1/o, p) is induced by the CO(I LY(Q)) function fj,(y, ), i-., it holds

]b(yol P) = f f]h(}/o,Po) ~dxdt in W(l)’z(ll CO(Q))*'

Now, look at the last equation in Proposition

ka(ag1 + 1)c i '
w\dy -+ 4(101——P0)0 ] = f (fEb(yO/PO) — Cpe(uo +up) : 8(5))'dxdt in Wy, Q)"
%/_/ =:fbone€CO(IlLl(O))
=:Mpone
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Hence, the equation is of the form
I 1dy - +1rpone] = f foone -t in WI2(L, Q)

with pone € L2(I, C%(Q)) and foone € C(I, L1(Q)). Then Theoremyields that

= [[neaa

with h € W(I, L}(Q)) and that this & satisfies the final value problem
—dih + Mponeh = fbone with h(T) = 0.

In a similar way, we can treat the adjoint cell ODE, i.e., the second last equation in Proposition[43] It is

1+ 2k7C0

§'|d: - —ke(aos + 1)(aop + 1)(k7 i

)] = f (k2191 + k2,292) le(uo + up)ls - dxdt

bo
+ ffh[kz;(ﬂo/l + 1)(1 - 1= 0o ):| -dxdt

::fcell

=Mcell

and meen € L*(I, C°(Q)) and feen € C°(I, L1(QQ)). As before, this yields that g* is given as integration against a
function g € W3(I, L}(Q)) which solves

—dig + meang = feen with  g(T) = 0.

For the second adjoint diffusion equation, i.e., the third equation in Proposition[43} we note that its right-hand
side is given by

ffgké(ﬂo,l +1)(1 + kyco) (1 _

and the integrand is a member of L*(I, L1(Q)). Then, by Lemma we get

U ) - dxdt € [LA(I, C°(Q)) N HY(I, H}, (Q), Hp, (Q)*)]*
1 —_ pO d d

42 € H'(L H}, (), [H},(@) n CQ))

and know that g, satisfies the equation

C
- ﬁdﬂ]z, '>H}J(Q)OC°(Q)dt + ff D(po)Vl]zV . +k3/2¢]2 -dxdt = ffgké(ll(m + 1)1+ k7C0) (1 - 1 0 ) dxdt.
[ -

Po
With the assumption of Lemma 91| we can now identify the final value and get
() =0 in [HLHQNCO).

We can argue in the same way for g;1. The right-hand side of this equation is also a member of L*(I, L'(Q)).
Finally, the first equation is already in a convenient form. This concludes the proof. ]

Remark 45. Some comments are in order.

(i) The variables y1 and p, seem to have disappeared in the equations of the preceding Theorem. In
fact, they are still implicitly present as ¢1(0) = p; and 2(0) = po.

(ii) Note that the above result does not say anything about the existence of a solution to the adjoint
system. The only thing we do is derive regularity, given such a solution exists.
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3.6 The Remaining Term of the Derivative

Remember that it holds
Dj(p) = —€,(p(p), p) @ &, (d(p), P)Jy((p), p)) + Jo(d(p), p)

and so far, we computed J,(¢(po), po) and J,(¢(po), po) and we derived a useful characterization of

e, (@(p), P)(Jy(P(p), p))-
We now treat the operator

e, ((p), p) : We — P
When comparing to the above formula for DJ(p), we see that the input to e,(¢(po), po) is the solution A € W*
of the adjoint equation. However, due to the necessary concretization of the adjoint system, A is computed
in terms of @ = (&,q1,q2, i1, pha, §*, ") € W. Before inserting @ into €, (¢(po), po), we need therefore to apply
the isomorphism W — W* given by

(& q1 92, p1, 2, 8, 1) = Je(&) © 1 + Ja(g1) © T2 + Ja(g2) © T3 + L am() + poms()dx + " o Mg + b o 7

Here, mt; denotes the projection on the i-th coordinate of the product space W and J, and J; are the natural
isometries identifying L*(I, H}, (Q2)) and L*(I, H}, (Q)) with their bi-duals, see also Section [3.5 where these
maps have been used before.

Lemma 46. Let A € W*, then there is a unique tuple

(5/ lh, q2/ [Lll, MZ/ g*, h*) S W
such that

A= (&) oy + Ja(q1) o T2 + Ja(g2) 0 T3 + f p1ma() + pomis()dx + g o me + h' o 77, (3.30)
Q
where we used the notation explained above. Assume that

g*:f g-dxdt and h*:ffh-dxdt

for functions g € WYA(I, LY(Q)) and h € WY2(I, L}(Q)). Then for arbitrary

(Yo, po) = (1o,40,1,402,¢,b) €Y X P
it holds

ep(Yo, po)'A = ff -0Cpe(ug + up) : (&)dxdt — ks ff (Vag1Vg1 + Vag2Vga) - dxdt

1
+ k¢ ffg(ﬂm + 1)(ap2 + 1)(1 + kyco)com . dxdt

+ky ffh(ao/l + 1)C0bom -dxdt € CO(Q)*

Proof. First we need to compute the partial derivatives of e with respect to p € P.

e},(yo, po)p = ff poCpée(up + up) : &(-)dxdt
& (o, po)p = —ks f f pVagV - dxdt

€§(yo, po)p = —ksf pVay,V - dxdt
¢,(¥o, o)p = (Yo, po)p = 0

36 , =ke(ap1 + D(ags + (A + kyc CL
o(Yo, po)p = ke(ao, + 1)(ao2 + 1)(1 + kzco) "0 o

7 — p
&5 (Yo, po)p = kalaos + 1)Cobo—(1 — o
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The representation of A via the equation (3.30) is precisely the linear homeomorphism W = W discussed
above and in[3.5 Unwinding the definitions for €, (1o, po) and A yields the assertion

Ao ep(yo, po) = Je(&) @ ep(yo, po) + Jal) © €5 (Yo, po) + Ja(g2) © €Yo, po)
+ L 1€t (Yo, po)(-) + p2¢* (Yo, po)(-)dx + g" €5 (vo, po)
+h o EZ(yo, po)

Inserting the derivatives computed above, we arrive at the assertion. O

IV THE INFLUENCE OF STRESS SHIELDING ON OPTIMAL SCAFFOLD DESIGN

In this Section we present the simulations using the adjoint approach for the optimization problem discussed
earlier. We use the same domains as we did in Section [[l|of Chapter[2} i.e., simplified models for the 30mm
tibial defect as considered in Cipitria et al.| (2015). More precisely, we again employ the cylindrical domain
and the simplified fixateur model. Our goal is to identify optimal scaffold density distributions for both
domains, where optimality refers to maximizing the weakest time-point’s stability of the scaffold-bone
system, i.e., we use the objective defined in Our results illustrate the influence of the stress-shielding
effect that results from the fixateur’s implantation.

4.1 Stress Shielding

Bone adapts according to the mechanical environment it is subjected to. This important property of bone
is well known and commonly referred to as Wolff’s law, see Wolff (1892). It has far ranging consequences
for bone tissue engineering. More precisely, prosthetic implants are often made of less elastic materials
than bone and thus change the mechanical environment in their vicinity. This often leads to bone regions
that are subjected to less stress and consequently bone resorption when compared to a healthy bone, a
phenomenon known as stress shielding which has been extensively studied, e.g., in the context of total hip
arthroplasty, see Sumner and Galante| (1992); |[Huiskes et al.|(1992); Behrens et al.| (2008); Arabnejad et al.
(2017). The bone resorption in the vicinity of the prosthetic implant can lead to serious complications such
as periprosthetic fracture and aseptic loosening and revision surgeries — if so needed — can be complicated,
we refer to/Arabnejad et al.| (2017).

It is to be expected that stress shielding effects do also play an important role in scaffold mediated bone
growth, for example caused through the external fixation of the scaffold by a metal plate. This leads to
under-loading in the vicinity of the fixating element. To be able to quantify these effects it is crucial to use
a three dimensional computational model, a simplification as for instance discussed by Poh et al.[ (2019)
cannot resolve the asymmetries that induce the effect.

4.2 Concrete System under Consideration

Our concrete model setup is almost identical to the one presented in Chapter [2|as far as the state equations
are concerned. For the readers convenience we repeat the state equations

0 = div (C(p, 0, b)e(u)) (3.31)
diay = div (D(p)Vay) + kyle(u)lc — ks 11 (3.32)
diy = div (D(p)Vaz) + kyle(u)lc — ks pa (3.33)

dic = keayar(1 + k7c)(1 - ﬁ) (3.34)
b
dib = k4a1c(1 - E). (3.35)

We use the same boundary conditions as in Sectio of Chapter[2with the exception of the elastic equation
that is subjected to pure Neumann boundary conditions with a constant surface traction stemming from a
force of 0.3 kN which is applied to the top and bottom of the cylindrical domain. We propose to view this as
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a maximal force that repeatedly occurs, compare to the discussion in|Dondl et al.|(2021)) for a more detailed
reasoning. The bioactive molecules a;,a, are assumed to be in saturation adjacent to the initial, healthy
bone matrix at the top and bottom of the domain and a scenario without preseeding throughout the domain
(i.e., a zero initial condition) is considered. For the model constants and functional relationships we refer to
Dondl et al.| (2021).

As an objective function to measure a scaffold performance, we use the maximum over the temporal
evolution of the scaffold-bone composite’s elastic energy. Due to the softload in the numerical experiments,
the reciprocal of the elastic energy is proportional to the elastic modulus of the scaffold-bone system; a
reasonable measure of stability. The optimization’s goal is to minimize this temporal maximum while
respecting the state equations and an additional constraint on p to not take values outside the unit interva
In formulas, we denote by & the elastic energy

1

00,0 = 5 [ €lpt), 0, b0, 00,2 et 1)l

where y = (u,a1,a,, ¢, b) is the state variable. The minimization problem is the task to find
p € argmin [rrl}%x &y, p)(t)] , subjected toe(y,p) =0and p € P, (3.36)
€

where P encodes that p isbounded away from zero and one. Numerically, we replace the temporal maximum
by an LP(I) norm (with, e.g., p = 5) to smoothly approximate it. The pointwise constraint is incorporated
using a soft penalty. In our simulations we choose

Keoit(p) = fo (p(x) + 0.2)*° + (p(x) — 0.8)*dx. (3.37)

This penalty function lowers the objective functions value when p(x) deviates from its minimum value at the
constant function pg = 0.3 and is fine-tuned to be compatible with the magnitude of the objectives gradient.

4.3 Reduced Derivative Computation & Implementation

The optimization problem is a PDE constrained optimization problems with an additional pointwise
constraint on the control variable. Numerical methods to solve problems of that form are either gradient
based or trying to solve optimality conditions directly, see |Hinze et al.| (2008), where the latter are more
efficient but considerably more labor intensive to implement.

For our application gradient descent was deemed sufficient. More precisely, we use an L?(Q) gradient flow,
that is, we identify the derivative Df(p) with an element in L*(Q) which is — by abuse of notation — denoted
with the same symbol. Furthermore, the pointwise control-constraint is replaced by a soft penalty as
described above. This leaves us with the task of computing the derivative of the reduced objective function.
To this end we employ the adjoint method as described in detail earlier in Section (I More precisely, let p;
be given. For py we choose a suitable initial condition, in our simulations we usually use py = 0.13. The
update rule is

pis1 = pi—n(DJ(ps) + DK (1)),

where 7 > 0 is the step-size. The derivative DJ(p;) is computed in the following four steps.

LA scaffold volume fraction should always take values between zero and one in order to be reasonably interpreted
as a volume fraction. More restrictive, p should even be bounded away from zero and one.
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Step I: Forward Equation

Given the current p;, we solve the weak form of the equations (3.31)—(3.35), i.e.,

ff C(pi,a,b)s(u+up):s(-)dxdt:ff (gﬁ}a,-)Huz(aQ)dsdt

1Ja 1Joq

f(dta1,~)dt+ff D(pi)Va1V-+k3,1(a1+1)~dxdt:ff ko le(u + up)|sc - dxdt
1Ja 1Ja

f{dtaz,-)dt+ff D(pi)VLsz‘+k3,2(a2+1)-dxdt:ff kaole(u + up)|sc - dxdt
1Ja 1JO

dic = ko(ar + 1)(az + 1)(1 + k7o) (1 e )

dib = k4(611 + 1)C (1 - 1_L)

1
with

a1(0) = a2(0) = -1, ¢(0) =b(0) =0, u € L*(I,Hp, (Q))

and up denotes a lift of the Dirichlet boundary conditions and gn are Neumann boundary conditions. This
yields the solutions u = u(p;),a1 = a1(p:), . .., b = b(p;). For brevity we suppress the dependency on p; in the
notation further on. Furthermore, we choose C(p, 0,b)A = bCyA + 0pC,,, where C, and C,, should use the
Lamé formulas for linear isotropic materials. This means we use the Voigt bound for the composite of bone
and PCL. We set D(p) = k5(1 — p) and

[v]s = Z vfj + 062

ij

with 0 > 0 as a smooth approximation of the Euclidean norm.

Step II: Derivatives of Objective

Using the solutions u, a1, a;, c and b of the forward system, we can compute the derivatives of the objective
function. This should not be confused with the derivative of the reduced objective function. The following
quantities are needed in the subsequent steps. For brevity, we set y = (u,41,42,¢, b).

f]u(ysz‘) = ](y/ Pi)l_p L 8(% Pi)p_lc(Pir o, b)e(u + uD) : 8(')dx,
1 _ _
Siwe) = 5](% P PE(Y, piV ' Cpe(u + up) : e(u + up),
1 _ _
it = 3100 | 80, P H0Cetu+ up) s e+ ).
I
Again, & denotes the elastic energy at a time-point t € I, i.e.,

&y, p(t) = %fQC(Pi, a(t), b(B)e(u(t) + up(t)) - e(u(t) + up(t))dx.
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Step III: Adjoint Equation

Given the functions u,ay, ..., b from the first step, the adjoint equation requires us to find &, g; and 4,, g and
h solving the following system

ff C(pi, 0,b)e(&) : e(-)dxdt = f (k2,191 + k22q2) DI - |5 (e(u + up)) e(-)dxdt + fj,(y,p)

- ﬁdtql, ‘>H})(Q)ﬂC0(Q)dt + ff D(pz)Vqlv . +k3,1ql -dxdt = f gk6(ﬂ2 + 1)(1 + k7C) (1 - %) - dxdt
I i

+ffhk4c(1 - L)-dxdi,‘
1_pi

- ﬁdﬂz, '>H1D(Q)QCO(Q)dt + ff D(‘Ol)VQQV . +k3/2Q2 -dxdt = ff gk6(ﬂ1 + 1)(1 + k7C) (1 — ﬁ) - dxdt
I —

1

1+ 2k7C
1

— Pi

—dig — ke(ar +1)(az + 1) (k7 - )g = (kp1q1 + k2292) le(u + up)ls

+k4h(111 +1) (1 - %)

Pi
+ k4(111 +1)c

i+ =

h= f]z;(ylpi) - Cbe(u + MD) : é(é)

with the final time conditions
G1(T)=q(T) =0 and g(T) =h(T) =0.
In the right hand sides of the adjoint equation the derivatives of the objective enter. These are given by

Step IV: Computing the Reduced Objective

Finally, using all the computations in the preceding steps, we can compute the representative of Df(p;) in
L*(Q) which we again denote by D]A(pi). It is given by

Df(pl) = fk5Vao,1Vq1 + Vao,zqu — OCPE(M + up) : e(&)dt
1

(1 +ksc)c kyh(ay + 1)cb
(1-pi)? (1-pi)?

- flk6g(01 +1)(ax + 1)

+ f] o (y,pi)*
The L2(Q) Riesz representative of the soft penalty is given by

DK (pi) = [40(p(x) + 0.2 + 40(p(x) - 0.8)].

4.4 Implementation Details

For the spatial discretization we use tetrahedral meshes with roughly 40k vertices which were generated
using the Computational Geometry Algorithms Library CGAL Boissonnat et al.|(2000). The forward and
adjoint equation are discretized in space using P1 finite elements for the variables u, 41,45, &, 41, 92 and the
functions ¢, b, g and h are approximated by functions that are constant on the finite elements.

For the time stepping an implicit ansatz was chosen where possible, decoupling the equations by using
previous function values for the unknown quantities. For instance, in the computation of a; at time t;,1 the
value of c(f;41) is not yet available, hence c(t;) is used instead. As we do not need a fully explicit scheme,
relatively few time-steps suffice to achieve acceptable accuracy. We usually use around 60.

We let the gradient descent/ascent run for 1000 steps, using a rather large step-size of 30 as the energy
landscape is extremely flat. After 1000 gradient steps, the derivatives magnitude is at around 10% of its
value for the initial guess of p. Visually, little happens when letting the gradient descent/ascent running for
longer and we content ourselves with this as the computational cost of a single run lies at around a week
on a (rather slow) desktop PC.
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Figure 3.1: Optimal scaffold architecture for the experiment without external fixation. The left picture shows
the full specimen, the right picture displays a cut through a vertical plane.

4.5 Discussion of the Simulation’s Results

In Figure @ and Figure 3.2] we display two optimized scaffold densities for different mechanical environ-
ments. For both experiments we use a cylindric defect site. In the experiment corresponding to Figure
we additionally include a simplistic external fixation of the scaffold in the model. This is marked in gold in
the picture and realized by using the material properties of titanium in the simulations. This corresponds
to the practice of fixating a scaffold by a metal plate and this metal plate is commonly called a fixateur. As
we apply a compressive softload in both experiments, the mechanical environment is changed drastically
by the fixateur. Using external fixation, the mechanical stimulus is almost absent in the vicinity of the
fixateur, whereas excluding external fixation it does hardly vary orthogonal to the main axis of the cylinder.
Vanishing mechanical stimulus close to external fixation is also observed in vivo and is referred to as stress
shielding, compare to the discussion in Section Naturally, this influences the scaffold optimization and
an important merit of a three dimensional model is the ability to resolve these stress shielding effects and
adapt the architecture of an optimal scaffold accordingly.

The optimization in Figure B.1]depicts a scaffold with a higher density in the middle region. A reasonable
outcome, as regenerated bone grows back at the scaffold ends where it is attached to the intact bone tissue.
Therefore, the central scaffold region needs to maintain structural integrity for a longer time by itself. The

overall shape is very similar to the results obtained by (2019) with a one dimensional model which
dim .

is not surprising as our experiment is essentially one ensiona

The optimized scaffold density corresponding to the experiment including the fixateur depicted in Figure[3.2]
shows a considerably different distribution. A higher density in the central part is favorable for the same
reason as in the experiment excluding the fixateur, however, in vicintiy of the stiff metal plate a comparatively
low scaffold density is predicted. High porosity in this region of the scaffold is beneficial as it increases
the mechanical stimulus due to reduced stability and enhances vascularizatio Both effects lead to a
faster bone in-growth in the region close to the fixateur. The small regions of high scaffold density at the
top and bottom close to the fixateur are due to stress concentration effects in the simulations. There the
material properties change from a bone-scaffold composite to titanium and hence large stress values are
to be expected. As the optimization procedure aims to minimize the temporal maximum of the elastic
energy and since this maximum tends to be attained close to the initial time-point a high scaffold density is

%In our model vascularization is resolved through the diffusion of bio-active molecules.
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Figure 3.2: Optimal scaffold architecture for the experiment with external fixation, the titanium fixateur is
marked in gold. The left picture shows the full specimen, the right picture displays a cut through a vertical
plane.
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Figure 3.3: The strain magnitude distributions for the scaffold architectures displayed in Figure [3.1{ and
Figure @ are compared before the healing process, i.e., when no bone has regenerated yet. Note that
the cylindric architecture from Figure 3.2]is used in an experiment with external fixation to measure its
performance in a more realistic setting.
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Figure 3.4: The strain magnitude distributions for the scaffold architectures displayed in Figure 3.1/ and
Figure are compared two months in the healing process. Note that the cylindric architecture from
Figure [3.2]is used in an experiment with external fixation to measure its performance in a more realistic
setting.

favorable in view of this objective function. It is however debatable to what extend this represents a realistic
effect or to which extend this should be regarded as a numerical artefact due to the simplistic geometrical
set-up.

To illustrate the benefit of the three dimensional model, we compare the magnitude of the strains of the
scaffolds from Figure and Figure Note that we use the scaffold architecture in Figure in an
experiment including external fixation to be able to compare the strain distributions in the same mechanical
environment. In Figure 3.3 we compare the strain distributions at the initial time-point, when no bone has
regenerated yet and the strain distribution after two months is shown in Figure 3.4, Note that for both
time-points a significant stress-shielding effect is visible with a clear low-strain region in the central part
of the specimen close to the fixateur. This shows that the scaffold architecture from Figure [3.2|leads to a
mitigation of the undesired stress-shielding effects and thus promotes more homogeneous bone growth.
We remark that the reduction of stress-shielding is not directly part of the objective function with respect to
which the optimization is carried out. Rather, this effect is an implicit favorable consequence of the objective
function (3.36) that advocates for its usage in scaffold design optimization.

V  NuMEeRIicAL EXPERIMENTS FOR PATIENT SPECIFIC SCAFFOLD OPTIMIZATION

In this Section we present a parameter study focusing on the effect of reduced bone regeneration and/or
vascularization on the optimal scaffold architecture. This is of special importance for patients with a co-
morbidity such as type 2 diabetes mellitus (T2DM), see Alcaraz et al. (2017; 2014); List et al. . We use
a version of the homogenized model (1.1 - that does not directly fall into the framework of Chapter 2]
We remark that the analysis of Chapter[2|and Chapter [3[can be extended to this model, however, this is not
the focus here. This Section is based on|Dondl and Zeinhofer| (2021).

51 An Adapted Model

In this model the relevant quantities are again the scaffold’s local volume fraction p(x), the molecular weight
of the scaffold material o(t) = exp(—k;t) (which diminishes exponentially over time due to bulk erosion) and
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the local volume fraction of regenerated osteoblast cells c,s that contribute with the mechanical properties
of calcified bone, see Perier-Metz et al.| (2020). Here we differ slightly in terms of interpretation from the
model in Chapterg resolving bone via a density of osteoblasts instead of calcified bone. Bone regeneration,
i.e., the growth of osteoblasts, depends on the local biological environment modeled through growth
factors/cytokines. Clinically, numerous such factors can be observed as discussed in|[Devescovi et al.| (2008),
however, having vascularization in focus, we include only vascular endothelial growth factor (VEGF) —
responsible for new vessel formation — and bone growth factor (BGF) which drives bone growth. These
quantities are represented as avggr(t, x) and aggr(t, x). Finally, cyasc(t, x) is the local fraction of endothelial
cells responsible for vascularization.

The spatial domain of computation is the space occupied by the scaffold, which is simplified to a one-
dimensional object via considering only the main stress axis in a segmental defect in a long bone. More
precisely, the defect is assumed to be 30mm in size, which is resolved by the domain Q = (0,30). The time
horizon is set to 12 months using the time interval I = [0, 12]. Concretely, we solve the following system of
differential equations

0 = div ((kscost + po)u’) (3.38)
i1 = div (ks(1 = p)a;) + ko1 f(u')Cost — K311 (3.39)
iy = div (ks(1 = p)a3) + kaaCost — k3212 (3.40)

5= v

0= k6ﬂ2(1 + k7U) (1 1= (P(p)) (341)

Cost = kat1D (1 - fj—“p) (3.42)

In this system, k;, i = 1,...,8 are parameters and f, ¢ are functional relationships. Equation (3.38) allows
to compute the displacement field u(t, x) depending on the scaffold-bone composite. In equation (3.39), the
term ks f(1”)cost encodes that BGF gets only produced if osteoblasts sense a suitable mechanical stimulus.
Furthermore, the BGF molecules diffuse and decay at certain rates. A similar behavior is modeled for
VEGE however, the production of VEGF does not require the presence of mechanical stimuli. The cell types
responsible for vascularization, cyasc and for bone growth c,s are modeled as logistic ODEs pointwise in
space. We do not include diffusion as these cells diffuse little if at all, see for instance Perier-Metz et al.
(2020). The growth of cyas is driven through the presence of aygcr and proliferation and is saturated by
the “space-filling” factor 1 — (cyasc)/(1 — @(p)). The functional relationship ¢ represents the special need of
blood vessels for space and should be chosen to lie above the identity function. It is now for example the
sensitivity of the optimal scaffold design with respect to the parameters ks and k; that we focus on in this
manuscript. Finally, equation for osteoblast production is similar to the one previously described.
The necessary drivers are here BGF and cyasc.

The initial and boundary conditions are given by

u'(t,0) = —u'(t,x) = 0.01 (3.43)
avecr(0,x) = apgr(0,x) =0 (3.44)
Aypr(t, 0) = apep(t, L) = 0 (3.45)

apGr(t, 0) = apce(t, L) = 1 (3.46)
Cvasc(0,x) =0 (3.47)
Cost(0,x) =0, (3.48)

forall x € (0,L), t € [0,T), meaning that the elastic equation is subjected to a soft compressive load, BGF
diffuses from healthy bone and VEGF is subjected to non-flux boundary conditions. Both molecules are not
present at the initial time point. Similarly, neither cyasc NOT Cost is present in the beginning after implantation
of the scaffold.

The function f is simply a regularization of the usual absolute value, with f(u’) = Vu’2 + 62, where 6 = 1074
The special cut-off function ¢ is chosen as ¢(p) = /p. This ensures that vasculature only occurs to the
extent that there is space in the scaffold pores. The default model parameters follow to a large extent the
ones in used in Section lll|and are reported in Table They are chosen such that the model with default
parameters reproduces the results from the ovine model in|Cipitria et al.| (2015), see Figure[3.5

For optimization purposes our approach is identical to Section [V} i.e., we compute the time evolution of
the mechanical implant for a given p. In our case this is proportional to the inverse of the elastic energy in
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Table 3.1: Parameters in the default model.
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(a) Regenerated bone density (osteoblasts) ¢, (b) Time evolution of the elastic energy in the
att = 12months. scaffold/bone composite.

Figure 3.5: Outcome of the model for the default set of parameters given in Table |3.1) and a scaffold of
constant density p = 0.13. To be compared with (Cipitria et al., 2015, Figure 2B, Scaffold only).

the system at time ¢ € [0, T]

L -1
el = [%f u'(po + kgcost)u’dx] (3.49)
0

where p, 0, u and ces solve equations (3.38)-(3.42) with conditions (3.43)—(3.48). Then we use again the
(reduced) objective function

T 3
TR 105
Jp) = ( fo &) dt) , (3.50)
which is a good approximation for maxe[o 1] 8;1(1‘), and the optimization problem becomes
min f(p) subjectedto 0<c<p(x)<C<1, (3.51)
P

The main question we address in this manuscript is dependence of the optimal scaffold architecture on
the parameters ky, ks, and k7 — that means, we solve the optimization problem for different values of these
parameters and observe the optimization outcome.

The numerical implementation of the model is based on a simple semi-implicit in time (in the sense that
equations (3.38)-(3.42), each of which is a linear equation, are solved individually implicitly one at a time
in order) one-dimensional finite element scheme with 100 one-dimensional P1 finite elements and a time
discretization using 500 time steps for the interval [0, T]. The optimization problem is solved using an L%((2)
gradient flow with the variation of the objective function computed using an adjoint approach.

5.2 Results and Discussion

The outcome of the model for the default set of parameters given in Table [3.1| can be seen in Figure
One can clearly see that the distinct shape of regenerated bone bone density, with in-growth first from the
proximal and distal end of the scaffold, is recovered in this model. The optimal scaffold design for the
default set of parameters is displayed in Figure

ExPERIMENT 1. Varying the rate of regeneration. Figure shows the optimal scaffolds for three different
rates of bone regeneration ky. All parameters other than k; are as given in Table
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Figure 3.6: Optimal scaffold design for the default set of parameters given in Table

0.7 0.7
—kys =02
0.6 default values 0.6
0.5 . ;.
,
2 04 R L’
< ~ -7
s S-- -
03 RRENY .-
0.2
0.1 0.1
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30

z (mm)

(a) Optimized scaffold density.

z (mm)

(b) Amount of regenerated vascula-
ture at t = 12 months.

-4
15 x10
—ky = 0.2
- - default values
1
i
05 /—
0
0 2 4 8 10 12

6
t (Months)

(c) Time evolution of the elastic en-
ergy in the scaffold/bone composite.

Figure 3.7: Optimal scaffold design for different values of k4.
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Figure 3.8: Optimal scaffold design for different values of k¢ and k7.
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Figure 3.9: Optimal scaffold design for different values of k.

ExPERIMENT 2. Varying the rate of vasculature formation. Figure 3.8[shows the optimal scaffolds for three
different rates for the formation of vasculature kg, k7. All parameters other than ke, k7 are as given in Table

ExPERIMENT 3. Varying the relative stiffness of regenerated bone matrix/osteoblasts. Figure 3.9|shows the
optimal scaffolds for three different densities of regenerated bone matrix (here indicated by the relative
elastic modulus kg). All parameters other than kg are as given in Table

Summary. Overall, one can note that impeded regeneration (as in experiments 1 and 2), the optimal
scaffold is somewhat less dense at the proximal and distal ends of the defect (where the defect is adjacent
to remaining healthy bone. This makes it easier for BGF to diffuse into the defect domain, thus accelerating
bone regeneration. If the mechanical properties of regenerated bone are somehow compromised (due to,
e.g., osteoporosis), our analysis yields no significant change in optimal scaffold architecture. The cost
functional is still increased, however.
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Chapter 4

Appendix

I HovLper ReEGurariTy OF ELLIPTIC EQUATIONS WiTH MIXED BOUNDARY CONDITIONS

In this Section we prove a Holder regularity result for linear elliptic equations with mixed boundary
conditions and measurable, bounded coefficients. The Theorem is in the spirit of Stampacchia’s result in
Stampacchia| (1960). However, we extend the results from [Stampacchial (1960) to Lipschitz domains with
a very weak compatibility condition on the Dirichlet-Neumann partition JQ2 = I'p U I'y of the boundary.
More precisely, we require O U I'y to be a regular set in the sense of Groger, see definition This is
exactly the setting in [Haller-Dintelmann et al.| (2009) and the Holder regularity result is already proven
there. However, in Haller-Dintelmann et al.| (2009) no explicit control of the Holder norm of a solution
is provided. Our contribution is to show that the Holder norm of a solution can be controlled through
the norm of the right-hand side multiplied by a constant only depending on the ellipticity constant of the
coefficients, the L™ bound of the coefficients and the geometry of the domain Q. To this end, we follow
closely the proof inHaller-Dintelmann et al.|(2009) and pay attention to all appearing constants.

1.1 Main Result

We say a bounded, open set Q C R? is a Lipschitz domain if Q is a Lipschitz manifold with boundary, see
(Grisvard}, 2011, Definition 1.2.1.2). In the following we will denote the cube [-1,1]" C R? by Q, its half
{x € Q| xs <0} by Q, the hyperplane {x € Q | x; = 0} by £ and {x € £ | x4_1 < 0} by XZ¢. The following
definition is due to Groger, see (Groger] (1989).

Definition 47 (Groger Regular Sets). Let Q ¢ R? be bounded and open and T’ C JQ a relatively open set.

We call Q UT Groger regular, if for every x € dQ there are open sets U, V C R? with x € U, and a bijective,
bi-Lipschitz map ¢ : U — V, such that ¢(x) = 0 and ¢(U N (Q UT)) is either Q_, Q- U X or Q_ U L.

It can easily be seen that a Groger regular set Q) (no matter the choice I' C JQ) is a Lipschitz domain, see

(Haller-Dintelmann et al.} 2009, Theorem 5.1).

Theorem 48 (Quantitative Holder Control for Mixed Boundary Value Problems). Let Q C RY be bounded and
open with d € (2,3,4}, consider a partition dQ = I'y U I'p into Neumann and Dirichlet boundary and assume that
QU Ty is Groger regular. Let M C L*(Q,R™4) be a set of matrix-valued, measurable functions with a common
lower bound v > 0 on the ellipticity constants and a common upper bound M on the L (Q, R™4) norm. For A € M
define the operator

—div (AV-) + 1: Hp(Q) - Hp(Q), uw+ | AVuV-+u-dx. 4.1)
Then, for every q > d and A € M there exists a > 0 such that N
(—div(AV) + 1) W, (Q) - CHQ)
is continuous. Stronger, for all A € M we may choose the same o > 0 and can estimate the operatornorms

sup ”(— div (AV-) + 1)_1HL(WM(Q) oy < O (4.2)
AeM b !
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Proof. The idea of the proof is to localize the equation by a partition of unity, additionally employing the
Lipschitz transformations from the definition of a Groger regular set. Using a suitable reflection technique
at the Neumann boundary, this allows to apply Holder regularity results for pure, homogeneous Dirichlet
problems either on a ball or a cuboid. In these cases quantitative regularity results exist. The details of the
proof are carried out throughout this Section. As only the quantitative aspects of the transformations are
missing, we pay special attention to these and keep the remaining aspects of the proof brief, referring to
Haller-Dintelmann et al.| (2009) when necessary. O

1.2 Known Regularity Results

We review the known regularity results that we need in the proof of the main Theorem. We begin with a
classical Holder regularity result for elliptic equations without mixed boundary conditions. The following
is Theorem C.2 in Kinderlehrer and Stampacchial (2000).

Theorem 49. Let Q C RY be a ball or a cuboid, f € L1(Q, RY) with q > d and q > 2. Assume that A € L°(Q, R™?) is
uniformly elliptic with ellipticity constant v > 0 and L°(Q, R™? bound M > 0. Then, there exist K = K(v, M, Q,d) >
O0and a = a(v,M,Q,d) € (0,1) such that for the solution u € Hé(Q) of

f AVuV()dx = f f-V()dx in Hy(Q)"
Q Q

it holds u € C%(Q) and
max u(x) — _min u(x) =_osc u < K||fllqre - - (4.3)
QNB,(x) QNB,(x) QNB,(x)

Proof. This is Theorem C.2 in Kinderlehrer and Stampacchia| (2000). The result is proven for domains of
class s in this book that however trivially include balls and cuboids. For us the result for balls and cuboids
suffices. O

The above result implies a control of the Holder norm. We collect this fact in a Corollary.
Corollary 50. Assume we are in the situation of Theorem |49} Then

(-divAV)™: Wy T (Q) — CHQ)
is well defined and continuous with its operatornorm bounded by

|- div AV)~ K,

' HL(W;W @ cr@) S

with K = K(v, M, Q, d), however, possibly different from the constant K in Theorem

Proof. We begin by showing that yields a bound on the C*(Q) norm of a solution u to — div(AVu) = f.
To this end, take x, y € Q and consider the closed ball around x with radius r = [x — y|. Then, y € B,(x) and

yields

lu(x) —u(y)l < _osc u < K| fllpqrelx — yl%
QNB,(x)

hence
[ulcai) < Kllfllzare-

To bound the C°(Q) norm of u, note that u vanishes on the boundary of Q. Let x € Q and xp € dQ and use
again to estimate

()l < Ju(x) = u(xo)l < K| fllpa,relx = xol* < Kllfllps(q,re) diam(Q)*.

Hence,
llellce) < Kmax(1, diam(Q))|| fllisq,re)-

To conclude the proof, note that any abstract functional ¢ € W(l)’q/ (Q))* can be written in the form
N
Q
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for some f € L1(Q, R?) and clearly it holds for a constant ¢ = ¢(Q, d)

6llyr @y <1 l@mn < € [@r -
Thus, we can estimate the operatornorm

|- div(av < ¢- Kmax(1, diam(Q)%)

)7 “./:(w})"*' (©),C*(Q)

as asserted. O

The next result concerns higher integrability of the gradient of the solution of an elliptic equation subjected to
mixed boundary conditions. It is essentially to Groger, see for example Groger|(1989); |Groger and Rehberg
(1989) for the original work and |Haller-Dintelmann et al.| (2016) for a more recent proof that weakens the
assumptions on the domain even further. However, we stay in the realm of Groger regular sets as this seems
general enough for the applications we have in mind. The concrete statement of this fact is Theorem 5.6 in
Haller-Dintelmann et al.| (2016).

Theorem 51 (Higher Gradient Integrability). Let M C L®(Q, R™9) be a set of matrix valued functions with a

common lower bound v > 0 on the ellipticity constants and a common upper bound M > 0 on the L(Q, R™4) norm.
Furthermore, assume that () U I'y is Groger regular. Then, there is an open interval 1y around 2 such that for all
AeMandp elpy

—div(AV) + 1: W(Q) —» Wy Q)

is a linear homeomorphism and we have

; -1
sup sup [|(—div(AV) + 1) 1p L < 00
pelpy AeM “ ”L(WD QW5 Q)

Proof. This is Theorem 5.6 in [Haller-Dintelmann et al.| (2016). However, we need to guarantee that our
assumptions imply the Assumptions 2.3, 3.1 and 5.4 in the notation of that paper (which they a forteriori do).
In fact, Groger regular sets are Lipschitz domains and this ensures Assumption 2.3 in [Haller-Dintelmann
et al| (2016) and also Assumption 4.11 there. Then, Assumption 4.11 implies Assumption 3.1 as shown
in Theorem 4.15 in |Haller-Dintelmann et al,| (2016). Finally, Assumption 5.4 only requires ellipticity and
measurability of the functions A € M, a fact that we also assumed. m|

1.3 Useful Facts concerning Groger Regular Sets

In the definition of Groger regular sets, the local model {x € Q | x; <0} U{x € Q| x; =0, x4-1 < 0} is
redundant. We cite Lemma 4.10 in |[Haller-Dintelmann et al.[(2009).

Lemma 52. There exists a bi-Lipschitz mapping W : RY — R mapping Q- U Ly onto Q_ U L.

We state useful characterizations of Groger regular sets in two and three space definitions. These character-

izations allow to check for Groger regularity almost by the appearance of a domain Q. We cite the results
from Haller-Dintelmann et al.[(2009).

Theorem 53 (Groger Regular Sets in 2D). Let Q) € R? be a Lipschitz domain and T C dQ be relatively open. Then

QUT is Grager reqular if and only if T 0 (9Q \ T) is finite and no connected component of 9Q \ T consists of a single
point.

Theorem 54 (Groger Regular Sets in 3D). Let QO € R be a Lipschitz domain and T C dQ be relatively open. Then
QUT is Groger regular if and only if the following two conditions hold

(i) dQ\T is the closure of its interior.

(ii) Foranyx € TN(OQ\T) there is an open neighborhood U, of x and a bi-Lipschitz map ¢ : U, NTN(QQ\T) —
(-1,1).

1.4 Technical Lemmas

As the strategy to prove Theorem (48| consists of localization techniques we investigate in the following
technical Lemmas how this effects the Holder control we are interested in. The localization goes through
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three possible stages: i) a localization by a partition of unity. This involves analyzing how the equation is
changed when the solution is multiplied by a smooth cut-off function, ii) in the vicinity of dQ), the Lipschitz
transformations to cuboids from the definition of Groger regular sets need to be employed. This yields a
pure Dirichlet problem for the Dirichlet boundary, iii) at the Neumann boundary a reflection technique is
used to also produce a pure Dirichlet problem.

This is Lemma 4.6 in [Haller-Dintelmann et al.| (2009). Our contribution is to control the appearing norms
explicitly.
Lemma 55 (Localization by a Cut-Off Function I). Let Q C IR? be open and bounded with a partition dQ = TpUT'y
in Dirichlet and Neumann boundary parts. Furthermore, let Q U T'y be regular and U < R? open, such that
Q. := QN U is also a Lipschitz domain. Furthermore, set Ty := Tp N U and let € C3(R?) with support in U. For
arbitrary but fixed q € [1, 00) define the maps

(i) The multiplication-restriction operator

Ry : W;’;’(Q) - W;’.q(Q.), v Y, .
(ii) The multiplication-extension operator
Ep: W(Qa) - W(Q), v .
Here, the map v v @ denotes the extension by zero outside of Q,.
Then, both maps are well defined, linear and continuous and we may estimate
||nle.||W1{:i(Q.) < 2|Mllcr . ||U||W;g(Q) & ||1F7~U||W;g(o) < 2|llcy ) ||U||W;T(Q‘)-

Proof. The well definedness of R, and E, was established in Lemma 4.6 in|Haller-Dintelmann et al.|(2009).
The estimates can be computed in the following way

Io.llwiag,) = Invlsq. + IV00)lq, ks
< ol + loVnllq, rey + 1MVOllL@, o)
< IMllco@uyllolleay + IVallco@uyllvlla) + IVl ralinllcoq.)
< 2[nllcr @ llvliwaqy-
The expression IITﬁJIIWm(Q) can be estimated similarly. O

Lemma 56. Let Q,I'y, I'p, U, 1, Q., Ts, Ry and E, be as in Lemma and denote by A, the restriction of a function
A € L¥(Q,R™) to the set Q,. For f € HL(Q)* denote by vy € HL(Q) the function that satisfies

—~div(AVos) + o = f, in H} (Q)'.
Define the maps
(i) The adjoint map of E,, for q € (1, 00)
By Wil @ = Wi Q) f o f0) = fo

(ii) The functional T,
T, :H{ (Q) - R, we f vAVnVwdx.
Q.

Then, the localization of v¢ by 1), i.e., us = (n0)q, satisfies the equation
—div (A.Vuf) = —(T]Uf)‘Q. — (A.Vl)f)‘Q. (Vﬂ)p_ + va + f. = f. m H11~. (Q.)*. (44)

Furthermore, if2 < d < 4and f € W;’g'(Q)* with q > d, then there exists p > d such that f* € W;’.p'(Q.)* and the
map

Loc: W;’g,(Q)* - W;’.p/(Q.)*, fef
possesses an estimate on its operatornorm only depending on v, M and (), i.e.,
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Proof. This is Lemma 4.7 in|Haller-Dintelmann et al.| (2009), however, we provide the explicit norm control
in (4.5). To this end, we treat the terms in (4.4) separately. First, note that there is ¢ > 0 such that

WHP74(Q.) — L3(Q.)

and we set p; = 4/3 — ¢ which implies p; > 4. We then compute for w € W;’.p 4 (Q.)

f noswdx < Nlle@allofllis@allwlliss .y
Q,
< C(Q)||7]||L°°(Q.)”Uf”H}D(Q)”w”W;fq @)

< CO Ml oy il i,

< CQ V=@l o Il
D Te o
Taking suprema over unit balls in W;’_pi (Q.) and W;’ZI(Q)* we get that the map

. 17 .
W;Dq Q) — Wr.p Q. fr —L nop(-)dx
has its operatornorm bounded by C(Q, v)||1llL~.)-
For the second term, note that we may factorize for all small enough ¢ > 0 using Theorem 5]
Wl{,g,(Q)* s W;,L§2+E)’ (Q)* - W%,52+é)(Q) N L2+£(Q.) N W;:Pé (Q.)x—
given by
f — f = vf A.VUfVI’”Q. g f onvaﬂ()dx,
Q.

whereq’ < (2+¢) and 1/p; > (d—2—¢)/(d(2 + €)), meaning p, > 4, the latter being possible due to2 < d < 4.
The latter also implies the continuity of the embedding

L2+£(Q.) PN Wll“:pé (Q,)*.
The operatornorm of the composition then essentially relies on the operatornorm of
W Q) - W2H(Q), e oy

However, Theorem|51|shows that this is uniform with respect to the ellipticity constant v of A, its L(€2, R¥)
bound for A and all small & > 0.

The third term works similar. Following Haller-Dintelmann et al.| (2009) there is ¢ > 0 such that
W(Q) < L*(Q)
for a 6 = 6(d) > 0. We estimate for w € W;’.(“é)/ (Q.)
<T71f/ w>w[{;(4+‘>)/(Q‘) < ||Uf||L4+5(Q.)||A||L°°(Q,]Rd><d)”V77”L°°(Q.)”w”W;;(%b)’(Q.)
< Cv, M, O)If ||W}gz+f>f @ Ml @roa) VAl @olwllyor g -

The constant C(v, M, Q) is again determined through Theorem Wesetp, =4+ 0.

Finally, the mapping f — f, is nothing but Ej] and thus IIE;II = ||[E,|l, the latter already being computed in
Lemma (55| To conclude the proof we take p = min(p1, p2, p3). m|

The following is Proposition 4.9 in|[Haller-Dintelmann et al.| (2009). We merely cite it as we do not need to
explicitly estimate any additional constants in this result.

Proposition 57. Let Q C R? be a bounded Lipschitz domain, let Ty be an open subset of its boundary and denote
by Tp its complement in dQ. Let ¢ be bi-Lipschitz mapping defined on a neighborhood of Q into R and denote

¢(Q) = Qand ¢p(I'p) = I'p. Then the following holds:
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(i) Forany p € (1, 00), the mapping ¢ induces a linear homeomorphism

D, : wg”@) - WH(Q), uruog.

(ii) If A is a member of L(Q, R™?), then
@7, o div(AVD, () = — div(AV())

with
~ Do)

AW = Zaxor 1 @ OION )

for almost all y € Q.

(iii) If A is uniformly elliptic and essentially bounded, then so is A.

The last result we need is a reflection procedure that allows to transform a mixed Neumann-Dirichlet
problem on the model domain Q_ U X to a pure Dirichlet problem on Q and thus makes Corollary
applicable.

Lemma 58 (Reflection Principle). Forx = (x1,...,x1) € R weset x_ = (x1,...,%4-1,%z) and for amatrix A € R4
we define

-Ay  ifj=dk#dork=dandj+d,

Ap  ifjk<d,
A=
Ajp  ifj=k=d.

Now let A denote a member of L°(Q-, R™?) and define a member of L*(Q, R™?) via
Ao JAR) ifxeQ,
A0 = {(A(x_» fr_eQ-.
Let us set I'p = dQ- \ L. Then for any fixed p € (1, c0) it holds:
(i) Ifv e Wy?(Q-) satisfies — div(AVo) = f € Wi (Q.), then — div(AVo) = f € W"' (Q)" holds for
Loy o ifxeQ
o) = {v(x_) ifx-€Q-

and (f, u)w(l),p(Q) ={(f,ulg + u’|Q‘>W§;§(Q v where u_(x) = u(x_).

(ii) The map
WP Q) - WP Q) fe f
is continuous.

(iii) Furthermore, if A € L*(Q-, R™?) has ellipticity constant v and L™ bound M, then so does A.

Proof. The only thing not included in Proposition 4.11 in [Haller-Dintelmann et al.| (2009) is (iii). However,
for all £ € R? it holds (as we compute later on)

ATE-E= AL,
where & = (=&1,...,—€4-1,&4). This implies

infA=&- & =infAE- & > v|EP = v|EP.
&0 &0
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Furthermore, it holds ||A7|| = ||A]| in the Frobenius norm, hence A and A share its bound as members of
L*(Q-, R™?). Finally, we provide the computations for the above equality

d-1
AEE=Y A+ Z( A,d>5da+2( AEia+ Aa
ij=1 =1
d-1
= ) Ai(=&)(= é>+ZA,d5d< 5>+2Ad,< £)Ea + A
i,j=1 =1
=AE- ¢

1.5 Proof of the Main Result

Proof of Theorem We follow the steps in |[Haller-Dintelmann et al|(2009). For every x € Q choose a ball
B, € Q centered at x and contained in Q. For every x € d(), by the definition of Groger regularity, there
exists an open neighborhood U, of x and an open set W, together with a bi-Lipschitz map ¥, : U, — W,
such that

YA((QUIN)NU) =Q- or W (QUIN)NU)=Q UL

depending on x € dQ. The system {U}yega U {Bx}req forms an open covering of Q. We choose a finite
subcovering U, ..., Uy, Bxl,...,Bx, and a subordinated smooth partition of unity 1y, ..., 1, Ci,... (. LetA e M,

g>dand f € W%Dq (Q)* and denote by v the solution of
—div(AVo)+v = f, inHp (Q)".

Then we use the partition of unity to write

k I
v:ZniU+Zij

i=1 =1

and we need to estimate ||1;0||cs() and ||C;vl|ce(). This leads to three cases that need to be treated differently:
First, the ;v on the balls By;, then n;v when (QUI'y) N U, equals Q- and finally the case when (QUI'N)N U, =
Q_UZx.

First Case. We show that the Holder norm of the Cjv can be controlled in terms of C(By,;, v, M)I| f | @ To
I'p

this end, we employ Lemma 56/ with U = By, hence Q, = B, and I's = 0. Then C VB, satisfies an equation
of the form L
. . P
- le(A.V(C]‘me]_)) =g inW, ’(ij)

with p; > d and it holds
I8, < CBoy v M) flh

%
Hence, by Corollary p0) there is a; € (0, 1) such that
Ity = 16508, s, < CBay v - Ifl S OBt M)- e -
Second Case. Here we assume that we use 7; subordinated to U; with
W (QUTN) N U,) = Q. (4.6)

Setting Q; = Q N Uy, Lemma 55{shows that 100, is a member of Hj(Q;) and Lemmaimplies that n;uy
solves

~div(AV(y00) = fi, in HYQ)

17,

with f; € W, P (Q))" and p; > d and again

”fj”w;m;(g . < C(Qj,v,M) - IIfIIW;g'(Q)*.

i
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Now, transform the function to Q- using Propositionwith ¢ = \I’;jl setting

;= Dy (n00,) = (Njv10)) 0 P
As we assumed (#.6), 1 jU10; is a member of H(l)(Q ;) and ¢ is a member of Hé(Q_). Furthermore, 1; satisfies
and equation of the form
R .\ . Lp; .
—div(AVy;) = h; = (@) i inW,"(Q-)
and by Corollary [50| there is a; € (0, 1) such that 1; € C*(Q-) with

HIPJ'HC"J'(Q,) <C(v,MQ-)- th”wl'p;'(Q,)*'

where we used that A is still a bounded, measurable, elliptic matrix with possibly different boundedness
and ellipticity constants, however controlled through the geometry of Q;. As Lipschitz maps preserve
Holder continuity in a controlled way we also have

||77jU|O]||c“/(Qj) < C(Qj) : ||¢j||c"i(Q,)-
Finally, we may estimate
”T]jU”(j“/(Q) = ||77jv\Qj||C“J(Qj) < C(Qj) : ”#’j”c"f(QJ <C(v,M, Qj) : “((D;})_lfjuwl,p}(g
0

<CH, M, Q) -fill
M)Wl g

S C(VIM/ Qj) . ”f”w[{#(o)ﬂ
D

_)

Third Case. We use the same notation as in the second case but now it holds
W, (QUTN)NUy,) = Q- UL

Ly
Setting I'; = dQ; \ Ty, it holds again — div(A.V(1;v,)) = fj in H}/(Qj)* with f; € erp’(Qj)* and p; > d and an
estimate of the form
||fj||W;,]p;(Q]y < C(Qj,v,M) - ”f”w}g'(g))w
Now we transform to Q_ as in the second case and then use the reflection principle, see Lemma [58| to

transform to Q. This yields ¢; and ¢}, the latter solving a homogeneous problem on Q, the former as above,
however with a Neumann condition on Z. We may estimate for a suitable a; € (0,1)

”T]]'U”C“J(Q) = ||77jv||c“/‘(Q/-) <C(Q))- ”Hbjuc“/(Q_) < C(Q))- ”&j”c%(g)
< Cv, M, Q) - Il
W, (Qr

< C(v, MQj) - II(q?;;)_lijI W
IO\E -)

< Cv, M, Q) - lIfill 1y
MOl g

< C(V/ Mr Q]) : ”f”Wl’q/(Q)*'

p

Taking the minimal a; concludes the proof. ]

II ParaBoLIC REGULARITY

In this Section all regularity results concerning the diffusion equations are collected. This includes the
results necessary for the existence Theorem[9|and the optimal control Theorem[I8, We state and prove some
known results such as the essential boundedness of diffusion equations given L* data and L* right-hand
side and a non-negativity result for non-negative data. These results are collected in Section[2.2]

The main contribution however is a L7(I, C*(Q)), p € [2, o) regularity result in the low regularity regime
which is the parabolic counterpart to the results in Section [l That is, we allow mixed boundary conditions,
elliptic L™ coefficients in the highest order term, f € LP(I, L*(Q2)) right-hand side and a L*(Q) initial condition.
To the best of our knowledge, the result for the L*(Q) initial condition is novel and requires a little more
work than a direct application of semi-group theory to the stationary result in Section [l We begin with a
short reminder on the terminology of Banach space valued Sobolev spaces.
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2.1 Vector Valued Sobolev Spaces

In the following, for a Banach space X, a bounded interval I = [0, T] and p € [1, o] we denote by L?(I, X)
the Bochner space of Bochner measurable, p-integrable functions defined on I and taking values in X, see
for example [Diestel and Uhl| (1977). We also consider Sobolev spaces modeled on L*(I, X) and we briefly
recall some basic definitions and properties of these spaces. These are the natural function spaces that are
required for the treatment of time-dependent equations.

We begin with the definition of time derivatives. Due to the structure of parabolic equations, we need to
allow a function u : [ — X to possess a derivative in a larger space. More precisely, let X and Y be Banach
spaces and

X oY, xe )

and embedding, i.e., a continuous, linear and injective map. Let us fix p,r € [1,00] and let u € LP(I, X). We
say u possesses a derivative in L’(, X) if there exists a function v € L'(I, X) such that

ﬁ] ou)p’'dt = — fv(pdt, for all p € C2(I)
I I

and we set d;u ;= v. We then define
WYL, X,Y) = {uelP(,X)|dueLIY))

with the norm
eellwrrrq,x vy == Nl xy + el g,y -

Two cases for pairs X and Y with embeddings j are relevant for us. The first is the trivial case
X=Y j=1Id.
Then usually p = r is the only relevant case and we denote the Sobolev spaces by
WY (I, X) == WPP(1, X, X).

These spaces appear naturally in the treatment of (weak) Banach space valued ODEs and parabolic regularity
theory and possess nice properties such as an analogue to the fundamental theorem in real analysis. We
refer to[Boyer and Fabrie| (2012) for a treatment.

The natural framework for weak solutions to parabolic equations requires a different setting, however.
Here, one is often given a Gelfand triple (i, X, H), that is, X is a reflexive Banach space, H a Hilbert space and

i:X—>H xmikx)

is an embedding with dense image. Then, we define
PXSHoH DX, e ) = (1), i)

The corresponding Sobolev space is modeled with the pair X and X* and the embedding j and consequently
denoted by

WP (I, X, X). 4.7)

Note that this notation suppresses the choice of the Gelfand triple and one should ensure that it is clear
from the context which Gelfand triple is used. In our application X is in fact a Hilbert space and p = r =2
and we write

HYI, X, X*) = WY1, X, X)

as H'(I, X, X*) is a Hilbert space itself. Finally we want to stress that spaces of the form (£.7) possess certain
good properties, such as an embedding into C°(I, H) and a partial integration formula, we refer again to
Boyer and Fabrie| (2012). These results allow to prove existence theorems for linear and certain non-linear
evolution equations, see for example [Ern and Guermond)|(2013) for the linear case and [Rtizicka| (2006) for
the non-linear case. We content ourselves with this brief introduction and point the reader towards more
specialized results when necessary.
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2.2 Pointwise Properties
In this Section we prove an L*(I X Q) regularity result and a non-negativity result for solutions of diffusion
equations with suitable data.

Theorem 59 (L°(I x Q) bound). Let Q ¢ R? be a Lipschitz domain, I = [0, T] and dQ = Ty U T'p a partition of
the boundary into Dirichlet and Neumann part. Both I'p and I'y are allowed to have vanishing measure. Further,

let D € L*(Q,R™) be uniformly elliptic, k > 0, f € LP(I,L*(Q)) and ag € L°(Q). Then the solution a €
H(I, H.,(Q), HL (Q)") to

ﬁdta">HE(9)dt+‘f‘f DVaV-+ka(-)dxdt=ff f(-)dxdt ian(I,Hllj(Q))*
I 1Ja 1Ja
a(0) = ag

is a member of L= (I x Q) and it holds
llalleaxq) < max(||fll=xq), laolli=))-
Proof. We use Stampacchias truncation method Stampacchial (1958), that is for a real number i we test the
PDE with
(a;i —a)*" := max(0,a4; —a) and (a; +a)” = —min(0,a; + a).

One can show that (a; — 4)* and (a; + 4)~ are members of H(I, H}J(Q), H}D(Q)’) if a; is itself in that space and
that it holds

! _ 1 _ 2 1 a2
‘fo\ <dtai/ (ai - a)+>H11J(Q) dt = E ||(ai - ﬂ)+(t)||L2(Q) - E ||(ﬂ0 - a)+||LZ(Q)
and
f DVa;(t)V(a; — a)* (t) dx = f DV(a; — a)"(H)V(a; — a)* (t) dx
Q Q
such as

fQ ai(t)(a; — 3)* (t) dx = ||(a; - ﬁ)*(t)”iz(g) + fQ a(a; — a)* () dx

Hence it follows for every t € [ and a4 > max(” f “ LX) llaollr~ )

1 _ 2 t B B 1 2
5 @i =2y Ol < fo fg (f = @)@ — ) dxds + > |[(@0 — 2)* ||,
<0
This implies that a; < 4 almost everywhere in I X Q. Similarly one establishes @ < 4; using the test function

(ﬂ,’ + ﬁ)_. O

The following positivity result is formulated with the weak formulation of in mind, where for conve-
nience homogeneous Dirichlet boundary conditions are satisfied through the addition of a unity constant.
This explains the somewhat specific formulation. The positivity result is general however, see for example
Ern and Guermond) (2013).

Theorem 60 (Positivity). Let Q C RY be a Lipschitz domain, I = [0,T] and dQ = T'y U Tp a partition of the
boundary into Dirichlet and Neumann part. Both I'p and I'y are allowed to have vanishing measure. Further, let D €
L™ (Q, R™?) be uniformly elliptic, k > 0, f € L*(I, L*(QY)), f > 0 and assume a function a € H'(I, H},(C2), H5(Q)")
satisfies the following equality in the space L*(I, H},(CY))*

I 1Ja 1Ja
witha(0)+1=0. Thena+ 1 > 0 holds.

Proof. One can check that (2 + 1)~ = —min(0,a + 1) is a member of H'(I, H},(Q2), H},(Q)’) and that it holds for
alltel

t
_ 1 _ _
f()(dta, @+ 1))y ds = 5([J@+ 1) O~ @+ DO} ))
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and

t
f f(DVa, V(a+1)")+k(a+1)a+ 1) dxds
0 JO

t - - 12
:_fo L(DV[(&HD | V[@+ )] +k@+1)] dxds <.

Testing the full equation with (a + 1)~ and using these computations one finds

t
% @+ 1)) < —fo fo (@ +1)" dxds < 0.

2.3 Parabolic Holder Regularity

In this Section, we prove a LP(I, C*(Q)) regularity result for certain linear parabolic equations with non-
smooth coefficients, mixed boundary conditions and L*(Q2) initial conditions. We control the L7 (I, C*(€))
norm with respect to the data, showing its dependency on the coefficients. The main result is the following:
Theorem 61. Let Q c RY withd = 2,3 bea Lipschitz domain, I = [0, T] a time interval, dQ = I'y U T'p a partition
of the boundary into a Dirichlet and a Neumann part, where both T'y and I'p are allowed to have vanishing measure.
Assume that Q U Ty is Groger reqular, let f € LP(I, L*(Q)) for p € [2, ), D € L*(Q, M;) with ellipticity constant
v > 0and let k > 0 be a constant. For vy € L¥(Q) denote by v € H'(I, H},(Q), H},(Q)") the solution to

f(dm,-)H;)(Q)dH f f DVoV - +kov(-)dxdt = f f f()dxdt in LA(I, H5(Q))*
I I1JQ I1JQ

=d;v =Mv

v(0) = vg.
Then there is B = B(p) € (0,1) such that v € LP(I, CF(Q)) for all p € [2, o), provided f € LF(I, L*(Q), and we may
estimate
ollg,cray < C(Q T, IDlrsay, p) - [Ifla ey + Ioolls@) (4.8)
In the above estimate, if we fix QO and p, only a lower bound for v and upper bounds for ||D|| and T determine the

value of the constant C. This provides uniformity for v € [cg, Cgl, D € L®(Q, M;) with ||D|| < Cp and time intervals
I'=[0,T"withT* < T.

Proof. Here we discuss only the main ideas and provide the details in the course of the Section. The first
ingredient in the proof is the C*(Q) regularity result for the stationary operator, see Theorem 8| This opens
the door for maximal parabolic regularity results, however, the initial value as a member of L®(Q)) does not
suffice for a direct application of the theory, which would require v, to be a member of H7(Q), the trace
space in this situation, compare to [Arendt et al|(2017). Therefore, we propose to use the superposition
principle for linear operators to split the equation into
dﬂ]l + MU1 = f,
(4] (0) =0
and
dtvz + MU2 =0,
2(0) = vp.
The linearity of the equation implies that v = v; + v,. This gives us the advantage to analyze v; and v,
separately. Now, v; can be treated by a combination of the maximal regularity results in|Amann|(1995) and

Theorem (48| For v, we can quantify the norm blow-up at the initial time-point using standard results from
Brezis| (2010). More precisely, it holds

1
lo2(B)llce(y < C - (; lvollz2(q) + 1)

and using an interpolation result we are able to mitigate the singularity of ¢ — t~! by reducing the Holder
exponent. O

Remark 62. Knowing the dependencies of the constants on the data v and ||D||.~ etc. is crucial in applications
as we see in our case of PDE constrained optimization.
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Proof of the Main Result

We need some basic facts from semi-group theory for linear, unbounded operators in a Hilbert space H, that
is operators of the form M : dom(M) ¢ H — H. However, we started with a linear, bounded and coercive
operator defined on a full space X taking values in its dual, i.e., M € L(X, X"). If we are given a Gelfand
triple structure (i, X, H), that is X and H are Hilbert spaces and i : X — H is an embedding with dense image,
i.e., linear, continuous and bounded, we see that the two concepts are closely related.

Definition 63. Let (i, X, H) be a Gelfand triple and M € £L(X, X*) a coercive bounded linear operator. We
define its part in H as follows

dom(M) := {v € X | there is f € H with (f, -)y = Mv}
and
M:dom(M)c H— H, Mov=R"(Mv)
where R denotes the Riesz isometry of H.

Remark 64. Note that the above definition suppresses the embedding i in various places, treating it like a
set-theoretic inclusion. Furthermore, we stress that M is well defined as a map since for every Mu there is
at most one f € H satisfying (f, -)u = Mv as i(X) is dense in H by assumption.

Lemma 65. Let (i, X, H) be a Gelfand triple and M € L(X, X*) a coercive, bounded linear operator. Then, its part M
in H is maximal monotone, thus densely defined. If M is self—adjointﬂ as a member of L(X, X*), then M is self-adjoint
as a densely defined operator in H.

Proof. Let u,v € dom(M) and note that by the definition of M it holds
(Mu, v)y = (R™ (Mw)), v)r = (Mu, v)x. (4.9)
This identity makes clear that the coercivity of M implies the monotonicity of M. Additionally,
Id |+ M :dom(M) - H

is bijective and hence M is maximal monotone. If M is self-adjoint, then shows that M is symmetric.
However, linear symmetric maximal monotone operators are self-adjoint, see Brezis|(2010). O

The following Proposition is tailored to allow the application of Hille-Yosida’s celebrated theorem on
solutions to the Cauchy problem.

Proposition 66. Let Q ¢ RY, d = 1,2,3 be a bounded domain with a partition of the boundary into Dirichlet and
Neumann part dQ = T'y UT'p. Both I'p and Ty are allowed to have vanishing measure. We assume that Q U T'y is
Groger reqular. Further, let D € L®(Q, M;) be given and assume it is elliptic with ellipticity constant v > 0. Let
k > 0, we define the operator

M:HY(Q) - HYQ), Mo = f DVoV - +ko(-)dx.
Q

Then its part in L*(Q) is maximal monotone and self-adjoint. Further, there exists o > 0 such that we have the
embedding

(dom(M), [z + ||'||L2(Q)) — C*(Q)

together with the estimate
llitllce(y < C(Q, v, [IDllLs ) * 1llaomavy -

Here, the constant C is precisely [|M™|| g2, co) and depends only on a lower bound for the ellipticity constant
and an upper bound on ||D||p~,m,)-

Proof. Using the Gelfand triple (Id‘Lz(g),HE(Q),LZ(Q)), we can apply Lemma [65|and deduce the maximal
monotonicity of M. Further, the symmetry assumption on D implies that M is self-adjoint, again through
Lemma |65} It remains to show the embedding into Holder spaces — essentially due to Theorem 48— which
yields the existence of a > 0 such that

M L2(Q) - C*(Q)

We call a map T € L(X, X") self-adjoint if T* o ] = T, where | : X — X* is the natural isometric embedding of a
Banach space into its bi-dual and T* denotes the usual adjoint map.
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is well defined and continuous. This requires the assumption d = 1,2,3. To see that the graph norm on
dom(M) controls the a-Hélder norm, we let u € dom(M) C C*(Q). Then there exists a unique f € L*(Q)
such that u = M~! f and we compute

lulle) = 1M~ flicey < Cllfllzey = CliMulliz oy < Clltllaom-

The only appearing constant is the operator norm of M~! and Theorem {48| guarantees a suitable bound of
this norm. o

Theorem 67. Assume we are in the situation of Proposition|66| Then for every vy € L*(Q) there exists o > 0 and
v e CH((0, T1, L*(©)) N C°((0, T1, C*(€V)
solving

V() + Mo(t) =0 on (0,T] (4.10)
v(0) = vy

Furthermore, it holds
1
ol < Qv ID1-) (1 + 5 ) ol

More precisely, the constant C (Q, | D], ||Dl|r~) is the operatornorm of the embedding dom(M) — C*(Q).
Proof. From Theorem 7.7 in Brezis|(2010) it follows that

IMo(D)lli2) < %HUOHLZ(Q) and [[o(Hlli2) < llvollz -
Using this and the embedding dom(M) — C*(Q2), we get
lo()llcx) < Cllo)lldomary = Cllo®)lli2q) + ClIMo(#)l12q)
< Cllllzy + <ol
O

Theorem 68. Assume we are in the situation of Proposition |66| and assume that vy € L*(Q) and denote by
v € CH((0, T1, L*(Q)) the solution to @&I0). Then for every q € (1, o) there exists B = p(q) such that v is a member of
LA(I, CF(QQ)) N L=(I, C°%(QQ)). Furthermore, we can bound the L1(I, CF(Q)) norm depending on the data of the problem
in the following way

I10llsg,cocy < C(Q, v, DI, lvoll, L, q) - (4.11)

Proof. Let p > g be fixed. Choose > 0 such that «/p > B. Then we can estimate for every u € C*(Q)

1/
”u”CP’(Q) <C- ||u||c0(9)||u||cfzg) + ||u||c0(o)-
To see this compute

() = ()" Plu(x) — u(y)!'”
[ — y|0‘/l’+(ﬁ—a/ﬁ)

[ulg = su

X#Yy

[|u(x> ~ u<y>|}””

= sup |u(x) — u(y)ll‘””lx - 3/|a/p_)g ) =y

X#FY
1-1/p . _ 1
< (2l diam(Q)*PPLul;”.

Using the following estimate
||U(t)||c0(Q) < ||UO||L°<>(Q)
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and the above estimates of the CF norm and Theorem |67l we obtain

1-1/p .. afp—
ol < (2l®llo)  diam@)*PPlo®]” + o) loq)
< max (1, 2lfooll(ey ) - max (1, diam(Q)) - [o()],” + llvolli=()

< C(||UO||L°°(Q),Q) o) + lvollz)
1\r
< C(llollcen, v, D=, Q) (14 5
Inferring g/p < 1 then shows the integrability of ||v(t)||'éﬁ @ and the asserted bound. O

Remark 69. The constant in (4.11)) only depends on the length of the interval I, a lower bound for v and an
upper bound for [|D|| (), hence is uniform for suitable families of operators and time intervals.

Finally we cite a known result from |[Amann| (1995) to treat the case with the vanishing initial condition.

Theorem 70. Assume we are in the situation of Proposition Let f € LF(I, L*(QQ)) with p € [2, 00) and denote by
u the solution to

w'(t)+ Mu(t)=f on(0,T]
u(0) = 0.
Then it holds u € WYP(I, L*(Q)) N LP(I, dom(M)) with the estimate
el r2)ner (1, domavyy < C, 1D, p, ) - ”f “LV(I,LZ(Q))
where C(v, ||D||r=(qy, p, I) does depend on a lower bound for v, on an upper bound for ||Dl|r~ and the upper bound T of
the time interval I = [0, T].

Proof. We apply Theorem 4.10.8 in|/Amann| (1995), using Eq = L*(Q), E; = dom(M). The requirement of E
being an UMD space holds as it is a Hilbertspace, the other requirements can be shown using the fact that
M is self-adjoint and coercive, i.e., a member of BI'P(L*(Q); 1,0) in the terminology of | Amann/ (1995). As
we consider a problem with homogeneous initial conditions we don’t need to concern ourselves with the
trace space for the initial conditions. O

III BanacH Srace VaLuep ODEs

3.1 Banach Space Valued Ordinary Differential Equations

In the main text the need for a Banach space valued ODE theorem arises. We formulate and prove a possible
existence theorem here. It is an extension of the one given in Brezis’ book Brezis| (2010). The difference is
that we treat weak ordinary differential equations and that we allow the inducing vector field F to be time
dependent.

Theorem 71 (Global Existence). Let X be a Banach space, I = [0, T] a bounded interval and F : [0, T] X X — X a
Caratheodory function that satisfies a Lipschitz condition of the following form

|E¢t,x) = Ft, )| < L) ||x - | (4.12)

forall x,y € Xand t € I with a function L € LF(I) for some p > 1. Assume furthermore that for some q € [1, oo] the
operator

F WY, X) - LI, X) with Fu(t) = F(t, u(t)) (4.13)
is well defined. Then the following differential operator
O:WY(I,X) - LI, X)x X with uw~ (du+ Fu,u(0))

is bijective. Note that this is nothing but an abstract way to say that for every right hand side f € LI(I, X) and intial
value uy € X the equation dyu + F (1) = f with u(0) = ug has a unique solution.

Addendum. If we can choose p > q, i.e., the integrability of the Lipschitz function L is not worse than the q we had
for F then the map O is Bilipschitzian.
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Remark 72. Note that the Lipschitz assumption (4.12) implies that x +— F(t, x) is continuous up to a set of
vanishing measure in I. Also, to establish (4.13) it is enough to check that t — [|F(t, u(t))||” is integrable as
the Bochner measurability follows from the Caratheodory regularity of F.

Proof. Given f € L(I, X) and uy € X we need to find u € W(I, X) with dyu + F (1) = f and u(0) = uo. By the
fundamental theorem for the space W'/(I, X) this is equivalent to finding a function u € C°(I, X) satisfying

u(t) = up + fot f(s) — F(s,u(s)) ds

We renorm C°(I, X) equivalently by ||lull| := Sup,;; e~ ||u(t)|| where k > 0 is to be fixed later. Setting
P (CULX), Il - 1l — (CO(L, X, 11l - [Il) with

OW)(t) = ug + f(; f(s) = F(s,u(s))ds,

we seek to apply Banach'’s fixed point theorem to @ for a k large enough. The self-mapping property is due
to the fundamental theorem (Boyer and Fabrie| 2012, Proposition II.5.11) and the contraction property is
established in the following computation

t
<sup [e"“ f e L(s) llo(s) — u(s)l ds]
tel 0

< o = wlll Ll gy sup [ 4|, o |
tel ’

t

F(s,v(s)) — F(s, u(s)) ds
0

1®(u) = D()||| = sup [e_kt

tel

=(*)
We will now compute that (+) tends to zero with k — oo hence an appropriate choice of k yields the assertion.

1
o

' £ & 1 1 1
s = ([ ) = (e - ) < (e

1
(LY
_(kp’) ¢

Addendum. Now we prove the bilipschitzian property. Let us first have a look at O. Given u,v € W(I, X)
we know that point evaluation and taking the time derivative is a Lipschitz continuous map. We turn to ¥
and compute

1760 = F M= [ IFC,u0) = e o) o

< f LOF lu(t) - 0O dt

< LI e = 0l 5,

< CILI gl = 0l

where we needed p > q. The asserted Lipschitz continuity of O follows easily. Now to O°!. Given
(f, u0), (g, v0) € LI, X) x X we know that the O preimages satisfy

u(t) = up +f f(s) = F(s,u(s))ds and o(t) =vy + f[ g(s) — F(s, v(s)) ds.
0

Let the variables y; and y, denote the integrands of the two preceeding integral curves. We estimate their
difference

[7165) = y209)|| < [|£(5) = 8G)|| + L(s) llw(s) — u(s)lI.
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Using Gronwall’s inequality we find that

i = 0llcox) < C( lluo — voll + ”f - g”Ll(LX) )

It remains to have a look at the derivatives. We compute
ldeu(t) = dro®llsq ) < I|f = 8llag 0 + 17 @) = F@ls x)

<117 = 8lls g * Ml Nt = Dl x,
which yields the desired continuity. o

Lemma 73 (Gronwall Variant). Let X be a Banach space and I = [0, T] an interval. Let xo, yo € X and assume that
1,2 are members of LY(I, X). Define x and y to be the integral curves
t

t
x(t) = xo + f yi(s)ds and y(t) = yo+ f ya(s) ds.
0 0
Now assume that we can estimate the integrants y1,y in the following form

|1t = y28)|| < att) + B(t) ||xh) — y(t)|| foralitel,

where o, B € LY(I) are non-negative functions. Then it holds that
[lx()) = y&)|| < C(|Pxo = ol + lallpy) foralltel
and the constant C can be chosen to be C =1 + H‘B”le exp(“ﬁ”Ll(D).

Proof. Just write out the estimate that the difference ||x(t) - y(t)” satisfies due to the assumptions and then
use the usual integral formulation of Gronwall’s inequality, see for example (Qin, 2017, Theorem 1.2.8). O

Theorem 74 (Local Existence). Let X be a Banach space, I = [a,b] a bounded interval and F : IX X — X a
Carathéodory function, i.e., F(-, x) is Bochner measurable for all x € X and F(t,-) is continuous almost everywhere
in I. Assume that for every bounded set B C X there are functions mg € LP(I), p € [1,c0] and Lg € LY(I), possibly
depending on B, such that

[|[E(t, X)llx < mp(t) ae. inl, Yx €B, (4.14)
||F(t, x) — F(t, y)“X < Lp(t) ”x - y” ae. inl, Yx,y € B. (4.15)
Let furthermore ty € I, xg € X LdR > 0 be arbitrary, then there exists a time interval I5 == [tg — ,to + 0] N I such
that for any initial value yo € Br(xo) C X there is a unique short time solution x € WY(Is, X) of the ODE
dix(t) = F(t, (1) and x(to) = yo.

Moreover the map yo > x(yo) taking the initial value to its solution seen as a map Br(xp) € X — C%(Is, X) is
continuous.

Remark 75. Note that the Lipschitz assumption (4.15) implies that x — F(t, x) is continuous. Therefore, to
establish the Carathéodory regularity of F it is enough to provide the Bochner measurability of the maps
F(,x):I— Xforallx e X.

Proof. First we clarify the dependence of 6; we choose it to satisfy

meZR(x(J)(S) ds <R and fLBzR(xo)(s) ds < 1. (4.16)
Is Is

Then we consider the complete metric space E ¢ C°(I;, X) given by

E = {x € C°(I5, X) | sup ||x(t) — xo|l < 2R}

tels
and define the map
t
®:E—E with Ox)(f) =yo+ f F(s, x(s)) ds.
fo
We now proceed by showing the following facts
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(i) For all x € E the map t — F(t, x()) is Bochner integrable as a map Is — X. In fact it is a member of
LP(Is, X).

(if) The function @ is a self-mapping and a contraction.

(iii) The fix-point of @ is a member of W'?(I;, X) and corresponds to the solution of the ODE.

(iv) The solution depends continuously on the initial data.

To establish (i) note that the assumption of Carathéodory regularity of F implies that t — F(t, x(t)) is Bochner
measurable as a map Is — X for all maps x : [; — X that are itself Bochner measurable, which clearly holds
for members of E. We are left to show the integrability, so we estimate for x € E

f IIF(t, x(£)Ily, dt < f |11, () (F)P it < 00,
Is Is

which shows the assertion. Now to (ii). Let again x € E and estimate

sup [[D(x)(£) — xollx < [[xo = vo| + f1 IFCt, x(#)llx dt

tels

<R+ f My ey (8) At
Is
< 2R.

To see that @ is a contraction compute for x,y € E
sup ||@()(#) — D(y)(B)|, < sup f I, x(8) = F(t, y(®)|, dt
tels tely Jls

< ”LBZR(XO)HU(L;) ”x - yHE
N—— —
<1

The claim (iii) follows as the unique fix-point x of @ is, by the fundamental theorem, a solution to the ODE.
As dix(t) = F(t, x(t)) the L? integrability of the derivative of this fix-point follows from the one of F(-, x(-))
which was established in (i).

Finally to (iv), where we will employ Gronwall’s Lemma. Let y and ¥, be in Br(xg), then the according
solutions are given by

t t
yt) =yo + f F(s,y(s))ds and y(t) =y, + [ F(s, y(s)) ds.

to

The difference in the integrands can be estimated by

IFC, (@) = Bt 50)[, < Cliie ) [l = 70 -
So applying Lemma [73|with a = 0 and = L, yields
v =30l < Clvo =Tl
o

Remark 76. It is often of interest to show the existence of long-time solutions. A particularly simple case
in the setting of the above theorem is encountered if it holds that for any initial value yo € Br(xg) C X

the solution takes values only in Br(xp). Then one glues together multiple short-time solutions with the
guarantee of 6 not deteriorating.

Lemma 77 (Pointwise Properties of Solutions). Let I = [a,b] be an interval and K : I X R — R a Carathéodory
function such that x > 0 implies K(t,x) > 0 for all t € I. For fixed tq € I consider the ODE

X() = K(t,x(t))(l - %) and  x(ty) = xo,
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where 6 > 0 and A > 0 are fixed numbers and xo € [0, 0]. Assume that there is an interval Is = [ty — 0,f0 + 6] N ]
such that for any choice of xy € [0, 6] we have a solution x € WY(Is) of the ODE which we assume to continuously
depend on the initial data xo, i.e., we assume that for every xq € [0, 0] there is a neighborhood Ny, around x such that
Xo > x is continuous as a map Ny, — C%(Is), where x is the solution to the ODE with initial value xo. Then it holds

0<x(t)<0 foralltels.

Proof. We know that x satisfies the identity

t
() = xo + f K(s,x(s))(l—%)ds forall t € Iy

to

Upper Barrier. We prove this by contradiction. Suppose there was sy € Is with x(sp) > 0, then on a
neighborhood of 5y solution must be non-increasing which can be seen as follows: Due to the continuity of
x there is € > 0 such that
x(t) > 6 forallte (so— ¢, 50+ €).
If x was not non-increasing on (sp — €, o + €) then there exist t; < t; in that interval such that x(¢,) > x(#;) and
therefore
§ x(s)
0 < x(ts) — x(ty) = f K(s, x(s)) (1 - 7) ds <0,
B S~———

>0 Y
<0

which settles the claim. Now, by judicious Zornification we produce a maximal interval Z around sy on
which x is non-increasing. Then t* := inf Z = ¢, (if it was not t;, repeat the above reasoning and find that Z
was not maximal) and hence 0 < x(t*) = x(tp) < 0 clearly is a contradiction.

Lower Barrier. With an analogue reasoning as in the proof for the upper barrier we can establish
the following: If x(sp) € (0, 6] for some sy € Is then x(t) € [x(so), 0] for all t > 5. This yields the claim for all
initial values strictly larger than zero. We need x(sp) to exceed zero to guarantee the existence of a small
interval (sg — 0, sg + ) where x > 0 still holds, to be able to use K(s, x(s)) > 0 on this interval. For x(ty) = 0 we
approximate the solution by considering initial values x,(fp) = 1/n, i.e., we find solutions x, to

() = K(s, xn(s))(l - foS)) with  x,(t) = nL.
As shown before we then know that x,,(t) € [1/n, 0] for all t € I5. By the continuity we assumed we can pass
to the limit in 7 and obtain 0 < x(t) < O for all ¢ € I;. O

Lemma 78 (A snippet). On the compatibility of abstract and pointwise ODEs.

Proof. Note that for any function b € W'2(I, C°(QQ)) and arbitrary x € Q we have that b(-, x) is a member of
H'(I) and that it holds

Ay (b(, x)) = (d)(, %),
where on the left side of the above equation J; denotes the weak derivative of the space H'(I) and d; denotes
the abstract derivative of the space W'*(I, C°(Q))). Furthermore we can bound the H!(I) norm of b(, -, x) in
terms of the W'2(I, C%(Q)) norm of b. To this end compute

”b(/ x)”Lz(I) = ”b”%U(IXQ)ln

and

19:b, )iz = L f dib(t, x)?dt = ev, (B— f(dtbfdt)
1 I

’B- f(dtb)zdt
I Q)

S[ sup go(x)]‘L-ﬁldthéO(Q)dt

lpllco oy <1

< ide

< llevillcoy

2
bllLZ(LCO(Q))I
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where we have indicated Bochner integrals by B- f and Lebesgue integrals by L- f for clarity. Consequently,
bi(, x) is bounded uniformly in k € N and x € Q. For every fixed x € Q we can extract a C°(I) convergent
subsequence (by the compact embedding H'(I) << C°(I)) and identify its limit as b*(-,x) € H'(I), via the
convergence by — b* in CO(Ix Q). Then b*(-, x) satisfies the limit ODE and thus b* does so in W'(I, C°(Q)). O

Before we apply the existence theorems to the ODEs in the main text, we need an elementary equality that
allows us to quantify the violation of the global Lipschitz continuity of the product of real numbers.

Lemma79. Let N € Nanday,...,ay and ay, ..., aN be real numbers. Then it holds
N N N  N-k N
H a; — H a; = Z [( H ai)( H az‘)(ﬂN—kﬂ - 5N—k+1)]
i=1 i=1 k=1 L =1 i=N-k+2
where of course the empty product is set to the value 1.

Proof. By induction, the formula can easily be guessed by writing out values for small N. It clearly holds
for N = 1, now suppose we know it to hold for N. We compute

N+1 N+1 N N
H a; — H a; = ( H ﬂi)ﬂN+1 - ( H ﬁz‘)ﬁml
i=1 i=1 =1 i=1

N N N
= ( H ﬂi)(ﬂml —any1) + 5N+1( a; — H Ei)
i =1

i i=1

i=1

N r N-k N
e Y |([To) T #)ov-co -
=1 L i i=N—k+2
N
= Hai)(aNH —aN+1)
i=1
N+1 N+1-k N+1
+ [( H ai)( a; J(anN+1-k+1 —5N+1—k+1)]
k= L* =1 =N+1-k+2
N+1 N+1-k N+1
= [( a; H a; |(an+1-k+1 —5N+1—k+1)]-
k=1 i=1 i=N+1-k+2

We discuss now the existence of a unique solution of the cell ODE.

Lemma 80 (Solveability of the Cell ODE). Assume H : RN*? — R is locally Lipschitz continuous and that H is
non-negative if all its arquments are non-negative. Further, assume that H = H? o H' with a Lipschitz continuous
map H' : RN*2 — RM and the product H2(hy, . .., hy) = [1M, hi. Leta = (ay, ..., ay) be a function in LP(I, CO(Q)N)
for every p € [1,00) with a;(t,x) > 0 for all (t,x) € I X Qand let b € C'(I x Q) with 0 < b(t,x) < 1. Furthermore,
pE C%(Q) is such that it holds 0 < cp < p(x) < Cp for two positive constants cp, Cp. Then there is a unique solution
c € WY(1,C(Q)) of the equation

dic = H(ay, ..., an, b, c)(l - ﬁ) with  ¢(0) = 0,
Furthermore the solution satisfies 0 < c(t,x) <1 — p(x) forall t € [ and x € Q.

Proof. To begin with, define the auxiliary function

H:RN*2 x [cp,Cpl » R with H(a,b,c,p)=H(a,b, c)(l -1 E ,0)'
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By the Lipschitz continuity of H! and the product form of H?, the function H is locally Lipschitz continuous.
Now note that the ODE is induced by

F:I1xC%Q)— C’(Q) with F(t,c) = x — H(a(t,x), b(t, x), c(x), p(x)).

We aim to apply Theorem [74{to produce a short-time solution, hence we need to guarantee

(i) F(t,c) € CO(Q) forallt € I and c € C°(Q),
(i) F(-,c):1— CO(Q) is Bochner measurable for all c € C°(Q),

(iii) F satisfies (£.14) and ([@.15).

The statement (i) is clear as F(t,c) is a composition of continuous functions. To prove (ii) we write a
as a pointwise almost everywhere limit of finitely valued, measurable functions (sy) ¢ S(I, C°(Q)N) and
likewise with b, i.e., b is the pointwise almost everywhere limit of functions (qr) € S(I,C°(Q)). Then
t — H(sk(t), qk(t), ¢, p) is a member of S(I, C°(Q)). As si(t) — a(t) in C°(Q)N almost everywhere in I and the
same holds true for g, (t) — b(t), for fixed t € I the set

U{(Sk(t/ x), (%), ¢(x), p(x), (@a(t, ), b(x), c(x), p(x)) | x € Q} ¢ RN*
kelN

is relatively compact in RN*3. Hence, on this set, H is Lipschitz continuous and we may estimate
Fi(sc(8), b, ¢, p) = Fa(t), by, p)]| gy < C (st = a®)llcuy + 16(8) = b(B)llcoy) -
This establishes the Bochner measurability in (ii). To show (iii), let B ¢ C°(Q) be a bounded set. By the

assumption on the boundedness of p, it suffices to consider the following estimate in order to establish
(4.14). We let c € B and estimate

umwmwdm@<[UWmeowwm

[||H1(a(t) b(),¢) ~ H!(0,0,0)| v 0 + ||FEL(0,0, 0)||C0(Q)]

:ji'

Il
—_

[H@ﬂwwww+wwm@+mw@%MHmoomﬂd
i=1

< mp(t)

As a is a member of LP(I, C/(Q)N) for any p € [1,p), b and p are bounded by assumption and ¢ € B, we may
choose mjp € LP(I) for any p € [1,p) and in particular for p = 2. For ¢, € B we use Lemma|79

HHW&M&Q—HW&Mme@

HH1 (a(t), b(t), ¢ HHl(a(t) b(t), ©)

i=1 i=1 al(e))

M (M-k M
=§:U]H%wxmocH [Ilimn,nmﬂ( L @(8),b(8),0) = Hy 1 a(), b(1), D))

k=1 \i=1 =M-k+2

(9]

)
We treat () first. Estimating for any k =1, ..., M yields

M-k M
[T H @®, by, 0) < [ (H at), bt), o) +1).
i=1 i=1
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The global Lipschitz continuity of H' implies then for any i = 1,..., M the estimate
2} @(8), 6®), )| oy < L (la@lleoy + 16E)lleniey + lellcogey) + [ 0,0, 0) o ey -
Combining the two preceding estimates yields
M
< T [ (HOer + 1@l + Ielloey) + [HE0,0,0) 0y + 1]

Co(Q) i=1
<Lp(t), forceB,

M
[ [ H! (@), b(t),0)
i=1

with Lp € LP(]) for any p € [1, o), in particular for p = 4. Estimating the second factor of (+) identical, we get

M
i Ga(e), b)) = Ha(t), b(t), D) o ey < Y, Lot [|H @), b(®), ©) = H}(@(t), (1), )] o
k=1

< MLy, Lp(t? ||c -
< Lg(t) e -

E“cﬂ(o)

E“cﬂ(o) ’

with Lg € L2(I). To establish a long-time solution note that by our pointwise Lemma we have
0<c(tx)<1-p(x) <1

Using the remark following Theorem [74we conclude. ]

IV Time ApjoIiNT PROBLEMS

In this Section of the Appendix we discuss how to treat the adjoint operator of a linear, time dependent
equation. A time derivative introduces asymmetry in the choice of the domain and codomain of the whole
operator, with the domain being a smaller space. This leads to a large and abstract dual space as the
codomain of the adjoint operator. Therefore, it is usually necessary to require regularity properties of
the right hand side of the adjoint equation in order to be able to derive a formulation that is suitable for
numerical treatment.

As an example, let [ = [0, T] be a time interval, m € L*(I) and consider the linear ODE operator
dt+m:H(1)(I) —L2(1I), v—do+m-v

where H{(I) now denotes the functions with vanishing initial value. By Theorem 71, d; + m is a linear
homeomorphism. Its Banach space adjoint is given by

(de +m) - L2 — Hy(I)', ¢+ ¢ (d; - +m)

and can be defined on L?(I) through the Riesz isometry of L()
T fudt -+um - dt € H(l)(I)*.
I

Now, let ¢ € H'(I)". Only if i is given through ¢ = [ f,, - dt for f, € L*(I) the solution to

fudt c4um - dt = ff¢ -dt in H(l)(I)*
I I

is actually a member of H'(I) and satisfies the final value problem

—d +um = f,, w(T)=0.
If ¢ € H)(I)* \ L*(I), no such regularity can be expected. For the rest of the Section we are concerned with
deriving equations of the above final value form in various settings, including parabolic PDEs and Banach

space valued ODEs. The reader being content with an equation of this final value form might skip these
abstract discussions.
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4.1 Time Adjoint Problems on Reflexive Spaces

We begin by deriving the adjoint maps to linear parabolic equations defined on Banach space valued Sobolev
spaces. We assume that the underlying space X is reflexive, which is reasonable in the weak formulation
for a wide class of parabolic equations. Later, for Banach space valued ODEs and certain regularity related
formulations, we drop this reflexivity assumption.

Lemma 81 (Existence of Time Derivatives). Given a reflexive Banach space X and assume there is a symmetric
embedding j: X — X*, i.e., (j(x), y) = (j(y), x). We consider the space W'**(I, X, X*). A function u € L*(I, X) has a
time derivative in this space if

f:CCLX)» R, @ ﬁdt@(t), u(t))dt
I
is continuous when C(I, X) is endowed with the L*(I, X) topology, i.e., if it holds for a constant C
If(@) < Cllgllzgx)  forall ¢ € CZ(I, X).

Proof. As the map f is linear and continuous it is uniformly continuous between the spaces

£:(C2 %), iz ) = R

and can thus be (uniquely) extended to all of L*(I, X), i.e., is a member of L*(I, X)*. The duality theory of the
space L*(I, X) implies — by the virtue of the Radon-Nikodym property of X — the existence of v € L(I, X*)
representing f, that is

f(dtgo(t),u(t))dt = f(v(t),(p(t)>dt, forall ¢ € C2(I, X).
I I

Now choose ¢ = x1p for x € X and ¢ € D(I). This yields
(di(xp)(B), u(t)x = (j(xdp(t)), u(t)x = (juB)dnp(t), x)x

by the symmetry of j. Hence we have

<fj(u)8t1pdt, x> = ﬂj(u)atw,x>dt = f(v, Yxydt = — <f—v¢dt, x> forallte,x e X
I X I I I

thus dyu = —v. O

Remark 82. The statement of the above Lemma holds true under the weaker assumption that X possesses
the Radon-Nikodym property instead of reflexivity. The Radon-Nikodym property implies the duality
L*(I, X)* = L*(I, X*) and reflexive spaces possess this property. We refer to Diestel and Uhl|(1977).

Remark 83. The Lemma above is applicable in the context of Gelfand triples, which is the typical setting
encountered in evolution equations. Remember that we call the triple (i, X, H) a Gelfand triple if X is a
reflexive Banach space, H is a Hilbert space with Riesz isometry R and i : X — H is a dense embedding, i.e.,
linear, continuous and injective with dense range. In this context the map j: X — X" is given by

X=X us (T oRoi)(u) = (i(w), i)y -
Then by the symmetry of the inner product, the map j is symmetric.

Now we are in a position to discuss the adjoint equation corresponding to a linear, time-dependent problem
modeled on the Sobolev space corresponding to L(I, X) where again X is reflexive. Given a Gelfand triple
(i, X, H) and an operator A € L(L*(I, X), L*(I, X)*), where A is assumed to be nothing more but linear and
continuous for the moment, we consider the time-dependent problem

T:(d; + A evp) : W2, X, X) —» L2(I,X)" xH, uws ( f(dtu, Sdt + Au, u(0)].
I
Then we look at the adjoint map T* modulo some isomorphisms

L1, %) x H S 12, X)" x H -5 (L, X) x H) - W21, X, X'
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Here, | denotes the natural isometry of a reflexive Banach space and its bi-dual, R denotes the Riesz isometry
of the Hilbert space H and I is the isomorphism corresponding to Cartesian products and dualization,
compare to ¢ in Lemma Unwinding the definitions of the above composition we get for (u,up) €

L2(I, X) x H and v € W22([, X, X*) that

((T" oI o J X R)(u, ug),v) = {I(Ju, Rug), Tv)
= (Ju, T1v) + (Ruy, Tov)
= <Tlvl M) + (MOI TZU)H

= ﬁ(dtv, uyxdt + (Av, w2 x) + (o, v(0))y

= [t + (O o Do + o 0O
Hence setting T" = T* o [ o ] X R we computed that
TV LA, X) x H » W"([, X, X)", is given by T'(u, ug) = f[(dt'/ wyxdt + (A" o Nu, Yrz1,x) + (o, €vo())y -
Proposition 84 (Well Posedness in Coercive Setting). Let X be a Hilbert space and (i, X, H) a Gelfand triple.

Assume that A is induced by a bounded, possibly time-dependent, measurable form a : I X X x X — R that is coercive
with coercivity constant independent of 1, then T and consequently T' defined above are linear homeomorphisms.

Proof. The celebrated maximal X*-regularity result of Lions implies that T is a linear homeomorphism in this
setting. See for instance Fackler| (2017) or for the original work (Dautray and Lions| 2012, p. 513, Theorem

2). Consequently, its adjoint T* is and as T' consists of the composition of T* with linear homeomorphisms,
the assertion follows. o

Remark 85. In light of Proposition we see that for every right-hand side f in H'(I, X, X*)*, the equation
T"(u, up) = f possesses a unique solution (1, 1) € L%(I, X) x H. However, it is not so clear how to numerically
approximate this solution. It turns out that assuming the regularity f € L*(I, X)* leads to a more convenient
formulation that can be handled numerically.

Theorem 86 (Time Adjoint Problems). Assume (i, X,H) is a Gelfand triple and A is a member of
L(LX(1, X), L%(I, X)*). We use the notation of the above paragraph and assume that f € L*(I, X)* and (u,up) €
L*(I, X) x H. Then the following are equivalent

(i) T'(u,u0) = f

(ii) The function u is a member of H'(I, X, X*) and it satisfies the final-value problem

- ﬁdtu, dxdt + (A o N, 2 x) = f
u(T) =0, u(0)=ug.

Proof. We start with the implication (ii) = (i). We test the equation in (ii) by v € H'(I, X, X*)

- fl<dtu, opxdt + (A o ity Oz = f0).

Now, we use the partial integration formula for Gelfand triples and unwind A" o |

fI (dro, upxdt — (u(T), o(T))gy + ((0), o))y + (Ao, Wiz = F(0)

and with the assumptions u(T) = 0 and u(0) = uy this is nothing but

ﬂdt',u>xdf + (A, w2 x) + (o, evo(-))y = f in H'(I, X, X)".
i
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Now to (i) = (ii). First we show that T*(u, up) = f implies u € H'(I, X, X*). The map

oo fl (dp, uyxdt = £(@) (AP, w2

is linear and continuous with respect to the L%(I, X) topology on C:°(I, X) by the assumption made on f. So
we use Lemmato deduce u € H!(I, X, X*). Now we test with ¢ € C(I, X) and by the deduced regularity
of u are in the position to apply the partial integration formula for Gelfand triples. This yields

_ fl<dfu,<p>xdt+ (A, Wiz = f@), (4.17)

which, by density, holds true not only for C(I, X) but for all of L*(I, X). We now only need to identify the
final and initial values of u. To this end test T(u, up) = f with an arbitrary function v € H(I, X, X*) and use
partial integration

- f (dyu, v)xdt + ((T), v(T))y — (0),v(0))y + (Av, U121 ,x) + (1o, v(0)) = f(0).
I
Using the equation established in (4.17) this becomes

w(T),v(T))y + (o, v(0))y; = ((0),v(0))yy, forallve HY(I, X, X").

Testing with functions v that vanish at the initial time-point yields - upon inferring the density of the
embedding X < H — that u(T) = 0. Analogously, testing with functions vanishing at the final time-point,
we obtain u(0) = u. O

Remark 87. We want to draw the readers attention to two points.

(i) Note that in the above proof, no properties besides the linearity and boundedness of A played a
role. However, the duality theory of L?(I, X) is still important to be able to identify A".

(ii) The above theorem applies to linear ODEs, both real valued and Hilbert space valued. This
corresponds to the choice of the trivial Gelfand triple, i.e., X = H = R for the real case and X = H
for the Hilbert space valued case. However, it does not apply to ODEs posed on general Banach
spaces.

4.2 Time Adjoint Problems on Non-Reflexive Spaces

From the previous discussion in the previous Section we know that a time adjoint problem takes the form
[t + ez + G evaO =
I

where f is allowed to be a member of H'(I, X, X*)*. Under the assumption of f € L(I, X)* this equation
can be turned into a final value problem which is well-suited for numerical treatment. However, in our

application we need to consider a more regular space than merely H'(I, X, X*) for the forward problem. We
need a space of the form

HYI, X, XN LA, V),

where V is a non-reflexive Banach space (also lacking the Radon-Nikodym property) and X and V embed
into a joint larger space. If we then define our forward problem on this space

(di + A, evp) : H(I, X, X)NL*I, V) - L2(I, X)" x H (4.18)

the adjoint operator stays the same in the way it maps, but allows for more general right-hand sides. It is
in general unknown to us how to determine the range space of in a fruitful way. Therefore, we will
only work under the assumption that we are given an element of the range space of the adjoint of of
a certain regularity and then deduce smoothness properties of its solution. Furthermore, we will not stay
in the abstract setting but rather work with the concrete spaces.
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Setting 88. Let Q C IR? be open and bounded with a partition of the boundary dQ = I'y U Tp in a Dirichlet
and a Neumann part. The sets I'p and I'y may have vanishing measure (but must still split all of the
boundary between them). Let A : HlD(Q) — H}D(Q)* be a linear, continuous, coercive and self—adjoin

and denote by A € L(LA(I, H}(QY), LA(I, H5(Q))") its induced operator between Bochner spaces. Then we
consider the map

(d: + A, evo) : H'(I, Hp(Q), Hp(Q)") N LA, C°(QQ)) — L*(I, Hp(Q))" x LA(Q).

The space H'(I, H},(€)), H},(€2)") is built around the Gelfand triple (Id, H,(Q), L*(Q2)). As we assume A to be
self-adjoint, this property is inherited by ‘A and the time adjoint problem takes the form

(di + A, evo)' : L2(I, HL(Q)) x LX(Q) — [Hl (I, HA(Q), HL(Q)") N LA(, CO(Q))]" = X

with
(q, IJ) = ﬁdt', q>Hé(Q)dt + <\?[q, '>L2(I,HE(Q)) + j(; u eVO(')dx.

This follows exactly as in the previous Section, since we did not change anything in the codomain of the
forward problem. We assume for our investigations from now on that we are given f € L(I, L}(Q)) together
with a solution (g, u) € L*(I, H,(€2)) x L*(Q) of
@+ A evo) (g, p) = f f-dxdt, inX". (4.19)

Lemma 89. Let f € L*(I, L'(QQ)) be fixed and assume (q, u) € L*(I, H,(Q))) X L*(Q) solves

\f(dthH}j(m +{AG, g m @) + f pevo()dx = fff - dxdt. (4.20)

I Q

Then q is of the regularity W'*2(I, H}(Q0), [H},(Q2) N CO(Y)]") and it satisfies

— f(dtq,-)m(g)ncom)dt+(ﬂq,-)= f f-dxdt, inL*(I,Hp(Q) N CY(Q))".
I

Proof. In order to show that diq € L*(I, [H},(Q2) N C°(Q)]) we need to prove that there is g € L*(I, [H5(Q) N
CYQ)I") such that for all ¢ € D(I) and i € H,(Q) N C(QY) it holds

ffqll’at@dxdt =- I<gr¢>Hg(Q)mc0(Q)@dt-
This clarifies that the identification underlying the space W2*(I, H},(Q), [H},(Q) N C°(Q)]*) is meant to be
L HH(Q) = (HH(Q) N CY(Q))', ) = fQ P-dx, in[HH(Q)NCUQT"
Now we test with @ and use

d(@V) = (Op) = fQ g d

to obtain
ﬂ qudspdxdt = ﬁdt((P¢)/q>H})(Q)dt
I

= fl[fg;flp_<Aq’¢>HE(Q)](pdt_LPQVO((PIP)CUC-

= [(g)pdt =0

2We call an operator TL(X, X*) from a reflexive Banach space to its dual self-adjoint, if it holds (Tx, y) = (Ty, x) for
allx,y e X.
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Hence, it follows that dyq € L*(I, [H},(Q2) N C°(Q)]") and by the definition of the time derivative

ﬁdtq/'>Hg(0)mC0(Q)dt= I(Aq/'>H}7(Q)dt_f f-dxdt

= (AG, D2 m @) ~ f f-dxdt
which yields the assertion upon rearranging. o

Remark 90. It remains open how to treat the question of intial/final values in general. We will however
give a condition under which g(T) = 0 can be obtained.

Lemma 91. Let (fi) € L*(I, L*(Q)) approximate f € L*(I, L}(Q)) in the topology of L*(I, L*(Q)) and assume there are
solutions (qx) € W2(I, H(QY), [H5(Q) N CUQ)]*) to the equation

ﬁdt', qk>dt + <ﬂqk, .>L2(1,HB(Q)) + f ‘Ll eVO(')dx = f ﬁ( M dxdt, inX*
1 Q

that, up to a subsequence, converge to a limit q € WY*2(I, H(Q),[H} () N CUT") in the topology of
WL22(1, HL(Q), [H},(Q) N CO()T*). Then q solves the final value problem

- ﬁdtq, '>H1(Q)OCO(Q)dt + <ﬂq, '>L2(I,H113(Q)) = f f . dxdt, in LZ(I, HlD(Q) N C'O((l))’E
I

q(T) =0, in[HLQ)NCQT.

Proof. As fi is a member of L*(I, L*(Q)), we can extend the equation for u to hold in H(I, H,(Q), H,(Q))*

instead of only X*. Then Theorem [86{applies and we get gx(T) = 0 in L%(Q2). To pass to the limit, note that
we have the embedding

H'(I, Hp(Q), Hp(Q)") = C(L, [Hp () N C*(Q)]")
which implies that g,(T) — q(T) in [H},(Q2) N C°(Q)]* and hence yields the assertion. o

4.3 ODE Adjoint Maps

We need a result similar to the adjoint characterization for parabolic equations in the case of Banach space
valued, linear ODEs. We restrict us to the case of a Banach algebra X (we use C°(Q2) or C*(Q)) and the

Sobolev space W(l)’p (I, X), where the subscript zero means that initial values vanish. The power p lies in
(1, 00]. We consider the following ODEs.

Setting 92. Let m € LP(I, X) be a fixed function. Consider the multiplication operator M induced by m
M:CYI,X) —» LP(I,X), Mo =t mt)o(t).

Remember that Theorem [71{showed that the map
di+M: W (LX) - L(I,X), o+ do+Mo

is a linear homeomorphism. Furthermore, we consider the Banach space adjoint of the map (d; + M). This
is given by
(d+ M) LF(I, X)" — W;’p(l, Xy, @d+M)y #)="n"[d-+M].

The following Theorem is a regularity result for the dual operator of d; + M and is particularly useful for
numerical implementation.

Theorem 93 (Regularity for Adjoint ODEs). Let Q be an open and bounded subset of R? and m € L2(I, C°(Q)).
Denote by M the corresponding multiplication operator. Fix a function f € L*(I,LY(Q)). Then there exists a unique
e WAL COQ))" satisfying

B ld; - +M:] = f f f-dxdt, in W1, CY(Q))".
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Furthermore, there is a unique function h € W%(I, LN(Q)) satisfying

= ([ s

and h is the unique solution of the final value problem
—dh+Mh=f, WT)=0 (4.21)
in the space WY(I, LY(Q)).

Proof. We show first that can be solved uniquely in W2(I, L}(Q)). To this end we set
h(t)=WT -t), mt)y=mT-t), f(t)=f(T-1),
then the equation becomes ) o
dh+ M= £, h(0) =0,
where 711 € LX(1,C°(Q)) c L*(I,L}(Q)) and f € L*(I,L'(Q)). Using Theorem [71| we find that there exists a
unique solution hin Wé’z(l, LY(Q)) and consequently h(t) = (T — t) solves @.217).

Let us now remark on the partial integration formula we need in the following argument. Consider the
continuous bilinear form

B:CAQ)xLYQ) » R, B(u,v) = f uvdx.
Q

Then it holds for u € W'#(I, C%(Q)) and v € W¥I(I, LY(Q)), p, q € [1, o) for time-points s < ¢ in I that

t t
fsdetwvdxdt:B(u(t),v(t))—B(u(s),v(s))—fs‘ fQudtvdxdt

:Lu(t)v(t)dx—](;u(s)v(s)dx—Itj;)dtvdxdt.

This can be proven by an approximation argument using the density of C*(I, C°(Q2)) in W'#(I, C°(QQ)) and
C>(I, LY(Q)) in W (I, L}(Q)) respectively. Now we use this formula applied to the equation 21)) which we
multiply by a function ¢ € Wé’z(l, C%(Q)) and integrate over all of I X Q to obtain

f fedxdt = —ffdth(pdxdt+ffmh<pdxdt
:ffdt(phdxdt+fh(T)(p(T)dx—fh(O)(p(O)dx+ffmh(pdxdt
Q o)

=0

= ffdt@hdxdt+ffmh(pdxdt.

Uf " 'dxc”] (- +M] = f f frdxdt, in WEHC(Q),
b= ffh-dxdt

as I is unique. The uniqueness of /" is due to the fact that (d; + M)" is a linear homeomorphism as d; + M
is. m|

This is nothing but

which means that
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